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Introduction

While cardiovascular disease has been an area of significant research and
clinical progress over the last few decades, it remains the leading cause of death
worldwide and a substantial burden for both patients and healthcare providers.
Nevertheless, medical advancements have drastically improved survival and quality of
life across the range of cardiovascular pathologies, and imaging has played a key role
in ushering in this improved standard of care. The diverse range of novel imaging
modalities currently available for studying the heart and vasculature provides unique
access to anatomy and physiology that would otherwise only be visible with surgical
intervention and is at the center of both medical research and clinical practice. While
many of the more common techniques visualize the heart and vessels from a macro
perspective, there is less widespread use and familiarity with imaging techniques
focused specifically on the endothelial surface, despite its massive importance in
cardiovascular health and disease. The increasing number of options for imaging the
endothelium and endothelial-blood pool interface as well as the need to simultaneously
contextualize findings within the state of the entire cardiovascular system necessitates a
comprehensive understanding of the various techniques that exist and how they can be
used in a holistic fashion to uncover new pathways, evaluate novel therapeutics, and

provide diagnostic information.

Rather than presenting and evaluating a hypothesis, this thesis will guide readers
through many approaches to examining the endothelium from both a research and
clinical perspective and illustrate how these techniques are applied to a diverse range of

physiological settings. | will explore several common cardiovascular and endothelial



imaging techniques, as well as some complementary non-imaging techniques, detailing
principles, methodology, and clinical and research applications. These techniques span
several different imaging modalities including ultrasound, PET-CT, and MRI, and
provide information on endothelial physiology, cardiovascular anatomy, blood flow,
molecular and cellular processes, and tissue morphology. Applications include basic
studies of pathophysiology, identification of drug targets and evaluation of novel
therapeutic agents, clinical risk stratification, and diagnostics. This work will include
more basic and widespread techniques such as the 2-D echocardiogram as well as
more recent and less commonly used innovations such as ultrasound molecular
imaging. Specifically, this work will focus heavily on techniques for visualizing and
studying the vascular endothelium and the endothelial-blood pool interface. As the
vascular endothelium plays many critical regulatory roles, it is both incredibly important
and challenging to study non-invasively given that contrary to events such as ventricular
ejection or arterial stenosis, endothelial processes occur at a microscopic level.
Operating as two distinct parts of one system, the heart and vascular endothelium each
play a major role in determining the function and health of the other, and many of the
techniques and case studies presented here illustrate this relationship and how it affects

cardiovascular disease progression.

In addition to an overview of techniques and how they are used to study
atherosclerosis, one of the primary applications in our laboratory, this thesis will also
provide three pre-clinical case studies that demonstrate how to create a palette of
techniques for answering specific questions in cardiovascular biology and medicine. As
the case studies chosen are largely concerned with atherosclerosis, vascular
endothelial dysfunction, and platelet-endothelial interactions, these themes will be a
major focus throughout. Specific attention will be paid to how the techniques discussed
can provide insights on the role of platelet-endothelial interactions and disruption of
endothelial function in different disease settings.



Acronyms and Abbreviations

CAD- coronary artery disease

CEU- contrast-enhanced ultrasound

DKO — double knockout

MB- microbubble

MI- myocardial infarction

MR- magnetic resonance

RN- radionuclide

ULVWEF- Ultra-large von Willebrand Factor

VWE- von Willebrand Factor



Cardiovascular and Endothelial Physiology

Summary

In order to fully understand the principles behind the techniques described in this
manuscript, as well as their applications, it is important to have working knowledge of
cardiovascular and, more specifically, endothelial physiology. This chapter serves as an
introduction to basic cardiac function, clinical measurements commonly used to
characterize the cardiovascular system, endothelial physiology, and the
pathophysiology of atherosclerotic vascular disease. Many of the concepts detailed in
this chapter are in fact based on observations made using the imaging and other

research techniques explored in later chapters.
Basic Cardiovascular Physiology

While this work focuses on the study of the endothelial surface, this requires an
understanding the context that the endothelium functions in. In many applications,
studying the endothelium is not the main goal but is simply a part of a more broadly
focused query. Appreciating the relationship between the endothelium and the rest of
the cardiovascular system of course requires being comfortable with basic
cardiovascular physiology. The purpose of this chapter is only to present a basic
overview of the cardiovascular system tailored to the techniques and applications
described in later chapters. For a more complete description of the cardiovascular

system, Braunwald’s Heart Disease is recommended.
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Figure 1: Schematics of (a) cardiovascular anatomy showing pulmonary and venous circulation and (b)
cardiac anatomy showing chambers, valves, and great vessels. Vessels and chambers containing

deoxygenated or oxygenated blood are shown in blue or red, respectively [1].

The most basic function of the cardiovascular system is to deliver oxygen and
nutrients to tissue while removing carbon dioxide and other waste. These functions are
dependent on adequate blood flow to, or perfusion of, a given tissue based on
metabolic needs [1]. The cardiovascular system has many other functions such as
providing a transportation system for immune responses to damaged or infected tissue,
endocrine signaling, and thermoregulation, but these roles are less essential to
understanding overall design and function of the heart and vasculature. Figure 1 details
the anatomy of the cardiovascular system and the direction of blood flow. There is a
diverse array of measurements that can be used to characterize cardiovascular function
in a given patient, ranging from simple measurements requiring only a stethoscope to
those requiring complex imaging techniques. Some common measurements of
cardiovascular function as well as their units and methods for obtaining are listed in
Table 1.

Each cycle of the heart follows the same set of events represented in Figure 2.
The right and left sides of the heart operate in tandem, with the right side receiving
blood from the venous system and pumping it to the lungs for gas exchange, and the

right side receiving oxygenated blood from the lungs and pumping it to the body. The



. Mathematical
Measure Unit Common Methods
Formula
Heartrate (HR) bpm Stethoscope, electrocardiogram
Blood Pressure mmHg sphygmomanometer
End Diastolic Volume (EDV) L Ultrasound, CT, MRI SV=EDV-ESV
End Systolic Volume (ESV) L Ultrasound, CT, MRI CO= HR*SV
Stroke Volume (SV) mL Ultrasound, CT, MRI SV=EDV-ESV
Ultrasound, thermodilution, Fick’s
Cardiac Output (CO) L/min CO= HR*SV
method
Ejection Fraction (EF) % Ultrasound, CT, MRI EF=(SV/EDV)*100
End Diastolic Pressure , L
mmHg Cardiac catheterization
(EDP)
End Systolic Pressure mmHg Cardiac catheterization

Table 1: Basic cardiovascular measurements.

right and left atria receive and transmit blood to the ventricles, which pump blood to
either the lungs or body. Timing is controlled by the nervous system of the heart. Once
the sinoatrial (SA) node, or the endogenous cardiac pacemaker, sends out a signal,
depolarization spreads from the atria to the ventricles, which pump it, triggering muscle
contraction along the way. During the filling of the heart with blood, the mitral and
tricuspid valves are open to allow the ventricles to fill through the atria while the aortic
and pulmonic valve are closed to prevent backflow. Atrial contraction occurs when the
ventricles are almost full, pumping remaining blood in the atria into the ventricles. Once
ventricular pressure surpasses atrial pressure, the mitral and tricuspid valves close to
prevent backflow into the atria. The ventricular pressure at this time, known as end
diastole, is termed preload, and represents the force exerted on the ventricle walls prior

to contraction.

During the isovolumic contraction phase, ventricular contraction leads to increased
pressure while volume remains constant. Eventually, the building ventricular pressure
surpasses the pressure in the aorta or pulmonary artery, at which point the aortic and
pulmonic valves open to allow for ejection. The pressure in the periphery that the heart

must work against is referred to as afterload, which is determined by systemic vascular

resistance, blood volume, and vascular elasticity. The ventricular walls thicken
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Figure 2: Pressure, volume, electrocardiographic, and auscultory (phonocardiogram) events for each
phase of the cardiac cycle. Two full cardiac cycles are shown in terms and each phase of the cardiac
cycle and corresponding events are labelled [2].

inwards during contraction and blood is ejected into the aorta or pulmonary artery. As
the ventricles begin to relax, the ventricular pressure falls below aortic or pulmonary
artery pressure and the aortic and pulmonary valves close again, marking end systole.
The relaxation of the ventricles, aided by fibers in the wall that act as a spring, creates a
suction that actively pulls in blood from the atria once the mitral and tricuspid valves

open again for refilling [3, 4].

The relationship between stroke volume and end diastolic volume, which partially
determines preload, is described by the Frank-Starling law, shown by the red curves in
Figure 3, which states that stroke volume increases proportionally with end diastolic
volume up until a point where stroke volume plateaus. The physiological basis for this is
higher myocyte contractility in response to greater initial stretching of the muscle fibers,
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which creates an optimal sarcomere length and increases binding efficiency of troponin
for Ca?*, The plateau limb is created by a drop-off in the force-sarcomere length
relationship as myofilaments pass the optimal alignment and the number of possible
actin-myosin cross-bridges that drive contraction declines along with overlap between
thick and thin filaments. This property of myocytes to increase contractility with
increasing preload allows the heart to adapt to increased venous return. When preload
is held constant, positive or negative inotropic effects can shift the cardiac function
curve up or down, respectively [5].
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Figure 3: Frank-Starling cardiac function curve (Red) illustrating the effect of preload (or end
diastolic volume) on cardiac output (or stroke volume) under different inotropic states; and relationship
between atrial pressure and venous return under different intravascular volume states (blue). The
intersection between the two curves represents the balanced equilibrium point where output and return

are identical.

The Frank-Starling curve is often presented superimposed with the venous return

curve, shown in blue in Figure 3, which relates venous return to right atrial pressure. As
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venous return is depended on a pressure gradient, increased right atrial pressure leads
to decreased venous return given the reduction in gradient. When right atrial pressure is
constant, increased venous resistance will also lead to reduced venous return.
Assuming no major bleeding or peripheral blood accumulation, venous return must be
equal to cardiac output under steady state conditions. Thus, the point at which the
venous return curve intersects the Frank-Starling cardiac function curve is referred to as
the operating point of the heart. If, for example, total peripheral resistance were to
increase, and the venous return curve shifted to the left, the operating point of the heart
would move along the cardiac function curve to a new position with reduced cardiac

output [6].
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Figure 4: Typical pressure-volume loops at rest (blue) and stress (green). The cardiac cycle is

represented moving counterclockwise along each loop. Stroke volume is represented by the horizontal
length of each loop and stroke work is the enclosed area. The events that separate the four stages of the
cardiac cycle are marked with red circles. When contractility is held constant, aortic valve closure will
move along the contractility (ESPVR) curve as other variables change, while the same is true for mitral
valve closure and ventricular elastance (EDPVR). Note that the EDPVR curve begins to sharply rise at
the point when the ventricle cannot accommodate additional volume without significant increases in

pressure.
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In addition to the Frank-Starling and venous return curves, pressure-volume loops, as
seen in Figure 4, are another useful method of describing cardiac function and
illustrating how changes to a given variable affect function. A pressure-volume curve,
when read counter-clockwise, shows the various stages of the cardiac cycle and the
pressure-volume relationship at each point, from which several measures can be
generated. The ESPVR curve represents the pressure generated by the ventricle at a
given ESV, also known as the end systolic elastance (Ees), and can be measured
experimentally via occlusion of the inferior vena cava, which shifts the point of aortic
valve closure down and to the left as preload is reduced without changing contractility
[7]. Arterial elastance (Ea) is the basis for afterload and describes the pressure increase
needed for the aorta and downstream arteries to accept ejected blood. This is shown by

the line connecting the point of aortic valve closure with the point of EDV on the x-axis.

When interpreting the meaning of a given measure of cardiac function, it is
important to consider the physiological basis for that measurement and how it would
affect different features of the cardiac cycle. For example, cardiac output rises during
exercise, and this change depends not only on faster HR but on several factors that
increase stroke volume. Sympathetic pathways increase contractility, shown by the end
systolic pressure volume relationship (ESPVR) and results in lower ESV, while higher
venous return leads to increased preload and EDV, moving the point of mitral valve
closure higher along the ventricular elastance or end diastolic pressure-volume
relationship (EDPVR) curve [8]. Conversely, stroke volume is reduced in hypertensive
patients as afterload and ESV are higher, and in hypertrophic patients with reduced

ventricular compliance as preload and EDV are lower [9].

Ventricular function can be measured several different ways, some of which are
presented in Table 2, and can describe either systolic or diastolic function. Ventricular
ejection fraction (EF) is among the most commonly used measures of cardiac function,
but is not a direct measure of ventricular contractility or systolic function. EF can be
influenced as much by preload, afterload, and diastolic function as it is by the
contractility of the myocardium, so when EDP, EDV, and systemic vascular resistance
are not known, there is not proper context for making reliable assessments of systolic

function based on EF alone [10] . As patients with larger ventricles will have a larger
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stroke volume when EF is held constant, stroke volume index (SVI) is often used to

normalize ventricular output to body surface area (BSA), along with end systolic volume
index (ESVI) and end diastolic volume index (EDVI) [11].

Common measures of ventricular systolic function include positive systolic wave

(s’ velocity), a measure of longitudinal contraction rate, torsion or twist, which measures

the twisting between the base and apex that forms a healthy contraction, and strain, a

dimensionless measure of axial or longitudinal shortening relative to initial length. Strain

depends on the degree of myocyte shortening, is often normalized to systolic BP as a

means of relating ventricular shortening to afterload, and can be measured regionally or

as global longitudinal strain (GLS) [12]. Diastole is an active process that occurs in

stages: isovolumetric relaxation, early rapid ventricular filling, diastasis, and finally atrial

contraction. Dysfunctional ventricular filling changes the velocity profile of mitral inflow

during early filling (E wave), driven by ventricular relaxation, and late filling (A wave),

driven by atrial systole [13]. While direct measurement of ventricular filling pressures

Measure Unit Common Methods Mathematical Formula
Left Ventricular Ejection Fraction (LVEF) % Ultrasound, CT, MRI LVEF=([LVEDV - LVESV] =
) ° b LVEDV) x 100
Stroke Volume Index (SVI) mL/m?2 Ultrasound, CT, MRI SVI=SV + BSA
End Diastolic Volume Index (EDVI) mL/m? Ultrasound, CT, MRI EDVI=LVEDV + BSA
End Systolic Volume Index (ESVI) mL/m?2 Ultrasound, CT, MRI ESVI=LVESV + BSA
. Ultrasound, Maximum dp/dt in LV during
LV Contractility (dp/dt) mmHg/s . . . .
Catheterization isovolumetric contraction
. . Strain=AL/Lo
Strain Ratio Ultrasound o
Lo= initial length
Systolic Myocardial Velocity (s’) cm/s Ultrasound
Pes= Ees % (V-Vo)
End Systolic Elastance (Ees) mmHg/mL Ultrasound P-V relation slope at end
systole
. . ) IVRT= t(AV closure) — t{(MV
Isovolumic Relaxation Time (IVRT) ms Ultrasound, CT, MRI .
opening)
E: early mitral inflow velocity
LV Filling (E/e’) Ratio Ultrasound e’: mitral annular diastolic

velocity

Table 2: Common measurements of left ventricular systolic (LVEF, SVI, ESVI, LV Contractility, s’, Ees)
and diastolic ( EDVI, IVRT, E/e’) function.
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require invasive catheterization, commonly used non-invasive measures of diastolic
filling include are the E/A ratio, which decreases with impaired relaxation, the E/e’ ratio,
which is given by the ratio of mitral peak inflow velocity during early filling to early
diastolic mitral annular velocity (rate of long-axis stretching), and isovolumic relaxation
time (IVRT) which is measured from closure of the aortic valve to opening of the mitral
valve. Many other measurements exist to describe systolic and diastolic function, with

the appropriate indicator determined by the pathology in question.

In response to ageing and disease, the heart will experience difficulties that affect
different areas and different parts of the cardiac cycle, creating a need for a diverse
range of measurement tools that are capable of detecting these changes. Decreased
EF or SVI can occur with systolic heart failure, as decreased systolic function can
increase ESV while EDV remains mostly unchanged [14]. This occurs partially due to
decreased contractility, in which case GLS can be a useful measure when normalized to
systolic BP [15] Meanwhile, in acute myocardial infarction (MI), restriction of blood often
affects a certain segment of ventricular wall perfused by the blocked vessel, in which
case regional strain and the appearance of regional wall motion abnormalities provide a
more detailed view of which parts of the wall are compromised, and may provide
information about the source of the dysfunction. Not all cardiovascular dysfunction
results in decreased contractility or EF. In diastolic heart failure EF is often preserved,
as the primary dysfunction occurs during filling and leads to reduced EDV. While the
various pathologies that lead to heart failure with reduced ejection fraction (HFREF)
have been described extensively, the etiologies of heart failure with preserved ejection
fraction (HFPEF) are not as well understood and are the focus of intense research
interest [16, 17]. Cardiovascular dysfunction is often preceded or accompanied by
anatomical changes to the overall mass and size of the heart and its chambers, as is
the case with ventricular hypertrophy and dilated cardiomyopathy [18, 19]. These
changes can be detected with more basic measurements of chamber cavity size and

wall thickness.

Many of the most common cardiac pathologies stem from inadequate blood flow,
whether from endothelial and vascular dysfunction, obstructive plaques, thrombotic

events, or other causes. Cardiac dysfunction in turn leads to reduced blood flow,
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creating a positive feedback loop that often ends in heart failure [20]. Endothelial and
cardiac function are closely linked due to the expansive role of the endothelium in
regulating local blood flow, nutrient delivery, inflammation, and hemostasis and
thrombosis [21]. This relationship is especially significant in the coronary vasculature,
where autoregulation, or the ability of a vascular bed to regulate changes in local blood
flow, is necessary for the heart to adapt to changes in demand and myocardial oxygen
consumption [22]. Endothelial dysfunction, which occurs in response to a variety of
causes such as atherosclerosis and insulin resistance, limits the ability of the coronary
arteries to vasodilate and increase flow at higher cardiac outputs [23, 24]. The
endothelium can also be a source of cardiac dysfunction through atherothrombotic
events, which are most often the cause of MI. In the case of MI, the aftermath of
ischemia and reperfusion feeds back on the endothelium leading to endothelial
inflammation and acceleration of atherosclerosis [25]. The relationship between
endothelial and cardiac function is a recurring theme throughout this thesis, which
presents a framework for characterizing the cardiovascular system in a holistic manner
that relates distinct but connected physiologic processes. Just as cardiac dysfunction is
not monolithic, endothelial dysfunction can present differently depending on etiology. As
such, the manner in which endothelial and cardiac disease pathways overlap and
influence each other can vary greatly, and a holistic approach allows researchers and
clinicians to break down cardiovascular pathologies into distinct processes and describe

the relationship between them.
Endothelial and Vascular Anatomy and Physiology

Outside of the heart, the endothelium is perhaps the most critical component in
the overall health and maintenance of the cardiovascular system. Forming the inner
lining of blood vessels, the vascular endothelium provides a physical barrier between
the blood pool and all other tissue, and has a number of essential roles in
cardiovascular function and homeostasis, including facilitation of nutrient delivery,
regulation of local blood flow based on changing metabolic needs, mediation of local
and global inflammatory processes, and promotion of hemostasis [26]. As the
endothelium is a primary determinant of vascular health, it is at the center of many

vascular pathologies, including atherosclerosis, hypertension, and thrombosis.
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Additionally, endothelial physiology factors into many non-vascular pathologies such as

cancer, bacterial and viral infections, and diabetes mellitus [27].

The endothelium is composed of a single layer of endothelial cell joined together
through a network of adherens junctions, tight junctions, and PECAM-1, the latter of
which is involved in maintenance and repair of endothelial cell junctions. Variation in
junction distribution allows for a modular barrier that depends on local needs, such as in
the brain where tighter cell-cell junctions create the blood brain barrier as an added
layer of protection against infection and infiltration of toxic compounds [28]. The luminal
surface of the endothelium is characterized by a glycolipid and glycoprotein coating,
approximately 50-100 nm thick, called the glycocalyx. The glycocalyx contains a
number of enzymes and receptors involved in vascular homeostasis, and prevents
coagulation and leukocyte adhesion under normal circumstances, in part through nitric
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oxide signaling [29]. Together with the endothelium, the arterial elastic lamina in the
subendothelial space, rich in collagen, laminin, and fibronectin, forms the tunica intima,
as shown in Figure 5, which illustrates arterial, venous, and capillary structure. Moving
outwards towards the tunica media, smooth muscle cells (SMC) and elastic fibers form
the tunica media, which allows for vasodilation through its elasticity and for
vasoconstriction through SMC constriction. The tunica adventitia is the outmost layer of
arteries and veins and is primarily composed of connective tissue such as collagen, but
in large veins and elastic arteries also includes the vaso vasorum, a small-vessel
network that provides blood flow to the vascular walls. As capillaries are intended for
gas and nutrient exchange, their walls are relatively thin and are composed only of the

endothelial layer and a basement membrane [26].
Regulation of Blood Flow

Endothelial cells play a role in regulating blood flow to different tissue beds
through nitric oxide signaling that constricts and relaxes the smooth muscle layer of a
given arterial segment to change resistance, and by extension, blood flow, to match
oxygen demand. Surface proteins on endothelial cells that act as mechanotransducers
detect shear forces to determine blood flow, driving downstream processes for

optimization of local blood flow [23].

NADP NADP

NADPH NADPH Reductase

Coupled eNOS Uncoupled eNOS
Figure 6: Molecular pathways of coupled and uncoupled eNos. When BH4 is present, eNOS is

coupled and produces NO, while uncoupled eNOS produces superoxide. Production of NO also relies on

the presence of L-arginine, which is converted to L-citrulline in the process [32].
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Endothelial-driven vasodilation in response to shear stress or cholinergic
signaling, among other triggers, occurs through calcium-dependent phosphorylation and
activation of endothelial derived nitric oxide synthase (eNOS), which produces nitric
oxide (NO), an endothelial derived hyperpolarizing signal responsible for driving smooth
muscle cell contraction through production of cyclic guanosine monophosphate (cGMP)
[23]. This process, shown in Figure 6, requires coupling of eNOS, stabilized by the
cofactor tetrahydrobiopterin (BH4), which then converts oxygen and L-arginine to NO
and L-citrulline [31] . Under pathologic conditions, this pathway can be disturbed,
leading to attenuated NO formation and a reduction in maximal flow. This phenomenon
can be driven by dysfunction at several different nodes in the blood flow regulatory
pathway. For example, oxidation of tetrahydrobiopterin (BH4) in the presence of
reactive oxygen species (ROS) results in uncoupling of eNOS and a shift from NO
production to production of superoxide, which has additional harmful effects besides

reduced blood flow.

Endothelial-driven vasoconstriction, meanwhile, occurs primarily through
angiotensin Il and TNFa, which promote endothelin-1 dependent SMC contraction,
suppress eNOS activity directly, and suppress the P13 kinase-Akt pathway which serves
as an upstream promoter of eNOS [33]. There is much interaction between the various
vasomotor pathways, which allows for incorporation of feedback mechanisms and
precise control. For example, endothelin-1 as well as other members of the endothelin
family bind to the endothelin-A and endothelin-B receptors, which both have
vasoconstrictive effects, but have differing affinities for different endothelin subtypes.
Endothelin-B can also promote NO formation, allowing for tight control of vascular tone

through modulation of endothelin signaling [34].

Vasomotor dysfunction, especially at the microvascular level, is prevalent in
vascular diseases such as atherosclerosis as well as in smokers and patients with
systemic diseases such as obesity, diabetes mellitus, and metabolic syndromes [27, 35,
36]. In atherosclerosis, inflammatory signaling suppresses NO production while
oxidative stress promotes eNOS uncoupling. Endothelial insulin receptors interact with
both the vasodilation-favoring PI3-kinase pathway and the vasoconstriction-favoring

MAP-kinase and endothelin-1 pathway [37]. Insulin resistance and diabetes mellitus
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adversely impacts the vasodilation pathways relative to vasoconstrictive pathways,

while also promoting endothelial dysfunction through glucotoxicity and inflammation.

Clinically, endothelial dysfunction can be assessed by measuring changes in
blood flow in response to stimuli such as acetylcholine, but degree of dysfunction can
vary depending on the vascular bed [38]. Flow-dependent vasodilation is also used to
assess vasomotor function and involves ultrasound doppler imaging of changes to
arterial diameter during reactive hyperemia, or a rapid and short-lived increase in flow
following vascular occlusion [39]. Measurement of blood biomarkers for inflammation,
oxidative stress, and pro-coagulant factors can provide context regarding the etiology of
endothelial dysfunction. In pre-clinical research, arterial ring assays allow for
measurement of vasomotor function in excised arterial segments in order to identify the

source and extent of endothelial dysfunction and are discussed in Chapter 2 [40].
Coronary Vascular Physiology

The ability of arteries to auto-regulate is especially important for coronary blood
flow, as the heart has remarkably high basal oxygen demand and the highest degree of
oxygen extraction, as measured by arteriovenous oxygen difference [41]. The heart is
also unique in that perfusion primarily occurs during diastole due to compression during
systole under high ventricular pressures, a factor that makes the myocardium, highly
sensitive to ischemia, specifically in the subendocardium where pressures during
systole are highest [22]. Coronary perfusion is also sensitive to heartrate as rising
heartrates decreases the ratio of time spent in diastole versus systole [42]. Mechanisms
for regulation of coronary perfusion vary at different parts of the vascular tree. In large
coronary arteries, which provide only 5% of total coronary vascular resistance at rest,
endothelial mechanisms described above predominate [22, 24]. The coronary arterioles,
which are responsible for approximately 60% of resistance at rest, serve as resistance
vessels that maintain perfusion pressure, or the flow-driving pressure gradient between
aortic diastolic pressure and LVEDP. Arteriolar autoregulation depends on both
endothelial and myogenic control mechanisms, with the former found in smaller
arterioles (80-100um) and the larger predominating in larger arterioles (200-400um)
[43]. Myogenic control of vascular tone occurs through stretch receptor stimulation of
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smooth muscle cells in response to changes in blood pressure. Metabolic control of
vasomotor function dominates in the precapillary arterioles (40um), where SMCs react

to changes in O2, CO2, ATP, and adenosine.

The coronary capillaries, which hold 90% of the myocardial blood volume,
contribute approximately 25% of coronary vascular resistance, with the remaining 10%
coming from the venous system. The relative contributions to resistance along the
vascular tree changes during exercise, when resistance vessels dilate and shift more
resistance to the capillaries and veins [44]. Autoregulation, which is represented
graphically in Figure 7, allows for pressure-independent regulation of flow coupled to
myocardial oxygen demand within the autoregulatory range. Outside of the
autoregulatory range, coronary blood flow is mostly pressure dependent.

Understanding of coronary autoregulation is essential for assessment of the
narrowing of arteries seen in coronary stenosis. Coronary stenosis in atherosclerotic

patients is difficult to detect at rest because downstream arterioles will vasodilate to
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compensate for the increased resistance and pressure drop at the site of stenosis. This
limits the impact of stenosis on resting blood flow in all but the most severe cases (>85-
90% stenosis) [44]. However, during exercise, resistance vessels are already dilated to
accommodate the increased myocardial oxygen demand, and their ability to
compensate for upstream stenoses is diminished with increasing degree of stenosis, as
seen in Figure 8 [45]. Thus, it is possible to detect less severe stenosis after exercise or

infusion of a pharmacologic stress agent.
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Pressure gradient
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Figure 8: Relationship between degree (%) stenosis and microvascular resistance, coronary
blood flow, and pressure gradient at rest and stress (hyperemia). Note that at rest, coronary blood flow is
maintained when degree of stenosis is less than ~85% as the microvasculature undergoes vasodilation to
compensate. In hyperemic conditions, microvascular resistance is already minimized for increased flow,

and reduction in coronary blood flow is roughly proportional to degree of stenosis [44].
Hemostasis and Thrombosis

The intact endothelial barrier prevents coagulation of blood in the absence of a
wound through production of anti-thrombotic signals. When this barrier is disrupted,
such as in the case of trauma, nearby blood undergoes coagulation to create a stable
clot and prevent further blood loss in a process known as hemostasis. Coagulation
involves a series of self-amplifying reactions that activate soluble factors in the blood
and eventually lead to deposition of fibrin, an activated form of the protein fibrinogen,

which forms a crosslinked net over the wound [46, 47]. This process can proceed



22

through one of two pathways, known collectively as the coagulation cascade, which is
shown in Figure 9. The intrinsic (contact activation) pathway, proceeds through
exposure of subendothelial collagen, while the extrinsic (tissue factor) pathway is
triggered by release of tissue factor from smooth muscle cells, fibroblasts, and other
subendothelial tissue. The net result of the coagulation cascade is activation of

thrombin, and extremely potent driver of fibrin activation and cross-linking.

The endothelium itself regulates coagulation through several mechanisms, most
of which overlap with vasomotor control and inflammatory pathways, which are tightly
linked processes. Pro-inflammatory factors can promote coagulation and
vasoconstriction, pro-coagulant factors have pro-inflammatory and vasoconstrictive

effects, and vasoconstrictive factors can augment inflammation and coagulation [48].
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Figure 9: Schematic of coagulation cascade featuring the intrinsic and extrinsic pathways. Extrinsic
pathway activation occurs through release of tissue factor while the initiating event for the intrinsic
pathway is the exposure of subendothelial collagen. Both pathways converge downstream and result in
formation of cross-linked fibrin nets [49].
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The reverse is also true. Under healthy conditions, release of NO has anti-thrombotic
and anti-inflammatory effects, partially through blockage of Weibel-Palade body release,
and also acts against platelet activation and aggregation [50]. Prostaglandins are a
family of lipids that, along with other eicosanoid compounds, are derived from
arachidonic acid, and play a major role in coagulation, inflammation, and hemostasis.
Prostacyclin, or PGl2, a member of the prostaglandin family released by endothelial
cells, is among the most potent endogenous anti-platelet agents as well as a powerful
vasodilatory agent [51]. Conversely, thromboxane-A2 (TXAz2), another member of the
prostaglandin family, is primarily secreted by activated platelets but can be released
from endothelial cells as well, and exerts pro-coagulant and vasoconstrictive effects
[52]. As hemostatic pathways are self-amplifying, it is important to have a mechanism
that can turn the process off. Endothelial thrombomodulin attenuates active coagulation
through cooperation with activated protein C to convert thrombin in an anti-coagulant

factor that inhibits upstream reactions [53].-

Before a stable clot can be formed, an initial platelet plug must be created to
prevent further loss of blood and create a scaffold for fibrin deposition. This occurs via
binding of platelets to active von Willebrand Factor (VWF) multimers that bind to
collagen in the subendothelial space [54]. VWF is a multimeric protein secreted by
endothelial cells in an inactive form, that under healthy conditions is cleaved by the
metalloproteinase ADAMTS13 at the VWF A2 domain as it is released, leaving short
strands of VWF on the endothelial surface and circulating VWF multimers [55]. Upon
either binding to collagen or exposure to high shear forces, VWF activates and unfolds
to expose its A1 domain, which binds passing platelets via the GPlba receptor. In the
case of traumatic injury to the vessel wall, VWF forms long strands over the disrupted
area so platelets can plug the wound and drive coagulation and construction of a fibrin
net. Platelet activation can be triggered by binding to VWF or to collagen through the
GPVI receptor, as well as by agonists such as ADP, thromboxane-A2, and thrombin
[56]. Upon activation, platelets release pro-coagulant and pro-inflammatory factors and
undergo morphological changes from a disc shape to an irregular spiky shape that is

more conducive to binding VWF and forming platelet plugs. Platelet-endothelial
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interactions through VWF are of great interest in vascular pathologies and discussed

extensively in later chapters.

While hemostasis is a necessary component of vascular health, pathologic
coagulation occurring in intact vessels is a major cause of morbidity and mortality
through ischemic and embolization events. Thrombosis occurs through similar
mechanisms as hemostasis, but rather than forming a wound-healing clot, a clot is
formed inside the vessel lumen following a trigger such as rupture of atherosclerotic
plaques containing pro-thrombotic factors or through disruption of anti-coagulation
pathways that depend on healthy endothelial function and proper blood flow [21, 46].
Such is the case in low-flow areas or areas of recirculation, which are often seen in the
atria and atrial appendages, both common sites of thrombosis [57]. As the blood pool
contains both anti-coagulant and pro-coagulant factors, the balance can be shifted in
favor of the latter in cases of vascular pathologies or cardiovascular dysfunction. These
events can cause blockage of a vessel at the site of thrombosis, leading to ischemia, or
can result in embolization of a thrombus, which may cause severe problems
downstream. Venous thrombi may find their way to the lungs and cause pulmonary
embolism, while thrombi formed in the left side of the heart can make their way to the
cerebral circulation and cause stroke [58]. Medications such as aspirin, anti-platelet
agents, and clotting factor antagonists are useful in preventing thrombosis, but by

shifting the balance towards anti-coagulant factors, increase the risk of bleeding [59].
Inflammation and the Endothelium

The inflammatory system relies on the endothelial layer to signal a nearby
problem and recruit inflammatory cells to the site of active infection or tissue damage.
When a pathogen is detected, pro-inflammatory endothelial activation occurs in the
adjacent vasculature, whereby endothelial cells release pro-inflammatory cytokines and
endothelial cell adhesion molecules (ECAMs) such as P- and E-selectin, VCAM-1 and
ICAM-1 to attract, capture, and activate passing leukocytes which then migrate into the
tissue and fight the infection [60, 61]. P-Selectin is stored in Weibel-Palade bodies along
with VWF and is released immediately in response to endothelial activation. After
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vesicular release of stored pro-inflammatory factors, the endothelium depends on

transcriptional upregulation of additional factors, which occurs on the order of hours.

Endothelial activation is mediated through transcriptional factors NF-k3 and
activating protease-1 (AP-1) and is often triggered by pro-inflammatory cytokines such
as TNF-a and IL-6, among others through the MAP3K pathway [60]. Activated
endothelial cells secrete many different cytokines including IL-8, monocyte
chemoattractant protein-1 (MCP-1), CCL5 (also known as RANTES), and CXC3
(fractalkine), which recruit and activate inflammatory cells, promoting firm adhesion and
transmigration [62]. Upregulation of ECAM expression mediates the rolling of passing
leukocytes and their adhesion to the surface, followed by transmigration and
extravasation, partially facilitated by PECAM-1, where leukocytes can then target

pathogens or cellular damage [63].

The inflammatory process produces oxidative stress, tissue factor, and matrix
metalloproteinases (MMPs), and leads to disruption of the glycocalyx and its associated
protective mechanisms, all of which may contribute to VWF dysregulation and link
inflammatory processes with platelet-endothelial interactions [48, 64, 65]. Recruited
leukocytes interact with platelets through platelet P-selectin and leukocyte PSGL-1,
allowing for further mutual activation and recruitment. Upon interacting with the
endothelial surface, both platelets and activated leukocytes secrete a number of
cytokines that feedback and drive further endothelial activation. Once an inflammatory
process begins to die down, endogenous anti-inflammatory mechanisms prevail and
return the endothelium to its normal state. However, risk factors such as dyslipidemia,
insulin resistance, smoking, or other triggers for endothelial dysfunction , disrupt anti-
inflammatory mechanisms, endothelial activation and inflammation can become chronic
and lead to vascular pathologies such as atherosclerosis, a process discussed later in
this chapter.

Endothelial Dysfunction and Vascular Pathologies

Although the primary roles of the endothelium, as described in the previous

section, can be thought of as distinct processes, dysfunction in one of these areas is
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Figure 10: Causes and manifestations of endothelial dysfunction. The risk factors shown here lead to

oxidative stress and loss of NO bioavailability in the short-term, which is accompanied by loss of many

endothelial protective mechanisms. Sustained endothelial dysfunction is a main driver of atherosclerosis
[66].

often accompanied by dysfunction in the others. While in practice, description of
endothelial phenotype is far more nuanced, endothelial phenotype can in the simplest
terms be thought of as a binary model: healthy or dysfunctional. The healthy
endothelium is an anti-oxidant, anti-inflammatory, anti-thrombotic and vasoactive
environment, while the dysfunctional endothelium is characterized by oxidative stress,
inflammation, increased risk of thrombosis, and loss of vascular reactivity and
vasodilatory capacity. Endothelial dysfunction, the basic mechanism of which is shown
in Figure 10, can be developed in response to many different stressors that impair
endothelial protective mechanisms, such as smoking, dyslipidemia, diabetes, obesity,
and hypertension [27, 66]. The loss of NO bioavailability from eNOS uncoupling as well
as loss of other cardioprotective mechanisms creates the ideal environment for
progression of vascular pathologies such as atherosclerosis and thrombotic

microangiopathies.
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Atherosclerosis and Myocardial Infarction

Cardiovascular disease encompasses many different pathologies including acute
events such as Ml and chronic conditions such as cardiomyopathies. In the case of M,
which is caused by a blockage of blood flow within the coronary vasculature, damage to
heart muscle and associated structures may lead to chronic conditions, as in the case of
ischemic heart failure, which is the leading cause of death in the United States. The
primary triggers of myocardial ischemia are atherothrombotic events, which is the
formation of a blood clot from an atherosclerotic plaque [67]. Atherosclerosis can occur
in the coronary vasculature, where it is referred to as coronary artery disease (CAD), as
well as the peripheral vasculature (peripheral arterial disease, PAD) and the cerebral
vasculature (cerebrovascular disease), and can lead to ischemic events in any of these

vascular beds.

Atherosclerosis is a chronic inflammatory disease that can begin in childhood or
adolescence and develops over decades in response to a diverse range of genetic and
lifestyle risk factors. Common risk factors include dyslipidemia, hypertension, obesity,
diabetes mellitus, tobacco use, hyperhomocysteinemia, and many others. The
composition of atherosclerotic lesions varies based on both disease stage, depicted in
Figure 11, and driving risk factors, which can lead to distinct atherosclerotic
phenotypes. Atherogenesis is triggered by endothelial injury in the setting of vascular
risk factors and excess low-density lipoprotein (LDL), which accumulates in the
subendothelial space and undergoes oxidative modification to form ox-LDL. Ox-LDL
and other oxidized lipoproteins cause inflammation of vascular wall, marked by
endothelial activation and recruitment of leukocytes, specifically monocytes which enter
the vessel wall and eventually become lipid-engorged macrophages known as foam
cells [69]. The subendothelial collection of foam cells forms a fatty streak, the earliest
histologic sign of a nascent atherosclerotic lesion. Foam cell accumulation of ox-LDL
through scavenger receptors, pinocytosis of LDL, and binding of ox-LDL on other
modified lipoproteins to Toll-like-receptors (TLRs), lead to pro-inflammatory cytokine
release, proliferation of macrophages, and additional myeloid cell recruitment, some of
many sources of positive feedback in atherogenesis. Among the pro-inflammatory

cytokines released is IL-1[3, a potent driver of downstream inflammatory signaling



Nomanclature and Sequences in progression Earliest g:,::::rrt]h
main histology of a therosclerosis onset mechanism
Initial lesion
e Histologically “normal”
* Macrophage infiltration
* Isolated foam cells
From
first
Fatty streak decade
Mainly intracellular lipid
accumulation
Growth
mainly by
Intermediate lesion lipid
* |ntracellular lipid accumulatio addition
_E * Small extracellular lipid pools
s
g
2
3 From
© third
Z  Atheroma decade
2 s Intracellular lipid accumulatio
% » Core of extracellular lipid
3
T
Fibroatheroma Increased
* Single or multiple lipid cores smooth
* Fibrotic/calcific layers muscle
and
collagen
From increase
fourth
Complicated lesion decade
* Surface defect Thiombosid
* Hematoma-hemorrhage and/or
* Thrombosis ‘ hematoma
v

28

Clinical
coller-
lation

Clinically
silent

Clinically
silent
or overt

Figure 11: Stages of atherosclerotic plaque development from formation of initial lesions and fatty to

streaks to progressively advanced lesions. Degree of endothelial dysfunction increases along with lesion

progression. Atherosclerotic plaques are mostly clinically silent until later disease stages [68]

activated in part by formation of cholesterol microcrystals that form within foam cells

[70].

Macrophages are a primary driver of atherosclerotic lesion formation, but the

adaptive immune response is also involved. T cells, recruited to the endothelial surface

in part through chemokine receptor type 5 (CCR5), and have been observed to be

involved in secretion of pro-inflammatory cytokines in the setting of
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hypercholesterolemia, constituting as much as 20-40% of plaque leukocyte content [72].
B lymphocytes serve to both regulate T cell activity and secrete antibodies, which can
have atheroprotective or pro-atherogenic effects. Secretion of IgM proteins by B1a B
lymphocytes, for example, can reduce ox-LDL recruitment by macrophage scavenger
receptors [73], while IgE released by several classes of B cells promote activation of

macrophages and mast cells [74].

Fatty streak formation is followed by proliferation and migration of SMCs to the
lesion, which mediate fibrosis and plaque progression along with vascular fibroblasts
[75]. After sufficient intracellular accumulation of lipid droplets and microcrystals by
foam cells, apoptosis begins to take hold among the resident leukocytes, forming a
necrotic core rich in extracellular lipid pools and proinflammatory and prothrombotic
factors. Foam cell necrosis significantly aggravates the already disturbed endothelium,
by which point endothelial atheroprotective mechanisms have been overwhelmed and

reversal of plaque growth is unlikely [76].

The development of atherosclerotic plaques is not a smooth, continuous process,
but instead one characterized by phases of rapid growth between periods of relative
quiescence [77]. Potential destabilization events that trigger these rapid growth phases
include intraplaque hemorrhage and release of pro-thrombotic factors within the
microvascular network that supplies the plaque, superficial erosion of the plaque
surface, leading to platelet aggregation and micro-thrombus formation, and disruption of
the plaque fibrous cap which protects the nearby blood pool from thrombogenic factors
in the lipid core [75]. Inflammation drives many plaque-disrupting events, through
mechanisms such as induction of endothelial apoptosis or endothelial cell attack by
killer T cells. Pro-inflammatory cytokines also trigger secretion of MMPs which can

degrade the protective fibrous cap [78].

While the cholesterol and inflammatory pathways of atherogenesis described
above are well characterized and the target of most preventative therapies, a parallel
pathway for plaque growth involving platelet-endothelial interactions, shown in Figure
12, has more recently emerged, in part thanks to the techniques described in later

chapters. In a normal vessel, VWF multimers are kept short and inactive, only binding
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platelets and forming a plug when the endothelial layer is disrupted. However, in the
setting of oxidative stress, VWF can become oxidatively modified at the A2 domain,
rendering it resisting to cleavage by ADAMTS13, which can also be oxidatively modified
and rendered inactive [79, 80]. When the VWF cleavage process is impaired, ultralong
VWEF (ULVWF) multimers form and become shear activated, binding platelets in the
process. Bound platelets amplify endothelial activation through secretion pro-
inflammatory and pro-thrombotic factors, and are involved in both indirect and direct
monocyte recruitment. The role of platelet-endothelial interactions in atherosclerosis is
further explored in Chapters 5 and 6.
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Figure 12: Canonical pathway of lipid accumulation and inflammation as drivers of atherogenesis
(top) and more recently discovered pathway driven by platelet-endothelial interactions secondary to
oxidative modification of VWF and ADAMTS13 leading to ULVWF accumulation. These pathways are

somewhat distinct but have significant signaling overlap.

Atherosclerotic plaque growth takes decades and can end with one of several
phenotypes. While plaques initially expand outward, some plaques progress enough to
begin encroaching on the lumen, leading to stenosis and reduced blood flow. Some
plaques will have large lipid and necrotic regions and thin fibrous caps, putting them at
risk for rupture and thrombosis, while others may be primarily composed of smooth
muscle cells and collagen. Plaques are distributed throughout the arterial tree, both in
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the coronary and peripheral circulation, and may form in proximal large arteries, often at
branch points, leading to stenosis or thrombosis or may occur more diffusely in smaller

arterioles, leading to microvascular dysfunction.

The propensity of a plaque to rupture or undergo surface erosion, which causes
atherothrombotic ischemic events, is hard to predict and not necessarily based on size,
as many so-called culprit lesions are not large enough to be visible by traditional
imaging methods [81]. In fact, atherosclerotic plaques are not easily detected on non-
invasive imaging until late in the process, often after decades of unchecked growth, and
at a point where no therapies exist to reverse the process. While plaques initially form
outwards from the lumen, evidenced by early intimal-medial thickening, as plaques
progress they begin to encroach on the lumen. Only late-stage plaques can generally
cause degree of stenosis sufficient to detect with conventional medical imaging
methods such as angiography, although advancements in intravascular ultrasound
(IVUS) are leading to improved detection of subclinical atherosclerosis [82].In the
absence of earlier detection methods, clinicians rely on risk stratification so patients at a

high risk are assigned early on to therapies that prevent growth.

When an acute thrombotic event occurs within the coronary circulation and
prevents blood from reaching the cardiac muscle, it triggers a number of local and
global downstream effects. Locally, hypoxia sets it, with the endocardium the most
vulnerable to changes in blood flow and the first to see decreases in systolic function
[83]. As the time of ischemia continues, dyskinesis spreads from the endocardium to the
epicardium, and in the case of a severe ischemic event, known as a transmural infarct,
the entire thickness of the heart wall in the affected region is affected [84]. The severity
and duration of ischemia, determined mostly by the location of blockage and time to
reperfusion, determine the ultimate extent of the damage to the heart muscle [85]. In the
best scenarios, damage is reversible and normal systolic function resumes once proper
blood flow is restored. In the worst cases, cardiomyocytes undergo necrosis and the
physiological response to this, including splenic release of monocytes and a burst of
reaction oxygen species, pro-thrombotic and pro-inflammatory factors, and apoptotic
bodies can have deleterious effects on the entire vasculature that lead to acceleration of

atherosclerosis. This process is reviewed in more detail in Chapter 6. Atherothrombotic
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events in the peripheral and cerebral vasculature can also cause ischemia, and their
impact on remote vessels can also potentially accelerate atherosclerosis due to similar

systemic responses to ischemia and tissue necrosis.
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Figure 13: Microvascular physiology in normal vessels and in thrombotic thrombocytopenic purpura
(TTP). TTP leads to microthrombus formation, hemolysis and fragmentation of erythrocytes

(schistocytes), and platelet depletion through consumption by thrombotic processes.

One of the consequences of endothelial dysfunction is impairment of anti-
thrombotic protective mechanisms and buildup of ULVWF multimers. While major
ischemic events such as Ml and stroke are caused by large occlusive thrombi,
thrombotic processes on a smaller and more diffuse scale can also result in cardiac and
other organ dysfunction. These thrombotic microangiopathies are characterized by
widespread formation of VWF-platelet thrombi in the microvasculature [87, 88]. Thrombi
can embolize and lead to diffuse blockages and lead to hemolytic anemia and
thrombocytopenia, which is responsible for increased bleeding and the characteristic
blood spots or purpura in TTP patients. One such example of this is thrombotic
thrombocytopenic purpura (TTP), illustrated in Figure 13, caused by inactivation of
ADAMTS13, often genetic in origin [89].

While TTP is an acute clinical syndrome, thrombotic microangiopathies and TTP-
like processes can contribute to vascular diseases such as atherosclerosis on a less
severe, but chronic level [90-94]. Thrombotic processes exist on a spectrum from low-
grade systemic platelet-endothelial interactions to acute thrombotic occlusion of major
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vessels, but the mechanism of thrombosis is similar across this spectrum. As
recombinant ADAMTS13 therapy and treatments that reduce VWF dysregulation show
promise in TTP patients [95, 96], these therapies are explored in later chapters for
potential in more chronic applications such as atherosclerosis and cardiotoxicity of

certain cancer medications.
Conclusion

Healthy cardiovascular function depends on a number of complex and interacting
systems. Proper endothelial function is necessary for maintaining blood flow and
cardiac function. Many different cardiovascular pathologies share a common pathway of
endothelial activation and dysfunction. Characterizing cardiac and endothelial function
in clinical and research settings depend on utilizing a many different techniques
targeted at measuring specific functions, but also understanding how these functions
interact. This thesis will focus on techniques to visualize and characterize the vascular
endothelium but doing so also requires an understanding of cardiac function to
contextualize events at the endothelial surface. Many of the imaging techniques, such
as the 2D echocardiogram, that are ideal for visualizing cardiac function, are not
suitable for characterizing the complex molecular interactions that occur at a
microscopic scale at the endothelial surface. The physiological processes detailed in
this chapter will form the basis for the different techniques imaging and non-imaging
techniques discussed and how they are applied in common disease settings.
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In-Vitro and Ex-Vivo Techniques in Vascular Research

Summary

Studying molecular interactions in the context of vascular and endothelial
pathologies does not require a living system, and many in-vitro and ex-vivo model
systems and techniques have been described that allow researchers to investigate
specific questions in a controlled environment. This chapter details some of these
approaches, including flow chamber and chip-based systems, ex-vivo vascular tension
assays, and histological analysis. The principles behind each approached are
discussed, as well as specific applications within vascular research. As with other
approaches, these techniques have a wide range of applications in pre-clinical research
such as identification of pathological molecular and cellular pathways, characterization
of vessel morphology and function, testing and optimization of novel therapies or

targeted microparticles, and even point-of care diagnostics.
In Vitro Approaches

Flow Chambers
Background and Design

The study of vascular physiology is mostly unique in relation to other systems
within the body as many of the core biological processes are heavily influenced by the
flow of blood within the vessels [1, 2]. Flow chambers are artificial systems that are

used to investigate the influence of different flow state on physiologic processes.
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Variations in flow conditions affect countless down-stream processes such as vascular
tone, hemostasis and thrombosis, inflammation, nutrient delivery, and waste clearance.
Blood pressure and shear rate within the heart and vasculature is relayed to endothelial
and associated cells through surface mechano-transducers and play a critical role in
health and disease. For example, atherosclerotic lesions are often found and sites of
disturbed or low flow such as branch points and curvatures [3]. Thrombotic emboli are
seen in these states as well, such as deep vein thrombosis in response to prolonged
sitting-induced reductions in flow, or in the atrial appendage where eddies and low-

velocity recirculation can create perfect conditions for thrombus formation.

Flow chambers vary in design depending on the application, as for any given
research question the geometry, biochemistry, and flow conditions must sufficiently
approximate the native setting. Flow chambers range in scale from microfluidic devices
to aorta-sized tubing, but size is far from the only design criteria [4-7]. These systems
must also be compatible with the measurement device providing a readout. Most often
the output is optical microscopy, and the molecules or cells of interest may be
fluorescently labelled for identification. Imaging can be performed either under flow or
after the fact depending on the study. Many other readouts are also used for flow
chamber experiments, especially if the flow chamber design is incompatible with optical
imaging. One example of this is the use of a gamma scintillation counter in
biocompatible surface design to measure time-dependent adhesion of radiolabeled

particles, cells, or platelets to a bio-engineered surface [8].

For simple applications such as quantifying the influence of shear rate on on/off
rates of various ligand-receptor binding interactions or hemostatic pathways, a flow
chamber might consist of as little as a pair of parallel plates coated with the ligand or
receptor of interest connected to a pump [9]. To study more complex questions and
processes, such as assessing the biocompatibility of vascular implants or imaging of
leukocyte rolling, researchers may require more intricate flow chamber designs that
introduce tubing with curvatures or branching, endothelial or smooth muscle cell coated
and micro-patterned surfaces, and pulsatile flow pumps [10, 11]. Figure 1 shows an

example of a typical simple flow chamber loop.
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Engineering the surface of a flow chamber system is rarely a simple task. A large
amount of optimization is often needed to ensure the system most closely approximates
a native environment, and this task can be especially difficult when creating a cell
coated surface. As with standard cell culture, the incubation conditions have a
significant effect on the cell phenotype, but culturing cells in a flow chamber involves
additional considerations. In traditional cell culture approaches, a major consideration is
the physical characteristics of the growing substrate, which affects cell anchoring and
proliferation, among other properties. In cell-coated flow chambers, researchers must
additionally consider how cells will attach, proliferate, and behave under different flow
and shear conditions. For example, endothelial cells depend on native shear conditions
in order to assume a healthy and functional phenotype, so incubation must often take
place under flow [1]. Cells can be seeded in suspension or through micro-patterning,

with the latter approach often used to ensure proper orientation and spacing.
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Figure 1: Example flow chamber loop containing peristaltic pump, tubing, endothelial-cell seeded flow

chamber and fluid reservoir[12]

Finally, the choice of pump can greatly affect the function of the system and as
such must be carefully chosen. Traditional positive displacement pumps often use
impellers or other mechanical systems that come in direct contact with the fluid and
involve areas of high focal variations in shear. Conversely, peristaltic (roller), syringe,
and pressure pumps allow precise control of flow with sensitivity to shear and without

requiring the mechanical components to be in direct contact with the circulating fluid.



42

Depending on the application, pumps can be set to either continuous or pulsatile flow,
with more complex systems being able to approximate very specific flow patterns by
including devices such as dampening chambers in the flow loop. For any given pump, it
is important to consider potential adverse effects such as hemolysis and platelet

activation when operating at higher shear rates.
Flow Chamber Applications

Vascular cells have numerous flow-dependent functions that can be studied
using flow chamber systems. Much of what is known about how endothelial cells
behave under different flow conditions has been deduced in part through use of flow
chamber systems. These systems have been used to characterize the effect of flow on
processes in vascular cells including cytoskeletal arrangement, glycocalyx formation,
endothelial cell permeability, and secretion of signaling molecules involved in
inflammation, hemostasis, angiogenesis, and regulation of vascular tone [9, 13-16]. In
addition to the study of typical flow-dependent vascular processes, flow chamber
systems have been used to characterize the conditions and mechanisms responsible
for abnormal vascular phenotypes such as atherosclerosis, thrombosis, neo-

angiogenesis, and enhanced endothelial permeability in tumor environments.

In addition to their use in basic research, flow chamber systems also have many
translation applications. Flow chambers are frequently used to assess the performance
and biocompatibility of implantable devices such as artificial vascular grafts or shunts.
Significant research efforts have been devoted to creation of biocompatible polymers
and surface bio-engineering of these devices using approaches such as pre-seeding
with patient-derived endothelial progenitor cells and surface conjugation of extracellular
matrix components or anti-thrombotic agents such as heparin [17]. Drug-eluting
implants such as stents are commonly used to prevent in-stent thrombosis that may
arise from neo-intimal hyperplasia or thrombosis [18]. Flow chamber systems, in
addition to ex-vivo systems discussed later in this chapter, are a valuable tool in
characterizing the flow-dependent performance of vascular implants under different

conditions.
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A more recent application of flow chamber technology has been the development
of microfluidic systems such as lab-on-a-chip devices for point-of-care testing. These
devices provide rapid, on-site biomarker quantification and require only small sample
volumes due to their high surface area to volume ratio[19]. Microfluidic diagnostic
devices consist of small channels bearing antibodies or ligands targeted to a specific
circulating biomarker. After injection of a fluid sample, these devices are placed in a
machine containing pumps and measurement equipment and designed for facile and

mostly automated analysis.
Flow Chambers in Contrast-Enhanced Ultrasound Molecular Imaging

While flow chamber systems have many other applications, one specific example
especially relevant to this thesis is development of novel contrast agents for ultrasound
molecular imaging. Contrast-enhanced ultrasound molecular imaging probes, which are
discussed in further detail in later chapters, are composed of gas-filled lipid-, protein-, or
polymer-shelled microbubbles (MBs) typically bearing a targeting moiety on the surface,
though some agents take advantage of non-specific binding of the shell components for
targeting. One advantage of this approach is the ease of designing novel probes, as this
process can be as simple as attaching a new targeting ligand or antibody intended for a
specific target. However, in-vivo testing of novel probes is resource and time intensive,
and it can be difficult to measure off-target binding. Instead, flow chamber systems are

often used for initial testing.

An example of this from a study described in Chapter 5 is the development of a
platelet-targeted MB for use in measuring platelet-endothelial interactions in non-human
primates. Two potential candidate targeting ligands were selected, MBs bearing these
ligands were produced along with a non-targeted control MB, and each MB product was
differentially fluorescently labelled. Platelets derived from primate blood and
fluorescently labelled were seeded onto a parallel plate flow chamber and a mixture
containing the different MB probes was introduced via syringe pump. Microscopic
imaging was then used to quantify MB adhesion to platelets in order to demonstrate
successful targeting under different physiologic flow conditions and determine which
targeting ligand was more effective. While this flow chamber study was useful in initial
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testing, one major limitation of this approach was that it did not provide a measure of
off-target binding to the endothelial surface. This would however be possible in an ex-

vivo flow chamber system constructed from an excised arterial segment.

Histology

Many critical processes that occur in the endothelium or associated tissue are
impractical or impossible to measure in-vivo. However, once a research animal is
sacrificed or a patient expires, many of these processes can then be measured in
manners that often require tissue processing not suitable for live subjects. Histology is
defined simply as the study of microscopic anatomy, but when used in biomedical
research often refers to the sectioning, staining, and imaging of tissue for the purposes
of visualizing and/or quantifying cellular and molecular processes. In studying the
endothelium, it is important to preserve the state of the tissue immediately upon
expiration of the subject. As such, perfusion-fixation can be performed by flushing
paraformaldehyde through the left ventricular apex in order to prevent post-mortem
reactions that obscure the native state of the tissue [20]. Formaldehyde reagents
preserve tissue by cross-linking peptides so they are anchored in place and cannot
undergo additional reactions. Other methods of preservation involve freezing in a
solution of optimal cutting temperature (OCT) compound, a water-based resin mixture
that allows for clean frozen sectioning using a microtome-cryostat, which preserves

tissue during processing [21].

Once atissue is fixed and preserved, it can be stained in order to highlight
individual components. Staining can be performed with chemical reagents or labelled
antibodies (immunohistochemistry) and depending on the technique can label cells,
individual proteins, or other tissue components. In any given setting, research or clinical,
stain selection depends on the cellular, molecular, or metabolic process that needs to
be measured, as well as technical and practical constraints. Immunohistochemistry
offers high specificity and is more often used in research due to length staining
protocols and the need for fluorescent imaging, while simple chemical stains such as

hematoxylin and eosin (H&E) are commonly used in clinical pathology due their
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simplicity, visibility under white light, and ability to clearly label different cell populations
[20, 22, 23].

Immunohistochemistry is a quantitative technique involving the use of a targeted
antibody that can be visualized on microscopy in order to provide a measure of a
molecule of interest. Antibodies are labelled fluorescently or using enzymes such as
horseradish peroxidase that activate a soluble fluorescent compound. Detection can
depend on either labelling of the targeting (primary) antibody or a secondary antibody.
Primary antibody labelling is simpler and involves fewer steps, while use of a secondary
labelling antibody provides signal amplification, especially when using enzymatic
fluorescent detection. Parallel staining of multiple targets is made possible by using
fluorophores with distinct excitation and emission spectra, however this has a practical
limitation of 3-4 fluorophores. Recently, more complex multiplex staining protocols
involving sequential staining of several targets has allowed for the acquisition of large
amounts of data from a single tissue slide and can also be combined with image
cytometry algorithms that separate cell populations with distinct molecular signatures in

a manner similar to flow cytometry [23, 24].

Many imaging techniques can be coupled with immunohistochemistry for specific
applications, such as Forster resonance energy transfer (FRET), which provides a
measure of colocalization between two targets [25]. Confocal microscopy is used in
immunohistochemistry to improve resolution and acquire images at a tightly controlled
depth of focus. Super-resolution microscopy techniques such as photo-activated
localization microscopy (PALM) and stochastic optical reconstruction microscopy
(STORM) allow for detection beyond the diffraction limit [26]. Although
immunohistochemistry can provide a measure of intracellular molecular expression
through cell permeabilization steps, this technique is more well suited to detection of
surface markers. Techniques such as enzyme-linked immunosorbent assay (ELISA)
and western blotting are far more common approaches for quantification of intracellular

proteins, peptides, and hormones [27].

In endothelial biology, histology is often utilized to quantify pro-inflammatory
endothelial activation, angiogenesis, platelet-endothelial interactions and vWF
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dysregulation, and atherogenesis, among other targets. Specific examples of applied

immunohistochemistry in endothelial imaging are detailed in Chapters 6-8
Blood, Plasma, and Serum Analysis

One of the primary mechanisms by which the heart and the vascular endothelium
interact is through exposure to soluble blood factors. As such, biochemical analysis of
blood, plasma, or serum samples are widely used in clinical diagnostics and in
research, and provide critical information on the context in which the heart and
vasculature are operating. Frequently measured soluble blood factors include metal
ions, proteins and enzymes, metabolic byproducts, small molecules such as glucose
and steroid-based compounds, macromolecules such as lipoproteins, and

microparticles or extracellular vesicles [28].

Blood samples must be preserved after collection in order to ensure stability of
the molecule of interest and compatibility with corresponding testing reagents [29]. For
this reason there are many different methods for processing blood between collection
and measurement that vary in the anticoagulant being used and the form in which the
sample is stored (whole blood, plasma, or serum). Common anti-coagulants for blood
sample collection sodium citrate, heparin, EDTA and SPS. Sodium citrate is especially
useful in the study of platelet activity as it binds prevents further platelet activation
through binding of calcium, but unlike EDTA, which also works through calcium binding,
sodium citrate chelation is reversible [29, 30]. In addition to anti-coagulants, stop
solutions are often added following collection to specifically prevent either further
release of the molecule or breakdown of short-lived molecules. Depending on the
molecule being measured, there are several common approaches for quantifying
concentration within the blood. These range from simple techniques such as direct
measurement of metal ions with ion-sensitive electrodes to immunological assays such
as ELISA and flow cytometry, the latter of which may be used to quantify microparticles

or extracellular vesicles [31, 32].

Blood sample analysis includes assays that report both on quantity of a
substance as well as activity and function. For example, direct measurement of blood

levels and degree of multimerization of VWF can be used to demonstrate VWF
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dysregulation but do not reveal the cause. ADAMTS13 activity assays, which measure
VWEF cleavage in controlled conditions, can provide additional information on the cause
of dysfunction [33]. A more common example of a functional blood assay is
measurement of coagulation and thrombosis. Clinicians and researchers often use
assays such as prothrombin time (PT), activated partial thromboplastin time (aPTT),
and thromboelastographic to determine the extent and etiology of impaired or overactive

coagulation [34].

Ex-Vivo Approaches

Arterial Ring Assays

A critical function of the endothelium is to regulate blood flow to a vascular
territory based on metabolic need, driving vasodilation in tissues requiring increased
blood flow and diverting blood flow from tissues that are not in need. This function is
dependent on endothelial cell health, as the pathways involved in blood flow regulation
can be perturbed under pathologic conditions. In disease settings such as insulin
resistance and atherosclerosis, endothelial dysfunction is often present, limiting
vascular reactivity. However, pathologic reductions in maximal vasodilation can have
different causes given the complexity of the pathways involved. Arterial ring tension
assays provide a means of exploring the molecular basis for endothelial dysfunction as

well as assessing the efficacy of experimental therapies to improve blood flow.

Once excised, an arterial segment must be kept under physiologic circumstances
to maintain sufficient native function [35]. Typically, this is accomplished by submerging
arterial rings in an organ bath containing a buffer solution such as Krebs containing
various electrolytes and a bicarbonate buffer at physiologic pH. Organ baths allow for
the flow of oxygen and carbon dioxide through the solution to maintain proper tissue
oxygenation and pH. In the organ bath, arterial rings are mounted onto a force
transducer and pulled to a passive tension. In order to measure how certain factors
affect vasodilation, norepinephrine is used to achieve sub-maximal pre-constriction and
followed by acetylcholine-induced relaxation under different conditions. Maximal
constriction is determined through measurement of tension after the addition of KCI, a



48

potent vasoconstrictor [36]. The degree of vasodilation increases with the concentration
of acetylcholine. However, in the setting of endothelial dysfunction, that curve will shift
as higher levels of acetylcholine are needed to achieve the same degree of relaxation.
Addition of various inhibitory or activating reagents can be used to measure changes in

vascular tone due to specific steps in the relaxation pathway.

This technique was applied to the study of endothelial dysfunction in chronic
hyperlipidemia to test the hypothesis that lipid apheresis, which removes many
lipoproteins and lipid particles from the plasma, can improve blood flow [37]. In this
experiment, a ex vivo arterial ring tension assay as described above was used to
assess vascular reactivity to acetylcholine in the presence of plasma obtained before or
after apheresis. Segments of ovine coronary artery and a first order branch of the
femoral artery were obtained, sectioned into 3 mm rings, and mounted on a force
transducer (Model 420, Newport Corp, Fountain Valley, CA) interfaced with a polygraph
(model 7D, Grass Instruments, Quincy, MA) and placed in an organ bath (Harvard
Apparatus, Holliston, MA) at 37° C aerated with 95% O2 and 5% CO2. Experiments
were performed with rings immersed in either: (a) Krebs buffer containing (in mM) NaCl
(118), KCI (4.7), CaClz (2.5), KH2PO4 (1.2,) MgSOa4 (1.2), NaHCOs (25), and glucose
(11.1) at pH 7.4; (b) Krebs buffer containing the endothelial nitric oxide inhibitor L-N©-
Nitroarginine methyl ester (L-NAME) (100 mM); (c) pre-apheresis plasma (1:1 v:v with
Krebs buffer), or (d) post-apheresis plasma (previously frozen, 1:1 v:v with Krebs
buffer). Rings were pulled to a passive tension isometric force of 980 dyne then pre-
constricted sub-maximally with norepinephrine (107 M) according to maximal tension
achieved with KCI (40 mM). Relative relaxation compared to passive tension values
were measured during infusion of incremental concentrations of acetylcholine (Ach) (10
9to 10°* M). Tension assays were also performed with sodium nitroprusside (10 to 10

> M) to assess endothelium independent relaxation.

Data from four arterial rings were averaged for each condition and are shown in
Figure 3A-B. This data supported clinical findings from patients with familial
hypercholesterolemia that demonstrated an improvement of coronary but not peripheral
blood flow after apheresis. These findings are likely due to differences in sensitivity to

hypercholesterolemia between vascular beds, although this mechanism is not well
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understood. Figure 3C-D shows results from an in-vitro study performed on murine
endothelial cells (SVEC4-10, ATCC, Manassas, VA) frown to confluence in DMEM

0 0 1
c =204 = -204
=] k=]
£ a
g -40 & -40 -
E k|
5 -60 - 5 -60 -
= =
L -80 1 2 -80+
-100 -100 +
_] 20 T T T T T T T ’120 T T T T T T T
90 85 80 75 7.0 65 6.0 90 85 80 75 70 65 6.0
-log M Ach -log M Ach
—e— Pre-Apheresis Post-Apheresis

(@]

D
300

8.0 x 10*7
p=0.016
4+ |
200 & 8010

g
=
=
2
£
b T
& i g
£ 1 2 ) '|'
N 4.0 x10%1

et
2 100 4 T e
=
;. 2.0 x10*
= .
e T

0 T T | 0 - T T

0 200 400 600 Control Pre- Post-
Time (s) Apheresis  Apheresis
-k Control  -m- Pre-Apheresis Post-Apheresis

Figure 3: Tension assay dose-response curves illustrate degree of relacation as a percentage of
maximal tension (Mean + SEM) according to acetylcholine (Ach) concentration for the (A) coronary and
(B) femoral branch arteries in a water bath containing pre- and post- apheresis plasma. For coronary
analysis, p<0.05 versus pre-apheresis by half maximal inhibitory concentration analysis. (C) Mean + SEM
values for DAF-2 fluoresence over time, reflecting NO production, in cultured SVEC4-10 endothelial cells
exposed to plasma from healthy volunteers or familial hypercholesterolemia patients pre- and post-
apheresis. (D) Mean + SEM area under the curve (AUC) for 10-min acquisition. *p<0.05 versus healthy

control subjects.

supplemented with 10% fetal bovine serum on fibronectin-coated culture dishes and
exposed to plasma from pre- or post- apheresis hypercholesterolemic patients or from
control patients for 45 minutes at 37°C. Production of NO in each case was measured
using the fluorescent indicator 4,5-diaminofluorescein diacetate (DAF-2, Cayman
Chemical Co.), added to the medium at a concentration of 10uM. Fluorescence intensity
was measured every minute for 10 minutes by microscopy with a silicone-intensified

tube camera (SIT68, Dage-MTI, Michigan City, IN) during fluorescent illumination (460-
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500 nm excitation). Results were reported as fluorescence normalized to background
prior to the addition of DAF-2.

Summary

Countless other in-vitro and ex-vivo endothelial and vascular research
techniques exist that are not mentioned in this chapter, but the above techniques
provide an overview of common methods employed by our laboratory. Other such
techniques include functional in-vitro assays such as transwell permeability assays to
assess the tightness of endothelial cell junctions. Boyden chambers can be used to
study vascular smooth muscle cell migration, which is a critical step in growth of
atherosclerotic plaques. Other techniques not mentioned in this chapter include ex-vivo
shunt loops, wherein prototype implantable vascular materials or devices can be
sutured into an extracorporeal shunt loop in a live research animal to assess

biocompatibility.

Despite in-vivo studies of the endothelium having the advantages of providing
data in the native environment often at sequential time points in the same subject and
without the need for sacrifice of the research animal, these methods have numerous
practical limitations. Measurements of endothelial function are possible in-vivo, but
acquisition of higher-throughput mechanistic data such as presented in Figure 3 is
made easier using ex-vivo techniques such as the arterial ring tension assay. Molecular
imaging techniques can provide an in-vivo measure of surface expression of specific
molecules at the endothelial-blood pool interface, but these techniques are either costly,
require specialized equipment, or lack the sensitivity offered by ex-vivo approaches, in
addition to other limitations.
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Techniques for Live Imaging of Blood Flow

Introduction

This chapter covers various imaging modalities and techniques that allow for in-
vivo characterization of blood flow, local perfusion, and cellular interactions at the
endothelial surface. These techniques cover everything from 2D echocardiography,
which measure global cardiac function and output, to perfusion imaging and intravital
microscopy which are used to measure blood flow in specific tissues or even vascular
segments. With the exception of intravital microscopy, which provides single vessel
resolution, the techniques discussed in this chapter are non-invasive in nature and can

be safely used clinically and in the lab to assess regional blood flow.

Ultrasound is the workhorse of non-invasive cardiovascular imaging and is
capable of characterizing blood flow at scales ranging from ventricular ejection to
individual tissue beds. In the heart, in addition to its ability to quantify global and
regional myocardial function and probe as valve function and health, ultrasound imaging
can provide a measure of cardiac output. In smaller vessels where traditional ultrasound
may be inadequate for measuring blood flow, ultrasound perfusion imaging allows for
quantitative measurements of blood flow using microbubble contrast agents. In addition
to a basic review of ultrasound cardiac imaging techniques, this chapter will explore the
physical basis for microbubble imaging and how it is applied for perfusion imaging.
Laser doppler and associated optical flowmetry methods will also be discussed as a
perfusion imaging technique.

For visualizing blood flow in individual small vessels, intravital microscopy

presents an invasive means that can distinguish between red blood cells, leukocytes,
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and platelets, and can produce video of events occurring at the endothelial surface,
such as endothelial leukocyte rolling and platelet capture as well as platelet-leukocyte

interactions.
Contrast Enhanced Ultrasound Perfusion Imaging

The primary role of the cardiovascular system is to deliver oxygen and nutrients
to tissue, a task entirely dependent of maintenance of proper blood flow, both in terms
of cardiac output and perfusion of individual vascular beds. As such, cardiac output and
local perfusion serve as ideal measures of overall cardiovascular function.
Measurement of cardiac output is relatively simple as the volume of blood flow is equal
to the change in volume of the left ventricle between end diastole and end systole, and
the rate of flow is then easily deduced from the heartrate [1]. However, obtaining a
reliable measure of local perfusion in any vascular territory presents more complex
technical challenges than basic volumetric measurements. In measuring coronary
perfusion, over 90% of myocardial blood volume is contained within the capillaries, so
any technique must be capable of measuring microvascular blood flow while ignoring
any signal arising from cardiac output [2]. Tracers such as radiolabeled or fluorescent
microspheres can be used to measure perfusion in preclinical settings, and newer
techniques such as CT myocardial perfusion imaging are being developed, but this

section will focus on ultrasound as a platform for perfusion imaging [3, 4].

CEU imaging relies on receiving signal generated by encapsulated gas MBs
when exposed to ultrasound [5, 6]. In the pressure fluctuations of an ultrasound field,
MBs undergo volumetric oscillation. Steady expansion and contraction (stable
cavitation) occurs at low pressure which can be non-linear with regard to the
relationship between pressure and volume [7, 8]. Destruction of microbubbles can occur
from exaggerated oscillation at high pressures, known as inertial cavitation [9]. Both
inertial cavitation and non-linear stable cavitation result in emission of broad band
ultrasound signals and ultrasound energy peaks at harmonic frequencies, thereby
producing a unique acoustic signature that can be detected and isolated from
background tissue signal [10-12]. Conventional MB agents used in humans are between

1 and 5 ym in diameter, have a core composed of a high-molecular weight inert gas
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such as perfluorocarbons or sulfur hexafluoride, and have a shell composed of lipids or
proteins such as albumin. A wide variety of other acoustically active experimental
ultrasound contrast agents has been explored, but are out of the scope of this review
[13]. MB agents are smaller than erythrocytes and have a microvascular rheology
similar to that of erythrocytes [14, 15]. Accordingly, they normally pass unimpeded
through capillaries, which is important for both safety considerations and their use as
flow tracers. Lipid MBs also often contain surface “coats” composed of biocompatible
polymers such as polyethylene glycol (PEG), which prevent their interaction with cells
and plasma proteins [16-18]. In clinical cardiovascular medicine, CEU is most often
used to opacify the left ventricular (LV) cavity on echocardiography in order to better
evaluate global or regional function, LV dimensions, and the presence of intracavitary
masses such as thrombi [19].
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Figure 1: Microbubble oscillation dynamics under ultrasound excitation (A) schematic of pressure-

mediated MB volumetric oscillations with corresponding high-speed images (B) of a microbubble
oscillating over time (represented by the horizontal axis) under 2.25MHz ultrasound pulses at a PRP of
100kPa. (C) Microbubble dynamics at higher (300kPa) PRP demonstrating inertial cavitation and
fragmentation. (C-D) predicted oscillation of expansion ratio over time of a 2um microbubble in response
to a 1-MHz 5-cycle pulse using equations and parameters described in Zhao et al., 2004. (C) shows
stable cavitation at lower PRPs with harmonic oscillation near the frequency of the transmitted pulse while
(D) demonstrates nonlinear oscillation at higher PRPs, resulting in greater increase to expansion ratio

relative to the increase in pressure. [20, 21]

After intravenous injection, MBs remain in the vascular space, thereby opacifying
the blood pool on ultrasound imaging. The response of a microbubble to excitation by
ultrasound energy depends on several factors, most importantly frequency and peak

negative acoustic pressure (PNAP). The unit mechanical index, defined as the PNAP
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divided by the square root of the frequency, is a useful measure of the mechanical
environment to which MBs are exposed under ultrasound excitation, and provides an
indication of the MB response. For example, at a low mechanical index (less than 0.3
depending on MB design, tissue, and ultrasound characteristics), MBs are not
detectable on ultrasound [22]. At what is known as the stable cavitation threshold, MBs
begin to oscillate in volume along with pressure variation, leading to signal generation at
fundamental and harmonic frequencies. The expansion ratio, a measure of bubble
diameter change, increases mostly proportional to PNAP in the linear range. At higher
mechanical indices these oscillations and the accompanying generated signal become
nonlinear along with the relationship between expansion ratio and PNAP, leading to
fragmentation and, at high enough acoustic intensity, destruction of MBs [9]. Figure 1
illustrates these oscillations at different peak rarefaction pressures (PRP), which is
equivalent to PNAP.

CEU perfusion imaging takes advantage of MB destruction MBs at high M
ultrasound pulses by measuring MB replenishment as a marker of blood flow in a given
segment of tissue [23]. Figure 2A illustrates MB replenishment across the elevation
(thickness) of the beam after a destructive ultrasound pulse at t=0. MBs travelling at
velocity v will travel distance d=wt, so the concentration of MBs within the elevation as a
function of time is proportional to Vt/E as well as to video intensity [24]. Since a high-MI
ultrasound pulse simultaneously destroys MBs in the field of view as well as provides
ultrasound signal, repeated high-MI pulses at a given pulsing interval Pl will measure
the degree of MB replenishment within that interval. As the pulsing interval increases at
a constant v, the distance travelled and by extension MB concentration will increase. At
a high enough PI, full replenishment and video intensity as a function of Pl will plateau.
Performing repeated destruction-replenishment pulsing at several different Pls yields a
curve of MB replenishment over time.

The simplified model shown in Figure 2A would yield a linear increase in video
intensity relative to pulsing interval, which becomes a sharp plateau once full
replenishment occurs (Figure 2B). However, observed destruction-replenishment within
tissue follows a curvilinear trend (Figure 2C). The video intensity at the plateau is

proportional to tissue blood volume (A-value) and determined by comparison to video
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intensity in the LV cavity in which the volume of blood is known. The curvilinear function
that describes tissue MB replenishment is f(t)=A(1-e!), where f(t) is the video intensity
at a pulsing interval of t, and 3, the rate constant, is equivalent to mean tissue blood
velocity. Tissue blood flow (L/min) can then be calculated as the product of blood flow

velocity and blood volume (Axp).
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Figure 2: (A) lllustration of microbubble replenishment across the elevation (thickness) of an ultrasound
beam, denoted as E. (B) Predicted video intensity, proportional to MB concentration, versus pulsing
interval, assuming constant MB velocity during replenishment. (C) Observed video intensity versus

pulsing interval, demonstrating curvilinear MB replenishment. [24]

While CEU was initially developed with a high Ml pulsing scheme, it is also
possible to image MB replenishment at low MI in real time after an initial high Ml
destructive pulse [25]. This approach is significantly easier for the operator, as in high
MI CEU the operator must hold the probe steadily for prolonged periods of time as the
ultrasound system cycles through multiple pulse cycles at each pulsing interval. With

low-MI images, imaging occurs in real time and requires only seconds to acquire.
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Additionally, high Ml imaging may affect results through ultrasound bioeffects, which is
explained later in this section.

There are many reasons to use CEU both clinically and in research settings. In
the most common application of CEU perfusion, myocardial contrast echocardiography
(MCE), images of an entire LV cross-section are captured and can then be segmented
to obtain myocardial blood flow measurements in specific regions of the LV (e.g. apex,
anterior wall) [26]. This approach has tremendous utility in both quantifying the extent of
ischemia as well as locating perfusion defects, the latter of which does not necessarily
require post-processing as severe perfusion defects are often readily apparent on an
MCE image. While resting perfusion defects can be visible in severe ischemia, MCE is
often combined with stress protocols to reveal regions of hypoperfusion not otherwise
visible at rest. An example of MCE and an accompanying coronary angiogram are seen

in Figure 3.
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collateral-derived perfusion is seen in the apex despite an occluded IRA (apex). [23]

In coronary artery disease, MCE is an excellent tool for assessing microvascular
disease, which can otherwise be difficult to visualize and diagnose as compared with
large vessel stenosis [27, 28]. In research settings, MCE is used to study changes to
coronary blood flow in response to pathologic processes or to novel therapies. MCE has
been used in non-human primate, canine, and ovine disease models, among others, but
is not practical in murine disease models. Murine resting heartrates often exceed 500
BPM and contrast imaging systems do not have sufficient framerates, while high-
frequency ultrasound systems used for resolving the smaller murine organs lack

sufficient ability to destroy contrast agents.
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Aside from the heart, CEU can be applied to many other tissues, such as liver,
skeletal muscle, and placenta, among others. Skeletal muscle CEU has been critical in
discovering and defining a branch of therapeutic ultrasound that takes advantage of
ultrasound bioeffects that result in increased blood flow [29]. In the diagnostic range of
ultrasound MI, bioeffects such as tissue heating and changes to blood flow are mostly
negligible. However, it has been shown that at high MI, ultrasound energy increases
skeletal muscle perfusion, which could provide value as a peripheral arterial disease
therapy, as well as perfusion in other organs, though this is not as well studied.
Perfusion related ultrasound bioeffects, which are greatly potentiated by MBs, act
through shear-mediated purinergic signaling and can lead to up to 10-fold increases in
skeletal muscle blood flow. Imaging of murine hindlimbs with CEU was used both
initially to demonstrate this effect as well as in mechanistic studies, which led to
discovery of the complex pathway involved.

CEU perfusion imaging and more specifically, MCE, is a versatile, affordable,
and safe technique that provides quantitative information on regional flow and can be
performed at the patient bedside. Despite extensive validation, clinical adoption of CEU
perfusion imaging and MCE has been slow, due to factors such as a steep learning
curve for performing and troubleshooting CEU perfusion imaging, slow development of
contrast-specific ultrasound packages and perfusion analysis software specifically for
CEU, as well as other practical and technical limitations. Meanwhile, CEU perfusion
imaging has been applied in a limited but successful manner in pre-clinical research,

both for myocardial blood flow and perfusion imaging of other organs.

Intravital Microscopy

Intravital microscopy encompasses several research techniques for optical
imaging of live blood flow. These techniques can be invasive, such as those that
consists of surgically exposing a segment of optically translucent vascularized tissue
and mounting it on a microscopic stage for viewing. [30] Intravital microscopy can also
be performed non-invasively using techniques such as two-photon microscopy [31].
Using intravital microscopy, it is possible to obtain images of individual erythrocytes,

leukocytes, and, and even platelets as blood flows by. This technique is a powerful
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basic and translational tool for quantifying the effect of pharmacologic or other
intervention on endothelial surface interactions. For example, intravital microscopy has
been used to demonstrate a decrease in leukocyte capture and platelet-endothelial
interactions in response to therapy targeted towards prevention of microvascular

dysfunction.

This segment details methods and applications for intravital microscopy,
specifically of the murine cremaster muscle. The murine cremaster muscle is an
approximately 100um thick, optically translucent, well vascularized segment of tissue
surrounding the testes, and can be separated from surrounding anatomy without
causing significant trauma, thus presenting an ideal target for live imaging. There are
additional methods besides surgical cremaster exposure, including two-photon
microscopy of the jugular vein, but this segment will focus on intravital microscopy

performed on surgically excised murine cremaster muscles

To prepare the cremaster tissue for imaging, the animal is first anesthetized.
While inhaled anesthesia such as isoflurane is generally easier to maintain when
compared to intraperitoneally delivered anesthetic mixtures such as ketamine/xylazine,
nose cones can create added difficulty in preparing and moving animals. Once the
animal is anesthetized, the cremaster muscle is surgically exteriorized, spread over a
specialized microscopy platform, and pinned around the edges. To maintain proper
tissue function, a drip is introduced to provide a bicarbonate salt superfusion buffer at
physiologic pH and temperature and with oxygen introduced via diffuser. Animals can
be cannulated, often at the jugular vein, in order to introduce tracers or therapeutic
compounds during imaging. After surgical preparation, the microscopy platform bearing
the animal can be transferred to the microscope stage for imaging. A typical cremaster
intravital microscopy preparation is illustrated in Figure 4A. An example of a bright field
intravital image showing erythrocyte flow is seen in Figure 4B.

There are several ways to quantify changes to leukocyte-endothelial interactions
using intravital microscopy. In order to view leukocytes, a fluorescent labelling
compound such as Rhodamine-6-G can be introduced via venous catheter. Leukocyte

flux fraction, defined as the ratio of rolling leukocytes to total leukocyte flux through an
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Figure 4: (A) Schematic of a murine cremaster intravital microscopy preparation: 1- exteriorized
cremaster muscle; 2- pins; 3- intravital platform; 4- illumination source; 5- superfusion buffer drip; 6-
jugular venous catheter (B) Bright field intravital image of murine cremaster showing erythrocyte flow
through an arteriole (C-D) Fluorescent images of a murine cremaster muscle with platelets and
leukocytes labelled with Rhodamine-6-G. A platelet-leukocyte complex is visible in (C) and platelet-VWF
strings are visible in (D).
arterial segment, is a robust measure of endothelial leukocyte recruitment that depends
on a number of factors including endothelial activation, leukocyte activation, and shear
rate. However, it requires additional measurements of bulk blood flow rate and complete
blood count to determine the proportion of circulating leukocytes within the blood. A
simpler approach is to measure the number of rolling, adherent, and extravasated
leukocytes, as well as leukocyte rolling velocity, which is inversely correlated to
endothelial ECAM expression [32]. These velocity measurements can be performed in
ImageJ using the particle tracking tool. Figure 4C-D shows examples of fluorescently

labelled leukocytes in a murine cremaster arteriole.

Given the simultaneous activation within endothelial cells of platelet capture
mechanisms in response to inflammatory activation, it is also important to measure
platelet-endothelial and platelet-leukocyte interactions when investigating the effect of a
pro-inflammatory pathologic process on the endothelial-blood pool interface. Platelets
are also labelled by Rhodamine-6-G, and can be distinguished from leukocytes based
on their smaller size and irregular shape. Given the string-like nature of ultra-long VWF

multimers, platelets often appear as strings, with which leukocytes can be seen
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transiently interacting or adhering through platelet P-selecting and leukocyte PSGL-1.
String formation can be visualized in real time, as well as their occasional detachment
and embolization. Repeat observations have shown that after embolization of a platelet
string or aggregate, platelet-endothelial interactions seem to preferentially occur at the
spot of initial attachment, which could potentially be due to further activation of the

endothelium by nearby platelets, although this has not been conclusively shown.

Intravital microscopy provides unique value in that it produces live images of
intravascular cellular interactions under flow, and has led to multiple important
observations regarding platelet-endothelial interactions, some of which are detailed in
Chapters 5 and 6.

Laser Doppler Flowmetry

The doppler effect has long been among the most valuable principles in the world
of imaging. When the goal is to describe movement within a system, doppler shifts can
be used to provide quantitative dynamic data. The physical principle underlying the
doppler effect is the changing wavelength of reflected light after interaction with a
moving object. An object approaching the observer and lo will result in higher received
frequencies and lower wavelengths, while an object moving away produces the
opposite effect. This principle is not limited to light waves but is true for sound and other
waves as well, and thus can be applied to ultrasound as well as optical imaging.

Figure 5: Laser doppler flowmetry images of mouse hindlimb blood flow after acute ischemia in (A)
untreated animals and (B) animals treated with low-energy shockwave therapy. Treatment was shown to

increase angiogenesis, which resulted in improved blood flow.
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In the case of in vivo blood flow imaging, doppler shifts can be used to quantify
microvascular blood flow velocity across multiple types of tissue. A laser doppler system
captures this data through laser illumination of a tissue sample followed by detection of
backscattered light and analysis of frequency distribution, which indicates the velocity of
individual blood cells [33]. One major limitation of laser doppler is penetration depth.
Depending on the tissue and the system capabilities, penetration past the skin layers
may be challenging, although it is possible to invasively obtain organ blood flow through
a laser doppler catheter. Laser doppler flowmetry also does not provide quantitative
information of total blood flow, only the velocity distribution. This can however be a
useful measure of relative changes in flow when this distribution changes and can also
be used to detect regions of perfusion abnormalities by producing images based on
local frequencies, as seen in Figure 5, rather than simply overall frequency distribution.
Despite its drawbacks, laser doppler flowmetry is a safe and simple technique, and
developments such as introduction of machine learning pattern recognition, similar to

speckle tracking in ultrasound imaging, will continue to improve its utility.
Summary

Live imaging of blood flow provides information on what nutrients, factors, and
cellular processes the endothelium is exposed to. Direct measurement of blood flow
through perfusion imaging can be used to identify regions of hypoperfusion and hypoxia
perfusion, but imaging of organ perfusion typically requires MCE or nuclear perfusion
imaging. Imaging of cellular or molecular events in a live vessel can be performed using
different types of intravital microscopy, including two-photon microscopy and invasive
cremaster imaging. The latter is used extensively to detect interactions between the

endothelium and fluorescently labelled platelets and leukocytes under in vivo conditions.
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Molecular Imaqging of the Cardiovascular System

Summary

This chapter will detail multi-modality molecular imaging techniques including
those based on ultrasound, radionuclide, and MR that have recently been developed for
use in cardiovascular imaging. Special focus will be given to ultrasound molecular
imaging, its principles, and its clinical and research applications. Detailed examples of
recent research advances utilizing CEU molecular imaging can be found in chapters
5,6, and 7. In addition to providing an overview of the various molecular imaging
techniques and how they can be used to study cardiovascular and endothelial
physiology, the various benefits and drawbacks of each technique as compared to

others will be discussed.
Molecular Imaging

Over the past decade, there has been rapid development in molecular imaging
techniques that are able to non-invasively assess molecular or cellular phenotype in
animal models of disease and in humans. These techniques are advantageous in that
they provide both spatial and temporal information on complex disease processes at the
molecular level and can be combined with traditional measurements provided by
imaging on structure, function and flow. Molecular imaging techniques can be applied
in research settings to study cardiovascular disease pathophysiology and test novel
therapies as well as clinical settings to detect pathological processes, risk-stratify
patients, and guide personalized treatment (Figure 1) [1].
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Methods for molecular imaging are diverse and span all forms of medical imaging
including radionuclide, optical, magnetic resonance imaging (MRI), and ultrasound [2].
The general approaches to imaging a molecular profile in situ are diverse (Table 1) and
rely primarily on the detector capabilities [1, 3]. One of the most common approaches is
to use contrast agents that are functionalized to reveal a targeted molecular process.
Some simple examples of are the radiolabeling of antibodies or antibody fragments for
radionuclide imaging of disease process [4], or taking advantage of a metabolic process
that uses a particular substrate such as the positron emission tomography (PET)
imaging of the consumption rate of 18Ffluorodeoxyglucose(FDG),which enters the
glycolysis pathway and becomes trapped in cells at a rate proportional to cellular
glucose uptake [5]. While some of these processes can be measured through
histological or other post-mortem analysis, in vivo molecular imaging is useful in
research for providing data from multiple time points in a single animal. However, given
the expanding range of options in both probes and detectors, it is essential to carefully
consider many of the factors that govern whether a technique is well suited to a specific

clinical or research application.

Clinical Applications

Early diagnosis of disease
More definitive diagnosis of disease
Selection of most appropriate therapy
Monitor disease progression
Assess response to therapy

Response to new therapy \
Optimizing therapeutic strategies
Off-target effects of new therapies /

Define pathophysiology
Assess temporal patterns of expression
Assess spatial patterns of expression
Dose response for new therapies

\ Use as surrogate endpoint /

Research Applications
Figure 1: Schematic illustrating some of the major clinical and investigational roles of molecular

imaging in medicine and science
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Radionuclide Molecular Imaging

Strategy Contrast Modality

Tracer retention by ligand-receptor binding Y RN, US, CT, MR, Ol
Cellular retention from metabolic machinery Y RN, US, MR, OI
Tracer activation by targeted enzymatic process Y o)l

Endogenous signal characteristics N MR

N, No; ¥, Yes; CT, computed tomography; MR, magnetic resonance imaging; O/, optical imaging; RN, radionu-
clide imaging; US, ultrasound

Table 1 General approaches for in vivo molecular imaging

Radionuclide(RN)-based molecular imaging is a powerful tool that makes use of
probes such as antibodies, peptides, or small molecules conjugated to radioactive
isotopes as well as radioactive compounds that are measured by a specialized nuclear
detector such as a positron emission tomography (PET) or single photon emission
computed tomography (SPECT) camera [6]. Choice of PET or SPECT mostly depends
on the isotope, with PET providing a measure of positron emission and SPECT
measuring gamma ray emission. Isotopes used for SPECT imaging typically have
longer half lives on the order of hours to days and are relatively inexpensive, while PET
isotopes tend to be shorter on the order of a few minutes to hours. Other differences
include higher cost of PET equipment and tracers, which require a cyclotron to produce,
but better spatial resolution compared to SPECT and incredible sensitivity on the order
of pM, though both PET and SPECT have high sensitivity and low spatial resolution
when compared to other modalities. Tracer retention can occur either through retention
within cells following consumption or modification by metabolic processes or by direct
ligand-receptor binding between the tracer and its target molecule. The latter
mechanism is how RN molecular imaging is used to provide quantitative information on

events at the endothelial surface [7].

While it is costly, involves ionizing radiation, and can involve long acquisition
times, RN molecular imaging techniques are incredibly versatile and can provide
measurements of biodistribution and pharmacokinetics or be combined with other
modalities such as computer tomography (CT) or magnetic resonance (MR) to provide

simultaneous high-resolution structural information. RN imaging is a widely-used clinical
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tool and has a number of diagnostic and research applications, however it may be
prohibitively expensive for or out of reach of many basic and translational research
laboratories, especially if development of a novel probe is required. Micro-PET and
SPECT equipment, when available, can be used for small animal imaging and like full-

size RN equipment can be paired with CT or MR [8, 9].
Radionuclide Contrast Agents

There are two primary types of radionuclide contrast agents. Radiolabeled
compounds are made via chemical synthesis that incorporates a radioactive isotope into
the compound and are used to measure metabolic processes. These agents enter cells
and are retained at a rate proportional to the rate at which the metabolic pathway of
interest is operating. One example is (FDG), a glucose analog that accumulates in cells
with high glucose uptake, such as those exposed to inflammatory activity. After entering
a cell, FDG is phosphorylated as the first step in the glycolysis pathway, but due to the
substitution of the glucose 2-hydroxyl with 8F, it cannot be broken down further or leave
the cell. FDG-PET is used extensively in tumor imaging, but has numerous applications
including imaging of plaque inflammation in atherosclerosis. Many other radioactive
compounds have been used to study atherosclerosis, such as '8F-NaF for imaging

plaque calcification [7].

Radionuclide contrast agents can also be constructed by conjugating a
radiolabeled isotope to a targeting ligand that is retained via direct binding to its
receptor. Antibodies are a commonly used targeting moiety and are advantageous to
researchers interested in creating new probes as they can apply previously described
radiolabeling techniques [10]. Radiolabeled antibodies have been used for a broad
variety of applications, such as characterizing spatio-temporal distribution of T-Cell
mediated inflammation using 8Zr-anti-CD3-mAb Peptide and small molecule ligands
are also used, such as %*Cu-VEGF, used to quantify surface VEGF receptor expression
on the endothelium and provide a measure of angiogenesis [11-13]. Previously
described applications of #Cu-VEGF range from imaging of solid tumors to myocardial
ischemia. Another example is '?°I-Annexin V, which binds to phosphatidylserine
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residues in the cell membrane [7]. Conjugation is typically performed by chemically

linking a chelate to the targeting moiety followed by introduction of the isotope.

Selection of radioactive isotope when designing a new probe depends on several
considerations such as the kinetics and chemistry of the targeting moiety, radioactive
half life, cost, and availability. The half life in commonly used isotopes ranges from 76
seconds ('?'Rb) to over 78 hours (5’Ga). The half life for '8F, one of the most commonly
used tracers, is 110 minutes [14]. Some probes require up to a day or more for
necessary biodistribution to occur, while others are distributed and cleared quickly. In
clinical settings where multiple probes are needed, fast clearance can be
advantageous. Type of probe places limitations on isotope selection, as chelation-based
linking to targeting moieties requires metal ions, while radioactive compounds more
often use non-metal PET tracers such as '®F, 1'C, and '°0. Availability of these PET
tracers may be a concern in smaller research institutions without access to a nearby
cyclotron.
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Figure 2: lllustration of pathways involved in atherosclerosis and their radionuclide imaging

targets and probes at different anatomical locations and disease stages [15].

Radionuclide tracers can provide assessment of several pathways involved in
atherosclerosis. Figure 2 shows many of the common targets in the study of
atherosclerosis along with corresponding RN probes that have been developed. These

targeted processes include several markers of macrophage infiltration such as TSPO
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and somatostatin receptors, hypoxia, glucose uptake, microcalcification, and

neoangiogensis or formation of plaque vaso vasorum.

Creating a novel probe is often costly and difficult, as commonly used synthesis
methods are not necessarily applicable. For radiolabeled compounds, yielding sufficient
tracer to be detectable at the necessary levels is often a major hurdle, owing to the
rapid decay of many isotopes, the resources involved in producing sufficient amounts in
a cyclotron, and complex organic synthesis protocols. Radiolabeled ligands also present
synthesis challenges such as ensuring conjugation is homogenous and does not
interfere with binding. Chelates are often incorporated to a peptide via linkage to
cysteine or lysine resides, so site-specific synthesis protocols are often needed to
create a consistent working probe [10]. Success of a probe in vivo also depends on its
ability to be cleared from the blood pool while retained tracer can still be detected or to
be distinguishable from retained tracer by kinetic modeling. Despite the cost and work
associated with development and use of RN molecular imaging probes, they are widely
used in research and clinical practice among and can provide excellent quantitative

three-dimensional measurements of the endothelial surface.
Magnetic Resonance Molecular Imaging

Magnetic resonance (MR) imaging depends on differences in relaxation of
nuclear spin excitation in the presence of a magnetic field. As a molecular imaging
technique MR offers incredible spatial resolution and functional imaging capabilities,
does not require ionizing radiation, and produces well-defined visualizations of tissue
morphology. MR does come with a number of practical and technical limitations such as
high equipment cost and space needs, lack of portability, long acquisition times, safety
issues introduced from nearby or implanted metal objects, and low sensitivity, among
others. One unique advantage of MR is its ability to provide some forms of molecular
imaging without the need for contrast, based only on endogenous signal characteristics
[9]. The most well-known example of this is blood-oxygen-level-dependent (BOLD)
contrast, which takes advantage of the different paramagnetic properties between oxy-
and deoxy- hemoglobin in order to image blood flow in the brain or other tissues.

Probes for MR molecular imaging have also been developed and typically involve the
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attachment of a targeting moiety to a paramagnetic metal such as iron or gadolinium
[16-18].

Magnetic Resonance Contrast Agents

Since the principles of MR imaging involve the behavior of atoms in an electric
field, paramagnetic metals or compounds are convenient tracers given their ability to
stand out from background tissue signal. Common tracers include gadolinium-based
contrast agents and micron-sized superparamagnetic Iron Oxide (MPIO), through other
tracers such as manganese are in the early exploration phase [19]. MR tracers are
typically paired with small molecule targeting moieties but require high binding efficiency
and specificity given the sensitivity limits of MR contrast imaging. As with RN imaging,
chelation-based conjugation strategies are widely used in synthesis of targeted MR
contrast agents. Examples of small molecule MR agents include dextran and
dendrimer-based compounds conjugated to iron or gadolinium tracers, which have been
used in tumor and perfusion imaging [20-22]. Iron oxide nanoparticles have also been
developed as a marker of inflammation, as they are taken up by macrophages and
other inflammatory cells, and have been utilized for imaging of tumor metastasis and
plaque inflammation in atherosclerosis, among other targets [17, 23-25]. Nanoparticle
MR agents present the advantage of being able to cross the blood-brain barrier to

measure inflammation and other processes in the brain [16].

Probes have been developed for MR using antibodies and other large molecules,
but their practicality and performance compared to other modalities has thus far limited
their use. The development of MPIO as a higher sensitivity tracer has allowed for small
animal imaging of endothelial activation using targeting moieties such as anti-VCAM-1
mADb [25], which has been applied to measuring neuroinflammation in conditions such
as multiple sclerosis. Compared to measurement of neuroinflammation using
nanoparticle MR agents, which are hampered by heterogenous and enhanced
permeability of the blood-brain barrier in many pathological settings such as solid
tumors, antibody or peptide based MR agents that act as intravascular probes can
sometimes provide a more reliable readout through measurement of endothelial

activation [18].
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The practical and technical constraints of MR molecular imaging have somewhat
limited its use in research and clinical practice, but when affordable and feasible, it can
provide a safer and higher resolution alternative to RN imaging with built in three-
dimensional high-resolution structural and morphological imaging and excellent soft
tissue contrast [9]. The unique ability of MR to perform molecular imaging using
endogenous signal characteristics is advantageous for many reasons such as the ability
to rapidly translate and adopt new techniques without the need for development,
manufacturing, and regulatory approval of a new probe. Proof-of-concept studies have
demonstrated many potential applications of antibody and large molecule based MR
agents, but the feasibility and value of these techniques may depend on development of

more sensitive tracers and detectors.
Optical Molecular Imaging

Light microscopy is among the most significant innovations in medical and
scientific history. The widespread and long-standing use, low cost, simplicity, and
versatility of the broader field of optical imaging have led to it becoming ubiquitous
across nearly every scientific discipline. As such, the number of optical probes and
detectors that have been developed make optical imaging akin to a swiss army knife of
imaging techniques. However, the physical constraint of penetration depth limits its use
in vivo, especially in the short wave visible spectrum where tissue penetration is
typically limited to 2.5mm in tissue [26]. Near infrared (NIR) and infrared (IR) imaging is
capable of increased penetration on the cm scale and is used in techniques such as
optical coherence tomography (OCT). While X-rays are capable of deep penetration,
they involve ionizing radiation, lack soft tissue contrast, and despite a handful of studies
demonstrating nanoparticle molecular probes for X-ray imaging, it is not an ideal

molecular imaging tool [27].

Fluorescent probes in optical imaging have been a rapidly emerging area of
research and draw on a rich history of molecular probe technology that provide a varied
toolkit of powerful detection methods, such as FRET for colocalization of different
probes, as well as highly specific probes capable of interacting with cellular machinery

through processes such as proteolytic fluorophore activation. In vivo optical molecular
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imaging is used in research to identify novel pathways and test new therapies and is
used clinically not only for diagnostic imaging but increasingly for image-guided surgical
procedures such as tumor resection. Optical molecular imaging techniques has even
been combined with PET in small animal imaging, which can accelerate development
and translation of new probes by providing a means of comparing multi-modality
techniques in co-registered images. When feasible, optical molecular imaging provides
safe, simple, low cost and often portable and even catheter-based options for clinicians

and researchers.
Optical Contrast Agents

Optical contrast agents vary greatly based on the type of detector as well as the
tissue and molecular pathway of interest, among other factors. Common methods of
detection include fluorescence and luminesence imaging, OCT, and Raman
spectroscsopy [28-30]. In vivo imaging of fluorescent and luminescent targeted contrast
agents can be performed by detectors ranging from large devices designed for whole-
body small animal imaging to catheter-based detectors and can produce two-
dimensional images or employ fluorescence molecular tomography [6, 31].
Fluorescently labeled probes have been created to target an extremely wide array of
processes utilizing antibodies, peptide ligands, small molecules, and nanoparticles, and
are frequently available commercially. Fluorescent antibodies are commonly used for
studying atherosclerotic plaque composition, but due to their extravasation are not ideal
for differentiating events at the endothelial surface [32]. Activation dependent
fluorescent and luminescent probes have long been in use in microscopy, and have
more recently been incorporated as an in vivo molecular imaging tool. An example of
this is imaging of blood ATP levels through light emitted by luciferin after oxidative
activation by ATP-dependent firefly luciferase. This technique has been used to study
the bioeffects of therapeutic ultrasound, which creates ATP-dependent vasoactivation
[33]. While not directly measuring endothelial surface events, ATP molecular imaging is
important for studying hypoperfusion due to endothelial dysfunction in the setting of
atherosclerosis or post-ischemia. Another example of fluorescent molecular imaging in
atherosclerosis is coronary detection of plaque metalloproteinase activity using an

intracoronary catheter and protease-activated probe. Many different techniques exist
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within fluorescence molecular imaging to meet specific needs, such as Time resolved
fluorescence spectroscopy (TRFS), which adds kinetic modeling to standard

fluorescence spectroscopy and can measure tracer decay [34].

A widely used clinical tool for optical imaging, OCT is most well known for retinal
imaging, given the ability of light to penetrate deep through the translucent vitreous
humor and provide high-resolution images without damaging the eye [28]. OCT has
high resolution and fast framerates and operates by measuring interferometry in a light-
scattering tissue and on a basic level can be thought of as a light analog to B-mode
ultrasound imaging. It can employ visible white light which offers good axial resolution,
or low-coherence NIR or IR OCT which provide better penetration depth. Contrast
agents for OCT can be composed of particles that scatter light, such as gold nanorods,
and are capable of providing very high sensitivity even at pM concentrations for some
agents [35]. As with other molecular imaging modalities, OCT tracer particles can be

conjugated to antibodies and small molecules.
Ultrasound Molecular Imaging

As described in Chapter 2, contrast-enhanced ultrasound (CEU) molecular
imaging relies on the ultrasound detection of encapsulated gas microbubbles (MBs) or
other acoustically active micro- or nanoparticles that are retained in tissue on the basis
of their ability to bind to molecules or cells of interest. CEU has several unique
characteristics that differentiate it from other molecular imaging techniques. It is able to
rapidly (within 5—10min) obtain non-invasive measures of disease and can be done with
portable and relatively inexpensive imaging technology, meaning that bedside molecular
imaging is possible. While CEU molecular imaging is currently done using handheld
probes, in the future there may be catheter-based options as well. From a research
perspective, the rapid imaging protocols and the ability to “null” the signal from the
agent provide an opportunity to examine multiple molecular processes in a short period
of time. As a purely intravascular probe [36], MBs are an ideal tool for non-invasive
interrogation of the endothelial blood pool interface, but they are poorly suited for

examining either extravascular or intracellular events. This section will focus on some of
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the principles underlying CEU molecular imaging and will highlight recent

advancements in the application of targeted CEU to cardiovascular disease
Contrast Agent Properties

CEU imaging relies on receiving signal generated by encapsulated gas MBs
when exposed to ultrasound [37]. In the pressure fluctuations of an ultrasound field,
MBs undergo volumetric oscillation. Steady expansion and contraction (stable
cavitation) occurs at low pressure which can be non-linear with regard to the
relationship between pressure and volume [38, 39]. Destruction of microbubbles can
occur from exaggerated oscillation at high pressures, known as inertial cavitation [40].
Both inertial cavitation and non-linear stable cavitation result in emission of broad band
ultrasound signals and ultrasound energy peaks at harmonic frequencies, thereby
producing a unique acoustic signature that can be detected and isolated from
background tissue signal [41-43]. Conventional MB agents used in humans are between
1 and 5 ym in diameter, have a core composed of a high-molecular weight inert gas
such as perfluorocarbons or sulfur hexafluoride, and have a shell composed of lipids or
proteins such as albumin. A wide variety of other acoustically active experimental
ultrasound contrast agents has been explored, but are out of the scope of this review
[44]. MB agents are smaller than erythrocytes and have a microvascular rheology
similar to that of erythrocytes [36, 45]. Accordingly, they normally pass unimpeded
through capillaries, which is important for both safety considerations and their use as
flow tracers. Lipid MBs also often contain surface “coats” composed of biocompatible
polymers such as polyethylene glycol (PEG), which prevent their interaction with cells

and plasma proteins [46-48].

After intravenous injection, MBs remain in the vascular space, thereby opacifying
the blood pool on ultrasound imaging. In clinical cardiovascular medicine, CEU is most
often used to opacify the left ventricular (LV) cavity on echocardiography in order to
better evaluate global or regional function, LV dimensions, and the presence of
intracavitary masses such as thrombi [49]. Myocardial contrast echocardiography
(MCE) for evaluation of regional myocardial perfusion can also be performed with

conventional MB agents, during which blood flow is quantified by measuring the rate
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and extent of replenishment of MBs within the coronary circulation after a destructive

ultrasound pulse [50, 51].

Molecular imaging with CEU is most commonly performed by imaging targeted
MBs that have been retained by attachment to specific molecular processes within the
vascular compartment. The retention of MBs can occur by two distinct approaches.
Non-specific retention of MBs, by their binding to endothelial cells or to adherent and
activated leukocytes, occurs through the endogenous ability of these cells to bind to MB
shell constituents. There are many pathways involved in this binding, but the process
that has been best defined is opsonization, whereby serum complement proteins bind to
the MB surface and are then recognized by complement receptors on leukocytes or on
endothelial cells [52, 53]. Choice of shell composition, charge and the presence of PEG
all play key roles in determining the degree of MB attachment to leukocytes and
endothelial cells, as well as the rate of their removal from the reticuloendothelial system
[47, 54, 55]. These non-specific interactions with MBs can be leveraged for detecting
pathological processes that heighten opsonization or complement-mediated attachment,
as is the case with MBs with phosphatidylserine shells, which are known to

preferentially bind in regions of ischemic myocardium [56].

Targeted Agent Properties Hydrodynamic Properties
- ligand density and stochiometry - shear forces
- ligand bond kinetics - vascular partitioning

- ligand specificity for target molecule

Target Molecule Properties

- density and cellular distribution
- specificity for disease
- temporal course of expression
- projection away from the cell surface
- endogenous competitors
¥ | | | | | | ¥ |

Figure 3: Major determinants of targeted microbubble retention in areas of disease. Factors that
influence microbubble retention are separated into contrast agent variables, target molecular

variables, and hydrodynamic properties

An alternate and more specific strategy for targeting of MBs occurs via direct

binding of a targeting ligand on the MB surface, often an antibody, peptide, or
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glycoprotein [57, 58]. Targeting ligands are attached to the MB surface via a variety of
approaches, including biotin-streptavidin and direct covalent links. Conjugation is often
at the end of the flexible PEG tethers in order to improve stoichiometry and reduce
necessary bond force for retention [59]. In general, in excess of 25,000 ligands can be
conjugated to each “multivalent” MB [60] and it is even possible to place several
different ligands on each MB which may enhance their attachment efficiency [61].
Specificity of an MB probe for a target molecule is determined by factors such as off-
target binding, specificity of the targeting ligand to the molecule of interest, bond
kinetics, surface density of the targeting ligand, orientation of targeting ligands, and
other factors shown in Figure 3 [62]. Even with a highly specific probe, it is important to
consider target molecule characteristics such as regional and temporal expression
patterns, relevance of the target molecule to the disease pathway of interest, and bond

kinetics under varying shear conditions.
In Vivo Protocol for Targeted CEU

There are several approaches used to detect targeted MB retention in tissue with
ultrasound. Since circulating MBs are rapidly cleared by the reticuloendothelial system,
it is possible to simply inject MBs as a venous bolus injection, then measure signal
intensity for tracer retained in tissue 5—10minlate, after the majority of freely circulating
MBs have been cleared from the blood pool. The efficacy of this approach is further
enhanced by protocols to eliminate the signal attributable to any remaining freely
circulating MBs [57]. An alternative and somewhat more complex method is to use
transfer kinetics to evaluate the retention fraction. With this method, one must measure
video intensity constantly after an intravenous injection, and then deconvolve the curve
that represent freely circulating tracer, and the curve representing tracer that is retained
[63]. This latter method is particularly helpful in research settings where tissue
perfusion, which influences the number of micro bubbles entering into tissue, changes

substantially over time or between conditions.

Strengths and Limitations of CEU Molecular Imaging
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Whether using molecular imaging as a research tool or for a clinical application,
the selection of the most appropriate modality for any given application requires one to
consider the relative advantages and disadvantages for each approach. For molecular
imaging approaches that use targeted contrast agents, one important consideration is
the biodistribution of the targeted probe relative to the target pathway. A limitation of
CEU molecular imaging is that the imaging probes are restricted to the vascular
compartment. Hence, CEU is not an ideal method for finding abnormal cell types within
atherosclerotic plaque or for detecting abnormal matrix composition in certain
myocardial diseases. On the other hand, in conditions where it is desirable to limit the
evaluation to endothelial or intraluminal phenotype (e.g., transplant vasculopathy,
thrombosis), techniques that employ purely intravascular probes may offer advantage in
terms of specificity. There are other key differences between small molecule contrast
agents and larger multivalent particle-based agents. The former generally bind in a 1:1
ratio to a target receptor or are retained by virtue of a metabolic process and are well
suited to precisely quantifying the degree of expression or enzymatic activity [64]. For
the latter, many bond formations have to occur for retention, resulting in a threshold-
effect with regard to target molecular expression before attachment is seen, and a
greater influence of vascular shear [65] However, particle-based agents provide a form
of biomimicry where their behavior can provide a readout of the molecular environment

that influences cellular or platelet adhesion.

There are also practical considerations in terms of detector performance. In
general, techniques such as MRI and CT are considered to have the highest spatial
resolution, while radionuclide imaging(PET,SPECT) tends to have the highest sensitivity
and dynamic range for detecting tracer. Accordingly, one must consider whether it is
more important to spatially localize an event or to be able to detect very low levels of
abnormal molecular expression. In general, CEU molecular imaging offers a balance in
that it provides moderate spatial resolution and sensitivity, and is suitable for
applications where a balance of both traits is needed. If it is necessary to co-localize
regional molecular imaging signal with anatomical features, CEU has the advantage of

near simultaneous structural and molecular imaging, while MR and hybrid PET-CT or
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SPECT-CT have the advantage of providing more detailed views of smaller anatomical

features.

Temporal resolution is also essential to consider when selecting the most
appropriate molecular imaging modality. CEU molecular imaging can be performed with
rapid acquisition times of less than 10 min, while commonly used PET/SPECT and MR
protocols require anywhere from just under an hour to a day between contrast injection
and imaging [66-68]. Additionally, rapid clearance of MBs from the blood pool allows

multiple different targeted contrast agents to be administered sequentially.

There are certain practical issues other than speed that are important when
considering different molecular imaging modalities, particularly if their use is intended as
an approach for disease screening in large populations or for rapid detection in common
diseases(e.g., myocardial ischemia, atherosclerosis). Safety is one key issue. CEU
contrast agents have an excellent safety profile, with serious pseudo-anaphylactic
reactions occurring in only 1 in 10,000 for conventional contrast agents [69-72]. An
additional advantage of CEU molecular imaging is the relative ease and low cost of
developing novel probes. Since radioactive decay is not a concern and conjugation
chemistry is well described and fairly consistent, the main hurdle is often simply finding
the best ligand. CEU molecular imaging also does not require ionizing radiation. Other
advantages include ease of use, portability of ultrasound which allows for bedside

diagnosis, and low cost for both equipment and production of contrast agents.
Applications of CEU Molecular Imaging
Ischemic Memory Imaging

In patients with acute coronary syndrome (ACS), the clinical diagnosis generally
relies on clinical history, laboratory evaluation, and electrocardiogram(ECG).
Unfortunately, many patients do not have classic angina symptoms [73], and many of
those with ACS do not have diagnostic changes on the ECG [74]. Moreover, in those
with unstable angina, ECG changes and even wall motion abnormalities detectable on
point-of-care echocardiography can resolve before the initial evaluation by a healthcare
provider. While high-sensitivity troponins have a high sensitivity for detecting non-ST-
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elevation MI [75], their performance in unstable angina is less certain, and they often
lack specificity in certain populations [76]. Methods for rapidly evaluating both the
presence and the spatial extent of recently resolved myocardial ischemia have a high
likelihood of improving the quality and efficiency of clinical care in those presenting with

symptoms suspicious for ACS.

CEU molecular imaging is capable of assessing ongoing or recent, but resolved,
myocardial ischemia at the patient bedside and provides a spatial readout of the
affected area. Ischemic memory imaging has been achieved both with MBs bearing
targeting ligands for the endothelial selectin family of adhesion molecules and with
phosphatidylserine containing MBs (PS-MB) (Figure 4) [56, 77, 78]. Targeting of
selectins on the endothelial surface, which has been validated in murine and non-
human primate models of myocardial infarction, is based on early and late endothelial
response to ischemia. In the first minutes following ischemia, P-selectin stored in
endothelial Weibel-Palade bodies is mobilized to the cell surface where it can remain for
many hours, whereas E-selectin expression requires approximately 1 h to be expressed
due to its dependence on transcriptional upregulation [79]. Agents targeted to selectins
are thereby retained in the microcirculation of the post-ischemic risk area, even in the

absence of any significant necrosis, for hours after resolution of hypoperfusion.

Alternatively, ischemic memory imaging can be performed without a targeting
ligand using PSMBs, as validated in murine and canine models of resolved myocardial
ischemia [56]. The selective retention of phosphatidylserine MBs in areas of recent
ischemia is mediated in part through opsonization and binding to complement receptors.

The simplicity of this approach will likely accelerate its clinical translation.
Detection of Transplant Rejection or Myocarditis

Orthotopic heart transplantation is an important therapeutic option for eligible
candidates with severely symptomatic heart failure. However, there have been a
relatively flat number of allografts available for transplant in the USA each year.
Approximately one-quarter of all allografts have evidence for rejection in the first year

[80]. This figure together with the problem of sampling error for detecting rejection by



82

b [l PS Post-Ischemic
MP1950 PS = PSGL-1 Post-Ischemic
EA PS Remote
PSGL-1 Remote
60+
2
MP1950 PS 0 404
W e o
sl § E
t-’ ':3‘ o
?:‘ ' 5&, :8 20
€ - i >
-5 ol

1.5 hrs 3.0 hrs 6.0 hrs
Figure 4: Molecular imaging of ischemic memory. a Examples of CEU molecular imaging with MB-PS
(left panels) and triphenyltetrazolium chloride (TTC) staining (right panels) in a canine model of ischemia
reperfusion of the LAD (top panels) or left circumflex coronary artery (bottom panels). Images
demonstrate contrast enhancement that encompasses the entire risk area which extends beyond the
region of infarction. The color-coded scale for CEU is provided at the bottom (modified from Christiansen
JP et al. Circulation 2002 Apr 16;105(15):1764—7) [75]. b Graph illustrating signal enhancement on CEU
molecular imaging from a murine model of brief ischemia reperfusion injury without infarction. Signal
enhancement in the postischemic risk area was greater than in the remote area and was similar for MB-
PS and P-selectin-targeted MBs and persisted for >6 h after ischemic injury. PS phosphatidylserine,
PSGL-1 p-selectin glycoprotein ligand-1 (modified from Mott B, et al. Cardiovasc Imaging. 2016;9(8):937—
46, with permission from Elsevier) [26]

endomyocardial biopsy has resulted in a need for better surveillance. Molecular imaging
for this application would require a technique that ideally could be done rapidly and
without repetitive exposure to ionizing radiation. The ability to detect transplant rejection
has been demonstrated in a rat model using MBs targeted to ICAM-1 [81]. This study
was predicated on the notion that rejection involved not only a T lymphocytic response
to myocytes but also to the allograft endothelial cells resulting in endothelial
activationand adhesion molecule expression. More recently, CEU molecular imaging
has been used to directly assess T lymphocytes in a model of orthotopic heart
transplantation [82]. This study relied on MBs bearing a CD3-targeted antibody that

allowed them to assess lymphocytes in the process of intravascular recruitment.
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The pathophysiology of myocarditis involves many common pathways with heart
transplant rejection, and the most important of which involves recruitment of cells
involved in both adaptive and innate immunity. Accordingly, CEU with MBs targeted to
selectins, CD4, and phagocytic cells have been used in a rodent model of myocarditis
and shown to detect not only severe fulminant disease but also more moderate
involvement as well [83]. Because of the rapid and quantitative nature of CEU, and its
ability to provide information immediately to the clinician, there is hope that it may
provide unique diagnostic opportunities for all of these forms of myocardial inflammation

in the future.
Atherosclerosis and Platelet-Endothelial Interactions

Atherosclerosis is a process that develops over decades and involves vascular
inflammation, including expression of endothelial cell adhesion molecules (ECAMs) and
secondary recruitment of leukocytes and platelets [84, 85]. Often, atherosclerosis is
clinically silent for decades of plaque progression. Although biomarkers and other
techniques have been developed for risk-stratifying patients [86, 87], many patients with
severe atherosclerotic disease will not have major risk factors and many will experience
MI as their first manifestation of disease [88]. Often, patients are diagnosed only once
disease progression has reached the point of critical stenosis, which results in angina
[60]. The ability to non-invasively detect the early molecular signatures of aggressive
atherosclerosis may provide opportunity for early stratification to therapies that can
arrest disease development. CEU is just one of many molecular imaging techniques
that have been used to detect atherosclerotic plaque growth in the early stages of
disease. CEU probes targeted against ECAMs including selectins, ICAM-1, and VCAM-
1 have been shown to detect early and late stage atherosclerosis in rodent models of
atherosclerosis [89-93]. In non-human primates on a Western diet, CEU molecular
imaging of VCAM-1 and P-selectin has been shown to detect the very earliest stages of

endothelial activation prior to any changes in intima media thickness [94, 95]

Recently, CEU molecular imaging of endothelial phenotype has provided in vivo
evidence for the role of platelet-endothelial interactions in early disease progression [94,

95]. This process, first demonstrated in murine models of hypercholesterolemia involves
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abnormal regulation of endothelial associated ultra-large multimers of VWF that mediate
platelet attachment through ligation of platelet GPlba and increase atherosclerotic
progression [85]. Similar results were observed in an insulin-resistant model of non-
human primates fed a western style diet (WSD), made possible by the development of a
small peptide mimicking the binding region of VWF A1 and functionalized for

conjugation to MBs, creating a GPIba-targeted agent.

While these probes were developed for early detection of disease, they have also
played an important role in identifying new therapeutic targets and for assessing the
effects of either new or established therapies [91, 96, 97] .CEU was used in both murine
and primate models of early atherosclerosis to demonstrate the efficacy of targeted anti-
oxidant therapy with apocynin, an NADPH-oxidase inhibitor and broad-spectrum anti-
oxidant, in reducing endothelial activation and platelet binding. Figure 5 shows CEU
results from primates treated with apocynin and the full study can be found in Chapter 5.
Platelet- and VWEF- targeted CEU agents have also proved useful in researching other
clinical situations in which platelet-endothelial interactions are of interest, including post-
ischemic acceleration of atherosclerotic plaque growth and diffuse thrombotic
microangiopathies a in patients on and increased risk for atherothrombotic events
caused by tyrosine kinase inhibitor therapy. These cases are discussed in detail in
Chapters 6 and 7, respectively.
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Figure 5: Individual data for CEU molecular imaging signal in WSD-fed animals at baseline (BL) and after
8 weeks of apocyin therapy for (A) control MB, (B) GPlba-targeted MB, and (C) VCAM-1-targeted MB. (D)
Example carotid artery CEU molecular imaging of platelet GPlba (background-subtracted and color coded
[scale at left] signal superimposed on a co-registered two-dimensional B-mode image) from an obese
animal at baseline and after 8 weeks of apocynin therapy.
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Thrombus Detection

There are many potential applications for a technique that can detect the
presence of thrombus in cardiovascular disease. Some of the most common include
need to diagnosis acute venous or peripheral arterial thrombus, detection of high-risk
carotid or coronary arterial plaque, detection of left atrial or left ventricular thrombus,
and detection of microvascular thrombosis in post-MI no-reflow phenomenon. Molecular
imaging of thrombus has been performed with a variety of targeted ultrasound contrast
agents [98]. The targeting moiety employed depends on the intended role of molecular
imaging. MBs have been targeted by surface conjugation of ligands that recognize the
platelet GPIIb/llla receptor, fibrin, or tissue factor [58, 99-101] As mentioned above,
MBs have also been targeted to platelet GPIba and VWF using peptide ligands for
each. The relative value of each of these agents depends on (1) whether the thrombotic
process of interest is platelet-rich or fibrin-rich; (2) the shear forces in the
chamber/vessel involved; and (3) whether the process involves disruption of the
endothelial barrier or not. An additional consideration is whether or not MBs need to
outcompete endogenous ligands for the intended target. For example, MBs need to

outcompete fibrinogen for GPIIb/llla, but little competition exists for GPIba.
Summary

Molecular imaging techniques across modalities provide unique value to both
clinicians and researchers, with significant recent development creating agents targeted
to a broad array of molecular targets both inside and outside the vascular space.
Selection of the ideal tool for a specific application requires consideration of both the
technological and physical capabilities and limitations of the probe as well as
biochemical, physical and physiological characteristics of how the probe is distributed
and retained. These techniques can be leveraged to define pathophysiology, test the

efficacy and guide new therapies, risk stratify patients, and provide diagnostic imaging.

CEU molecular imaging is a versatile technique that has many potential
applications in clinical cardiovascular medicine and is already being used as a valuable
research tool to understand cellular biology in disease. The technique is well suited to
evaluating pathophysiologic events that occur at the interface between the blood pool
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and the vessel wall. While other molecular imaging modalities are useful in vascular
imaging for measurements such as inflammatory activity within a plaque or endothelial
surface expression of inflammatory markers, they often are costly, involve long
acquisition times, are performed by large and stationary machines, and require ionizing
radiation. CEU occupies a niche in providing low-cost, functional, rapidly obtained
information on cellular interactions at the endothelial surface without the need for
ionizing radiation and with simultaneous structural imaging. Additionally, CEU can be
performed at the bedside or in small laboratories that do not have space for or access to

machinery involved in RN, MR, and CT imaging.

Accordingly, the most common cardiovascular applications of targeted CEU have
involved imaging of endothelial activation, endothelial adhesion molecule expression,
thrombus formation, and interactions between leukocytes or platelets and the vascular
endothelium. However, clinical adoption will rely on both the development and testing of
human-ready targeted contrast agents, and demonstration that CEU molecular imaging

provides incremental value to conventional paradigms of care.
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Translational Applications of Endothelial Imaqging

Summary

Endothelial imaging techniques used in combination with other cardiovascular
research tools have led to several recent translational research advancements, a few of
which will be discussed in the following chapters. These examples demonstrate how
similar methodologies can be applied not only to different pathologies but also to
different stages of the journey from basic research to clinical practice. While the
pathologies addressed by each of these studies are unique, the biological pathways
involved are similar and all involve activation of the endothelium to an inflamed and pro-
thrombotic state characterized by release of pro-inflammatory cytokines, augmented
recruitment of leukocytes, mostly monocytes and neutrophils, and a sharp increase in
platelet-endothelial interactions mediated by oxidative dysregulation of VWF. These
events can be triggered in a number of disease states, and similar pathways of VWF
dysregulation and platelet aggregation are found in conditions such as thrombotic
thrombocytopenic purpura, but the effect on the vasculature varies by setting. As such,
the ability to resolve molecular and cellular interactions at the endothelial surface are of
great value in understanding the mechanics of these pathways and evaluating potential
therapies. Each of the following chapters will detail one study focused on these
pathways. At the end of each chapter will be a summary of how the techniques used in
the study were chosen in order to create a holistic picture of the cardiovascular

processes in question.
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Platelet-Endothelial Interactions in Early Atherosclerosis

Summary

Platelet-endothelial interactions can occur from increased oxidative stress and are
thought to contribute to early atherogenesis, although most data supporting this role are
from gene-modified mice. In this study, we used in vivo molecular imaging of the carotid
endothelium to test the hypothesis that platelet-endothelial interactions occur at early

stages of plaque development in

Six adult rhesus macaques fed a Western-style diet (WSD) for a median of 4 years were
studied at baseline and after 8 weeks of therapy with the NOX2-inhibitor apocynin (50
mg/kg/d). Six matched lean animals were also studied. At each study, intravenous
glucose tolerance test (IVGTT), body composition by DEXA, carotid intimal thickening
(IMT) measurment, and contrast ultrasound molecular imaging of platelet GPlba and

VCAM-1 of the carotid arteries bilaterally were performed.

At baseline, animals on WSD versus controls were obese (median body mass:
16.0 vs 8.7 kg, p=0.003; median truncal fat: 49% vs 20%, p=0.002), were insulin resistant
(4-fold higher insulin-glucose AUC on IVGTT, p=0.002) with associated lipid
abnormalities, and had greater carotid IMT (median: 0.26 vs 0.37 mm, p=0.004) with
discrete plaque in 3 arteries. Obese versus lean animals had greater carotid CEU signal
(median [95% CI]) for GPIba (10.7 [1.0-27.4] vs -0.4 [-3.1-4.3] IU, p<0.01) and VCAM-1
(12.0[1.7-27.4] vs -1.9[-6.0-0.6] IU, p<0.01). There was a modest but significant (p<0.05)
correlation between carotid IMT and signal for GPIba and VCAM-1. Apocynin significantly
reduced (p<0.01) signal for GPlba and VCAM-(1.3 [-1.8-4.8] and 2.9 [-2.3-13.3] IU,
respectively); but did not affect IMT, body mass, or response to IVGTT.
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Background

Platelet-endothelial interactions are thought to contribute to early atherogenesis.[1,
2] In pre-clinical models of atherosclerosis, this adhesion is mediated largely through
interactions with endothelial-associated von Willebrand Factor (VWF) in lesion-prone
arterial regions.[3-6] Adherent platelets potentially accelerate atherosclerosis by directly
recruiting leukocytes, serving as a source for pro-inflammatory secreted factors and
inflammasome activation, and suppressing inflammation resolution.[1, 7-10] Data
implicating platelet-endothelial interactions in atherogenesis has come primarily from
gene-modified mice and hyperlipidemic rabbits; and from in vitro experiments where
human-derived platelets are co-incubated with vascular endothelial cells.

Obesity and insulin resistance (IR) are risk factors for atherosclerosis that produce
vascular endothelial and platelet activation.[11-13] The pathways responsible for cellular
activation overlap and include oxidative stress, increased cytokine production, and toxic
effects of glycation and free fatty acids.[12-14] Oxidative modification in particular is
known to increase endothelial-associated ultralarge VWF multimers through
transcriptional regulation, mobilization of endothelial Weibel-Palade granules, and
reduction in the ability of ADAMTS13 (a disintegrin and metalloproteinase with a
thrombospondin type-1 motif member 13) to proteolytically cleave VWF multimers.[15-18]
While obesity and IR are associated with platelet activation, whether they also increase
platelet adhesion at atherosclerosis-prone sites is unknown. In this study, molecular
imaging was used in rhesus macaques to test whether platelet-endothelial interactions
occur in primate models of diet-induced obesity, and whether they are associated with
the degree of IR, or with other markers of endothelial inflammatory activation. Because
of the putative role of reactive oxygen species (ROS) in promoting excess endothelial-
associated UL-VWF,[17, 18] we also investigated whether platelet adhesion occurs in
concert with proteomic markers of increased oxidative stress; and whether platelet
adhesion could be suppressed by apocynin, an acetovanillone that inhibits endothelial
NADPH-oxidase-2 (NOX2) and has been demonstrated to reduce platelet-endothelial

interactions and progression of atherosclerosis in hyperlipidemic mice.[19, 20]

Methods
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Study Design

The study was approved by the Animal Care and Use Committee of the Oregon
National Primate Research Center at Oregon & Science University and was performed in
according to the guidelines of the US Department of Agriculture and Association for
Assessment and Accreditation of Laboratory Animal Care concerning handling of non-
human primates. We studied adult male rhesus macaques (Macaca mulatta) ages 6-18
years (n=6) fed a Western-style diet (WSD) (caloric content: 18.4% protein, 36.6% fat,
and 45.0% carbohydrates, with 612 ppm cholesterol) for 2-6 years in order to produce
obesity and insulin resistance of various degree. Obese animals were studied at baseline
and after 8 weeks of therapy with oral apocynin (50mg/kg/day). Age-matched control
macaques (n=6) on chow diet (14.7% calories from fat with 27 ppm cholesterol) were also
studied. Each study was performed over three days and included: (a) dual x-ray
absorptiometry (DEXA) assessment of central adiposity, (b) intravenous glucose
tolerance testing (IVGTT), (c) carotid ultrasound imaging for plaque and intima-medial
dimension, (d) carotid molecular imaging for platelet GPIba and vascular cell adhesion
molecule-1 (VCAM-1), (e) assessment of vascular mechanical properties by pulse-wave
velocity (PWV), (f) coronary microvascular flow reserve by vasodilator stress myocardial
contrast echocardiography (MCE) perfusion imaging, and (g) proteomic analysis for
oxidative stress. Anesthesia was induced with ketamine (10mg/kg IM) and maintained
with isoflurane (1.0-1.5%) except for DEXA and IVGTT procedures for which telazol
(5mg/kg IM) was used.

Intravenous Glucose Tolerance Test

Animals were fasted overnight, after which dextrose (600mg/kg) was administered
intravenously. Venous blood samples were collected prior to injection and after 1, 3, 5,
10, 20, 40, and 60 minutes. Concentrations of blood glucose and plasma insulin were
measured by radioimmunoassay and plotted as time-concentration curves. Results were

reported as the product of the areas under the curve (AUC) of glucose and insulin, and
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as the basal HOMA-Insulin Resistance (HOMA-IR) index, calculated as follows: HOMA-
IR= [fasting insulin (uIU/mL) x fasting glucose (mmol/L)]}/22.5.

Body Composition

Body composition was assessed by performing DEXA (Discovery A, Hologic Inc).

Visceral adiposity was calculated by dividing truncal fat mass by total truncal mass.
Molecular Imaging Agent Preparation

Biotinylated, lipid-shelled decafluorobutane microbubbles (MB) were prepared by
sonication of a gas-saturated aqueous suspension of distearoylphosphatidylcholine,
polyoxyethylene-40-stearate, and distearoylphosphatidylethanolamine-PEG (2000)
biotin. Microbubbles were targeted to VCAM-1 and platelet GPlba as previously
described,[5] via surface conjugation of mouse anti-human monoclonal 1gG1 against
VCAM-1 (1.G11B1), or a 15 amino acid cyclic peptide (CCP-015b) based on the
previously-reported OS1 paptide that binds with high affinity to primate GPlba (Quell
Pharma Inc., Halfmoon Bay, CA).[21] Unconjugated microbubbles with no targeting ligand
were used as controls. Microbubble concentration was measured by electrozone sensing

(Multisizer Ill, Beckman-Coulter).
Validation of Platelet-targeted Contrast Agent

Because CEU molecular imaging in non-human primates has been established for
VCAM-1 but not platelet GPIba,[22] an in vitro by flow chamber assay was used to assess
attachment of GPlba-targeted MBs to rhesus macaque platelets. Collagen-coated culture
dishes were blocked with human serum albumin (2.5%) and mounted on a rectangular
flow chamber. Plates were exposed to a dwell of platelet-rich plasma from HFD-fed
rhesus macaques for 10 minutes and washed with PBS. Suspensions of GPIba-targeted
and control MBs (5x10% mL-" in PBS) differentially-labeled with the lipophilic fluorophores
and dioctadecyl tetramethylindocarbocyanine perchlorate (Dil) and
dioctadecyloxacarbocyannine perchlorate (DiO), respectively, were drawn through the
chamber at a shear stress of 1.0, 2.0 or 8.0 dyne/cm? for 5 minutes. Plates were washed

with PBS at the same shear rates for 5 min after which the microbubble attachment to
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adherent platelets was assessed by fluorescent microscopy in 10 randomly-selected non-
overlapping optical fields (0.03 mm?). Data were expressed as a ratio of fluorescent MB
area to platelet area, and were separately analyzed for regions with: (a) single platelets
or aggregates <50 mm?, or (b) platelet aggregates >50 mm?; because of the tendency of

the latter to produce regional variations in shear.

CEU Molecular Imaging

Carotid CEU molecular imaging was performed bilaterally. Imaging of the distal
common carotid artery and bulb was performed in long-axis using multi-pulse contrast-
specific imaging at 7 MHz, a mechanical index of 1.9, a dynamic range of 55dB and a
frame rate of 1 Hz (Sequoia, Siemens Medical Imaging, Mountain View, CA). Intravenous
injections of 1x108 targeted MB agents were performed in random order. After each
injection ultrasound was paused for 1 min, after which 2-D ultrasound at low-power
(mechanical index <0.10) was used to locate the carotid artery before activating contrast-
specific imaging for several frames. To minimize signal from freely-circulating agent, the
left ventricle of the heart was simultaneously (at 1 min post-injection) exposed to high-Ml
(1.3) ultrasound at 1.3 MHz and a frame rate of 25-30 Hz. Signal for retained agent in
each carotid was quantified by digitally averaging the first two frames acquired and
subtracting several averaged frames acquired after more than 5 destructive pulse
sequences. Signal from regions-of-interest drawn on the near and fall walls of the distal
common and proximal internal carotid were averaged.

Myocardial Perfusion Imaging

The carotid artery was imaged in long axis by 2 —D ultrasound using a linear array
probe at 18 MHz (Logiq E9, GE Healthcare, Waukesha, WI). Common carotid IMT was
expressed as the average of =23 far-wall measurements. Carotid plaque was defined by
focal thickening of >1 mm or the presence of calcification. Pulse-wave velocity, an index
of vascular stiffness was assessed by spectral pulse-wave Doppler measurement of the
time delay of the onset of systolic forward velocity between the aortic arch and femoral
artery, using the ECG as a time reference, divided by the distance between them. Data
were averaged for 3 cardiac cycles.
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Carotid Morphometry and Vascular Stiffness

The carotid artery was imaged in long axis by 2 —D ultrasound using a linear array
probe at 18 MHz (Logiq E9, GE Healthcare, Waukesha, WI). Common carotid IMT was
expressed as the average of =23 far-wall measurements. Carotid plaque was defined by
focal thickening of >1 mm or the presence of calcification. Pulse-wave velocity, an index
of vascular stiffness was assessed by spectral pulse-wave Doppler measurement of the
time delay of the onset of systolic forward velocity between the aortic arch and femoral
artery, using the ECG as a time reference, divided by the distance between them. Data

were averaged for 3 cardiac cycles.
Myocardial Perfusion Imaging

Transthoracic MCE was performed with a phased-array probe (Sonos 5500,
Philips Ultrasound, Andover, MA). MCE was performed using power modulation imaging
at 1.6 MHz and a MI of 0.18 during an intravenous infusion of lipid-shelled
decafluorobutane microbubbles (1x108 min-'). End-systolic images were acquired after
a high-power (Ml 1.0) destructive pulse sequence. Imaging was performed in the apical
4- and 2-chamber views at rest and during adenosine stress (140 mg/kg/min). Post-
destructive time-intensity data from two separate coronary artery territories were fit to the
function:

y = A(1-eP) (1)
where y is intensity at time t, A is plateau intensity representing relative microvascular
blood volume, B is the microvascular flux rate, and the product of A and 8 is an index of

myocardial blood flow.
Plasma Lipid, Cytokine and VWF Measurement

Cytokine levels from venous blood samples were determined using a monkey 29-
Cytokine levels from venous blood samples were determined using a monkey 29-plex
cytokine panel (ThermoFisher Scientific, Waltham, MA) following the manufacturer’s
instructions. Samples were analyzed on a Milliplex Analyzer (EMD Millipore, Billerica, MA)
bead sorter with XPonent Software version 3.1 (Luminex, Austin, TX). Data were
calculated using Milliplex Analyst software version 5.1 (EMD Millipore). Intra-assay CVs
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for all analytes were <15%. Citrated venous blood samples were used to quantify

circulating VWF concentration via sandwich ELISA.[23]

Blood Oxidative Markers

Proteomic markers of oxidative stress in citrated whole blood were measured, which
included total and proportion reduced thiols and reduced glutathione, and presence of
cysteine disulfides such as cysteine-glutathione-ss-cysteine (CG-ss-Cys) which have
been recently identified as a plasma biomarker of oxidative stress.[24] Plasma samples
were used to determine total cysteine, protein-bound cysteine, and cysteine-glycine.
Aliquots of whole blood and plasma were snap frozen and stored at -80° C until analysis.
Total protein To measure small molecular thiols and disulfides, samples were mixed 1:1
with 5§ mM N-ethylmaleimide in 5 mM PBS, pH 6.0, for 30 minutes at 37° C.. For total
thiols and disulfides, 20 mL samples were reduced with 80 mL of 12 mM dithiothreitol in
20 mM PBS, pH 7.4, for 20 min at 65° C. Samples were then alkylated with 40 mL of 60
mM N-ethylmaleimide in 5 mM PBS, pH 6.5, for 20 minutes at 65° C. Protein precipitation
was performed with methanol (80% final v/v/) for 1 hour at -20° C followed by
centrifugation at 20,000 g for 20 min. The supernatant was diluted (10% v/v) in 0.01%
acetic acid. LC-MS/MS analysis was performed using a Waters ACQUITY [-Class ultra-
performance liquid chromatograph coupled to a SCIEX QTRAP 6500 mass spectrometer
with standard electrospray ionization source. Analytes were separated using a Waters
HSS T3 column at 40° C. Analysis was performed as described in on-line Supplemental
Methods, and whole blood samples were normalized to hemoglobin concentration while
plasma samples were normalized to total protein.

Statistical Analysis

Data were analyzed on Prism v.7.0. Depending on whether data were normally
or non-normally distributed (based on the D’Agostino and Pearson omnibus test),
differences between cohorts were assessed by a one-way ANOVA or Kruskal-Wallis
test with Dunn’s multiple comparison. Post-hoc testing was performed with a Mann

Whitney U test or, for differences between baseline and post-apocynin conditions, a
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Wilcoxon rank sum test. Correlations were made using linear regression and a

Spearman rho test. Comparisons were considered significant at p<0.05.

Results
Body Morphometry, Metabolic Status and Plasma Lipids

For animals on WSD, the median duration on the diet was 4.0 years (interquartile
range [IQR]: 3.5 to 4.6 years). Compared to lean controls, animals on WSD prior to
treatment with apocynin (baseline) had greater body mass and truncal adiposity on DEXA
(Figure 1A and 1B). The insulin and glucose AUC product on IVGTT and HOMA-IR index
showed variable degrees of IR in the obese animals on WSD (Figure 1C and 1D). Obese
animals also had significantly elevated baseline plasma total cholesterol, LDL cholesterol,
and triglycerides (Figure 1E to 1H). Treatment of obese animals with 8 weeks of apocynin

did not significantly alter the body mass, truncal fat, degree of IR, or lipid status.
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Figure 1: Indices of metabolic status in lean rhesus macques, and obese animals on WSD at baseline
(BL) and after 8 weeks of apocynin treatment. Bar-whisker plots illustrate the median (bar), interquartile
range (box) and range (whiskers) for (A) body mass, (B) truncal fat on DEXA, (C) product of insulin and
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glucose area-under-the-curve (AUC) on IVGTT, (D) HOMA-IR index, (E) serum cholesterol, (F) LDL

cholesteral, (G) HDL cholesteral, and (H) serum triglyceride. *p<0.05 vs lean.

Blood Markers of Oxidative Stress

When compared to lean controls, obese animals on WSD had evidence of
increased oxidative stress evidenced by lower levels of reduced blood thiols and a lower
proportion of thiols in a reduced state (Figure 2A-C). Glutathione was by far the most
abundant thiol (>85% of total thiols). Both reduced blood glutathione and proportion of
glutathione in a reduced state were lower in obese animals. Plasma CG-ss-Cys, along
with other cysteine disulfides, has been shown to be a sensitive marker of oxidative
stress,[24] and tended to be higher in obese animals (Figure 2H), though this difference
did not reach statistical significance. Plasma concentrations of 8-series F2-isoprostane
were also higher in HFD-treated animals therapy (Figure 2I). Cumulatively, these results
indicate greater oxidative status in NHPs on WSD. Statistical power for detecting changes
in oxidative stress after apocynin treatment was limited by hemolysis in several samples.
Yet apocynin was found to result in significant increases in the proportion of reduced thiols
(median 0.50 [IQR 0.46 to 0.54] vs 0.56 [IQR 0.53 to 0.59], p=0.03) and the proportion of
reduced glutathione (median 0.49 [IQR 0.45 to 0.52] vs 0.55 [IQR 0.52 to 0.58], p=0.03).
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Figure 2: Blood proteomic markers of oxidative stress which include: (A) total thiol concentration in whole
blood normalized to hemoglobin, (B) reduced thiols, (C) proportion of thiols in a reduced state, (D) total
glutathione concentration normalized to hemoglobin, (E) reduced glutathione, (F) proportion of glutathione
in a reduced state, (G) plasma cysteine concentration normalized to total protein, and (H) plasma GS-ss-
Cys disulfide concentration. Plasma F2-isoprostane concentrations by ELISA are also shown (I). *p<0.05

vs lean controls.

Vascular Morphology and Function

There were no significant group-wise or stage-wise differences in heart rate,
systolic or diastolic blood pressure. Carotid IMT was greater in obese animals on WSD
than lean controls (Figure 3). Three obese animals had evidence for mild discrete plaque

in one common or external carotid artery. There were no group-wise differences in aortic
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stiffness on PWV. In obese animals, neither carotid IMT nor PWV were significantly

changed by 8 weeks of apocynin treatment.
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Figure 3: Vascular morphology and functional analysis in lean rhesus macques, and obese animals on

WSD at baseline (BL) and after 8 weeks of apocynin treatment. (A) Example of intima-medial thickness
(IMT) measurement from the common carotid artery (fop) and carotid bulb (bottom). Bar-whisker plots
illustrate the median (bar), interquartile range (box) and range (whiskers) for (B) carotid IMT, and (C)

pulse wave velocity. *p<0.05 vs lean.

MCE perfusion imaging at rest and during adenosine was performed to assess
coronary microvascular response, abnormalities of which are often associated with
impaired endothelial function and oxidative stress. A significant group-wise difference was
found for microvascular flux rate (b-value) during adenosine stress (Table 1). Although
post-hoc analysis between groups for all measurements did not meet statistical
significance after correcting for multiple comparisons, there were consistent trends
towards lower resting and hyperemic values for microvascular flux rate (b-value), blood
flow, b-reserve, and flow reserve in obese animals versus lean controls. Treatment of
obese animals with apocynin also tended to produce higher hyperemic microvascular flux
rate and perfusion, and greater b-reserve and flow reserve. Vital signs at rest and during

stress were similar between groups.

Carotid Molecular Imaging

In vitro flow chamber studies were used to assess binding of GPlba-targeted MB
to platelets from rhesus macaques. Platelet-targeted MBs selectively attached to single
platelets and platelet aggregates, whereas attachment for non-targeted control agent

was rare (Figure 4A and 4B). Shear-dependency of attachment was observed for
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attachment to single platelets or small platelet aggregates. Shear-dependency was not

found for large aggregates, likely because of the potential of large aggregates to

interrupt laminar flow and create regions of marked shear heterogeneity along the

aggregate surface.
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Figure 4: In vitro flow chamber data (shear rates of 1.0 to 8.0 dyne/cm?) for attachment of control
and GPIb[J-targeted microbubbles (MB) for (A) single platelets and small platelet aggregates (<50 [1m?),
and for (B) large platelet aggregates (>50 [im?2). Data are quantified as mean (+SEM) fluorescent area

normalized to platelet area *p<0.05 vs control MB. (C) Bar-whisker plots illustrating the median (bar),

interquartile range (box) and range (whiskers) for CEU molecular imaging for control (Ctrf) and targeted

MB agents in lean and obese animals. VIU, video intensity units. *p<0.05 versus lean. (D) Correlation

between VCAM-1 and GPIba signal on CEU molecular imaging on a per-artery basis.

On CEU molecular imaging of the carotid arteries for platelet GPIb[] at the arterial

surface and for endothelial VCAM-1, a marker of inflammatory activation, signal was low

in lean control animals and similar to that from control agent (Figure 4C). In animals on

WSD, signal for both VCAM-1 and platelet GPIbl] were elevated compared to non-

targeted agent, and higher than that from lean control animals. Signal for platelet GPIb(]

showed a modest correlation with VCAM-1 within the same carotid arteries (Figure 4D).
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There was no morphologic evidence for carotid thrombus formation at the sites of platelet
signal enhancement. Neither platelet GPIb[] nor VCAM-1 signal on CEU were found to
be closely correlated with body mass, truncal adiposity, time on WSD, or degree of IR on
IVGTT (Table 2); although a modest but significant relationship was found between
GPIb(] signal and body mass and adiposity. Carotid IMT was found to have a modest but
significant correlation with signal for both platelet GPIb[1 and VCAM-1 signal (Table 2,

Figure 5).
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Figure 5: Correlation between common carotid average IMT and CEU-derived molecular imaging signal
for GPIb1or VCAM-1.

Table 2. Correlation of Morphometric and Metabolic Data With Molecular Imaging

GPlba Signal VCAM-1 Signal
r2 p-value r2 p-value
Body mass 0.25 0.02 0.06 0.29
Truncal adiposity 0.31 <0.01 0.1 0.16
Time on WSD* 0.18 0.22 0.26 0.14
IVGTT AUC Product 0.16 0.07 0.15 0.09
Carotid IMT 0.29 0.01 0.35 <0.01

*Analysis performed for obese animals only. AUC, insulin-glucose area-under-the-curve; IMT,

intima-medial thickness; IVGTT, intravenous glucose tolerance test; WSD, Western-style diet.
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In obese animals, eight weeks of therapy with apocynin therapy significantly
reduced the carotid molecular imaging signal for platelet GPIb] and VCAM-1, whereas
no significant change was observed for the control agent signal (Figure 5). Arteries with
the highest GPIb[1 or VCAM-1 signal at baseline had the greatest relative decrease in
signal after therapy. A limited array of plasma cytokines that could be obtained from NHP
plasma did not show any major group-wise differences between lean and obese animals
except a non-significant trend toward higher CCL-2 concentrations (p=0.067). Apocynin
had no major effect on cytokine concentration in obese animals (Figure 6). Plasma VWF
antigen levels were higher in obese versus lean animals; but did not significantly change
with apocynin treatment. These data indicate that groupwise differences in endothelial
phenotypes on molecular imaging were not necessarily reflected by groupwise
differences in circulating pro-inflammatory cytokines.
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Figure 6: Individual data for CEU molecular imaging signal in obese animals at baseline (BL) and after 8
weeks of apocynin therapy for: (A) control MB, (B) GPIb(I-targeted MB, and (C) VCAM-1-targeted MB.
(D) Example carotid artery CEU molecular imaging of platelet GPIb(] from an obese animal at baseline
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and after apocynin therapy. Images show background-subtracted and color-coded (scale at right) CEU
signal superimposed on a co-registered two-dimensional B-mode image.
phenotypes on molecular imaging were not necessarily reflected by groupwise differences in circulating

pro-inflammatory cytokines.

animals on HFD, signal for VCAM-1 and platelet GPIba were elevated compared to chow-
fed controls, and significantly higher than for control, non-targeted contrast agent. Signal
for platelet GPIba showed a modest correlation with VCAM-1 within the same carotid
arteries. There was no morphologic evidence for carotid thrombus formation at the sites
of platelet signal enhancement. Neither platelet GPlba nor VCAM-1 signal on CEU were
found to be closely correlated with body mass, truncal adiposity, time on WSD, or degree
of IR on IVGTT (Table 2); although a modest but significant relationship was found
between GPIba signal and body mass and adiposity. Carotid IMT was found to have a
modest but significant correlation with signal for both platelet GPlba and VCAM-1 signal
(Table 2).
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Figure 7: Bar-whisker plots illustrate the median (bar), interquartile range (box) and range (whiskers) for
plasma (A) IL-10J, (B) CCL-2, (C) interferon gamma (/FN-[J), and (D) von Willebrand Factor
(VWF) antigen. *p<0.05 vs lean.

In obese animals, eight weeks of therapy with apocynin therapy significantly
reduced molecular imaging signal for carotid artery molecular imaging signal for platelet
GPIba and VCAM-1, while no significant change was observed with respect to control
agent signal (Figure 5). Arteries with the highest GPlba or VCAM-1 signal at baseline had
the greatest relative decrease in signal after therapy. A limited array of plasma cytokines
did not show any major group-wise differences between lean and obese animals except
a non-significant trend toward higher CCL-2 concentrations (p=0.067); nor were there any
major differences between baseline and post-apocynin treatment in obese animals
(Figure 7). Plasma VWF antigen levels were higher in obese versus lean animals; but did
not significantly change with apocynin treatment.

Discussion

The critical role platelets play in acute atherothrombotic events in patients with late
state atherosclerotic disease is well established. It is increasingly recognized that platelet
adhesion can promote atherosclerotic early plaque development and progression through
multiple pathways.[1, 2, 10, 25] An important component of “thromboinflammation” in
plaque development is the ability for platelets to influence the local balance of pro-
inflammatory cytokines, ROS, and inflammasome activation status. An obstacle to
studying pro-atherogenic effects of platelets is the lack of methods for assessing adhesion
in vivo in animal models that closely resemble humans. In this study, noninvasive
ultrasound molecular imaging with targeted probes confined to the vascular compartment
was used to examine carotid endothelial-platelet adhesion in NHPs with diet-induced
obesity and IR. Our results indicate that (a) platelet adhesion occurs in atherosclerosis-
prone arteries of obese rhesus macaques before significant plaque development; (b) the
degree of platelet adhesion is independent of the degree of IR or obesity; (¢) there is an
association between the degree of platelet adhesion and other markers of endothelial
activation such as VCAM-1 expression, and (d) inhibition of NOX2 with apocynin reduces
both platelet adhesion and VCAM-1 expression without major changes in metabolic

function or plasma cytokine levels.
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Atherosclerosis is a disease that, in most individuals, becomes clinically evident
decades after disease initiation. Important insights into the pathobiology of plaque
progression has been provided through gene-modified mice. Yet, our understanding of
human atherosclerosis must also rely on models where the temporal course, spatial
distribution, and biologic pathways are similar to those in humans. We employed an NHP
model where adult rhesus macaques were fed a diet moderately high in saturated fat and
cholesterol for an average of four years in order to study vascular changes that occur as
a result of obesity and IR. Similar to what occurs in humans, the severity of IR and lipid
derangement varied substantially between individual animals. Despite the wide variation
in metabolic response that occurs with this model,[26] in vivo imaging has previously
demonstrated a relatively uniform time-dependent increase in endothelial VCAM-1,
endothelial selectin expression, and IMT for two years after starting WSD.[22] These data
indicate that endothelial inflammatory responses are influenced by diet-induced obesity,
but are not tightly coupled to the degree of IR. Neither platelet-endothelial interactions nor
the oxidative pathways that can promote these interactions have been studied previously.

Platelet-endothelial interactions, primarily through interaction of GPIbl] and
endothelial-associated VWF, have been shown in small animal models to promote
atherogenesis.[3-6] Characterization of these interactions in human-like models of
obesity and insulin resistance is important to study for several reasons. Increased
oxidative stress and certain lipid derangements associated with metabolic disease are
known to interfere with ADAMTS13-mediated cleavage of endothelial VWF.[17, 18, 23]
In small clinical trials of patients with diabetes, low ADAMTS13 activity has been
associated with increased rates of cardiovascular events.[27] Yet plasma levels of VWF
are higher in patients with diabetes or high-risk metabolic syndrome,[28, 29] and are
known to progressively increase after initiating WSD in NHPs.[22] In aggregate, these
data suggest that IR may be associated with increased endothelial VWF production or
mobilization, and reduced ability to proteolytically cleave endothelial-associated ultralarge
VWF multimers.

For the current study, platelet adhesion was imaged by using targeted MBs that
are similar to platelets in their size distribution and that bear a cyclic peptide that binds to
constitutively-expressed platelet GPIb(] in primates.[21] CEU signal from this agent in the

carotid artery was significantly increased in NHPs that had diet-induced obesity, IR,
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dyslipidemia. These obese animals also had evidence of early atherosclerotic changes in
the form of increased IMT on carotid ultrasound, and evidence for endothelial dysfunction
on coronary microvascular vasodilator testing. The molecular imaging signal for platelet
adhesion did not correlate closely with the degree of obesity or IR, indicating that simply
the presence and not the degree of metabolic derangement determines platelet adhesion.
Because of the multiple pathways by which platelets can activate the endothelium through
cytokines, growth factors, chemokines, and ROS;[25] CEU was also used to examine
endothelial VCAM-1 expression which correlated with the degree of platelet signal. The
idea that platelet adhesion had a deterministic role in VCAM-1 expression is supported
by studies in atherosclerotic mice where endothelial expression of VCAM-1 has been
shown to be influenced by manipulation of ADAMTS13 activity and GPIbl-mediated
platelet adhesion (unpublished data).

The generation of ROS is likely to be a common pathway linking endothelial
dysfunction, VWF-mediated platelet adhesion, and diet-induced obesity or IR. Oxidative
pathways have been shown to be enhanced in patients with diabetes mellitus;[12]
including oxidative modification specifically of VWF.[30] In our studies, oxidative
proteomics and F2-isoprostanes from blood indicated elevated oxidative stress in animals
on WSD. The effects of apocynin, a plant-derived [1-methoxyphenol that inhibits cytosolic
assembly of NOX2 subunits,[19] was investigated based on several lines of reasoning.
Murine studies have revealed a critical role of the NOX2 isoform in atherosclerosis.[31]
Moreover, apocynin has been shown to reverse oxidative endothelial abnormalities
attributable to hyperglycemia,[32] and also to reduce not only atherosclerosis progression
but also endothelial platelet adhesion in mice.[20] This latter finding is congruent with the
notion that ROS can stimulate endothelial secretion of VWF,[16] and render VWF less
susceptible to proteolysis.[17] Apocyinin was found on to reduce carotid artery CEU signal
for platelet GPlba and VCAM-1, and to improve microvascular function in general in
obese animals. This effect was independent of any major changes in the degree of
obesity, IR, lipid status, or cytokine levels.

There are several important limitations of this study that should be considered. The
number of animals studied was low based on the resources needed to produce NHP
models of sustained IR produced by WSD for several years. The extensive profiling of

these animals allowed us to derive as much information as possible from this valuable
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resource. While CEU molecular imaging provides an in vivo assessment of endothelial
phenotype, histologic validation of the technique has been performed in mice, not
primates. Instead, we relied on flow chamber assays for ex vivo validation of MB adhesion
in shear. We are, however, reassured by previous studies showing time-dependent
increase in CEU signal for endothelial inflammatory activation after starting WSD;[22] and
by our current findings that CEU signal correlated with carotid IMT. The premise for this
study is that platelets contribute vascular inflammatory activation at an early stage of
disease. While our study is the first to show platelet adhesion in a human-like model of
obesity and IR, we did not conclusively demonstrate causative relationship between
platelet adhesion,VCAM-1, and IMT. Finally, when considering the role of oxidative
stress, we were neither powered nor have the tools to determine the quantitative
relationship between ROS generation and platelet adhesion.

In summary, our findings indicate that platelet-endothelial interactions occur in a
NHP model of diet-induced obesity and IR, and are found at early stages of
atherosclerotic intimal-medial thickening in the carotid artery. The degree of platelet
adhesion correlates with the degree of VCAM-1 expression, supporting but not proving
the hypothesis that platelet adhesion contributes to endothelial inflammatory activation.
Treatment of animals with NOX2-inhibitor apocynin, significantly reduced carotid platelet
adhesion and VCAM-1 expression without altering metabolic status. Whether this
approach can suppress plaque formation will require studies with longer duration of
therapy. Based on our results, we believe that further investigation of strategies to reduce

platelet-endothelial interaction are warranted using human relevant models.

Summary of Techniques

The primary innovation of this study was the use of CEU molecular imaging to
measure platelet-endothelial interactions in primates. While we were unable to perform
further studies beyond flow chamber analysis to validate the platelet-targeted CEU
agent developed for this study, we previously validated a similar agent in murine models

of atherosclerosis using histological analysis and intravital microscopy.
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While this study was primarily concerned with vascular biology, it was
nevertheless important to take a holistic view of the pathophysiology of early
atherosclerosis in order to fully understand how different processes interact. Unlike the
case studies in Chapter 6 and 7, this study did not involve major cardiac or vascular
dysfunction. However, use of MCE and PWV were necessary to contextualize our
findings to a specific stage in disease progression. The major finding of this study is that
platelet-endothelial interactions can be found at the earliest stages of disease, before
endothelial dysfunction becomes severe enough to impair blood flow. While there was a
trend towards decreased coronary microvascular flux rate during adenosine stress, our
findings neither met statistical significance nor correlated with CEU molecular imaging
signal for platelet adhesion and VCAM-1 expression. Similar findings showing no
correlation between metabolic markers and platelet and VCAM molecular imaging
signal suggests that early endothelial activation and platelet-endothelial interactions
cannot be inferred from measures of metabolic disorder or vascular function. The
holistic approach in this study, which drew on a wide array of metabolic, vascular, and
cardiac techniques, provided preliminary evidence that oxidative stress, endothelial
inflammation and platelet recruitment are more closely linked than other pathways
driving early atherosclerosis, and that there is significant heterogeneity between

subjects in their vascular response to diet-induced insulin resistance and obesity.
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Remote Endothelial Activation Following Myocardial

Ischemia

Summary

In the months after acute MI, risk for acute atherothrombotic events in non-culprit
arteries increases several-fold. We hypothesized that sustained pro-inflammatory and
pro-thrombotic endothelial alterations occur in remote vessels after Ml. We studied wild
type mice, atherosclerotic mice with double knockout (DKO) of the LDL receptor and
Apobec-1, and DKO mice treated with the Nox-inhibitor apocynin were studied at
baseline and 3 and 21 days after closed-chest MI. Ultrasound molecular imaging of P-
selectin, VCAM-1, von Willebrand factor (VWF) A1-domain, and platelet GPIba was
performed. Intravital microscopy was used to characterize post-MI| leukocyte and

platelet recruitment in the remote microcirculation after MI.

Aortic molecular imaging for P-selectin, VCAM-1, VWF-A1, and platelets was
increased several fold (p<0.01) three days post-MI for both wild-type and DKO mice. At
21 days, these changes resolved in wild-type mice but persisted in DKO mice. Signal for
platelet adhesion was abolished 1 hour after administration of ADAMTS13 which
regulates VWF multimerization. In DKO and wild-type mice, apocynin significantly
attenuated the post-MI increase for molecular targets, and platelet depletion significantly
reduced P-selectin and VCAM-1 signal. On intravital microscopy, Ml resulted in remote
vessel leukocyte adhesion and platelet string or net complexes. On histology, high-risk
inflammatory features in aortic plaque increased in DKO mice 21 days post-MI which

were completely prevented by apocynin.

Acute MI stimulates a spectrum of changes in remote vessels including
upregulation of endothelial inflammatory adhesion molecules, and platelet-endothelial
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adhesion from endothelial-associated VWF multimers. These remote arterial alterations
persist longer in the presence of hyperlipidemia, are associated with accelerated plaque

growth and inflammation, and are attenuated by Nox inhibition.

Introduction

Major acute atherothrombotic events such as myocardial infarction (Ml), stroke,
or limb ischemia lead to a markedly increased risk for recurrent events in separate
vascular territories. After Ml, the risk for stroke or recurrent M|l from non-culprit lesions is
increased by several-fold over the ensuing six to twelve months (1-3). These findings
indicate that a focal ischemic event can lead to systemic adverse vascular responses.
Murine studies have demonstrated that acute MI triggers the splenic production and
mobilization of inflammatory Ly-6C"9" monocytes, and the accelerated entry of these
cells and other CD11b+ myeloid cells into remote arterial plaque for weeks after the
initial event (4). With regards to remote vascular endothelial responses, Ml in mice
leads to upregulation of mMRNA for endothelial cell adhesion molecules within the non-
infarct myocardial microcirculation (5). However, little is known about endothelial-
specific alterations in remote arterial atherosclerotic lesions, including in non-coronary

locations.

In this study, in vivo imaging methods unique in their ability to investigate events
at the endothelial-blood pool interface were used to study post-MI endothelial alterations
in remote arteries that can predispose to accelerated plaque growth and
atherothrombotic events. Contrast-enhanced ultrasound (CEU) molecular imaging and
direct microvascular observation with intravital microscopy were used to characterize
the endothelial responses that occur in remote arteries after MI. CEU molecular imaging
with targeted microbubble contrast agents that are confined to the vascular
compartment was selected based on extensive experience in murine and non-human
primate models to detect arterial events that occur at the endothelial-blood pool
interface (6—8). Specifically, we hypothesized that acute Ml leads to (i) remote arterial
upregulation of endothelial cell adhesion molecules on the plaque surface, and (ii)
platelet adhesion to the intact endothelial surface which contributes to pro-inflammatory

activation and can occur, in part, from abnormal endothelial-associated ultra-large self-
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associated multimers of von Willbrand factor (VWF) which occur secondary to
dysregulation of normal proteolytic regulation by ADAMTS13 (a disintegrin and
metalloprotease with thrombospondin type | repeats-13) (9—11).

Methods
Animal Model

The study was approved by the Animal Care and Use Committee of the Oregon
Health & Science University. We studied wild-type C57BI/6 mice and mice with
susceptibility to age-related atherosclerosis through dual gene-targeted deletion or
“double knockout” (DKO) of the LDL-receptor and apolipoprotein-B mRNA editing
enzyme catalytic polypeptide 1 (Apobec-1) on a C57BI/6 background. DKO mice
develop reproducible, age-dependent development of atherosclerosis on a chow diet
(6,12), and were studied at 20-25 weeks of age when plaque size is modest with early
intraluminal encroachment (6). For all studies, mice were anesthetized with 1.0-2.0%
inhaled isoflurane and a jugular cannula was placed for intravenous injection of contrast

agents or drugs.
Imaging Study Design

The proximal thoracic aorta was selected as a remote arterial site to study
endothelial activation after Ml. CEU molecular imaging of the aorta was performed using
microbubble contrast agents targeted to P-selectin (MBp), vascular cell adhesion
molecule-1 (VCAM-1) (MBv), GPIba as an indicator of platelet adhesion (MBpx), and
endothelial VWF (MBvwr). Studies were also performed with control non-targeted

microbubbles (MB). Animals were studied in the following experimental conditions:

i.  Molecular imaging performed at baseline and at either 3 or 21 days after Ml in

wild-type and DKO mice. Mice were also studied 3 days after sham procedure.

i.  Molecular imaging was performed 3 days after Ml in DKO mice treated 1 hour
prior to imaging with recombinant human ADAMTS13 (5 ug I.V.), the key
regulatory protease which reduces VWF multimer size through cleavage at the
VWF A2 domain (10,11).
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iii.  Molecular imaging performed 3 and 21 days after Ml in DKO mice treated with
apocynin (50 mg/kg/d) starting on the day of MI. Apocynin (acetovanillone) is a
potent inhibitor of NADPH-oxidase (Nox) which has been implicated in
transcriptional upregulation of adhesion molecule expression, and has been
demonstrated to reduce platelet-endothelial adhesion in early and late

atherosclerosis (13,14).

iv.  Molecular imaging was performed 21 days after Ml in DKO mice undergoing
platelet depletion by I.V. injection of 2 pg/g rat anti-mouse GPIba mAb (7) at days
1,4, 9 and 15 post-MI to determine the contribution of platelets to sustained

endothelial adhesion molecule expression.
Myocardial Infarction

A closed-chest model of Ml was used to allow for the resolution of the acute
inflammatory responses after thoracotomy and cardiac exposure. At least five days prior
to scheduled MI, mice were anesthetized, intubated, and placed on positive pressure
mechanical ventilation with weight-adjusted tidal volumes and respiratory rates. A
limited left lateral thoracotomy was performed to expose only the basal anterior wall. A
6-0 prolene suture was placed under the LAD but left unsecured. The free ends of the
suture were exteriorized through the chest wall and left in a subcutaneous location after
closure. After 5-7 days, mice were anesthetized, the suture was exteriorized through a
limited skin incision and the tension was placed on the suture for 40 min to produce ST-
elevation on ECG monitoring and wall motion abnormalities on high-frequency
transthoracic 2-D echocardiography (Vevo 2100, Visualsonics Inc., Toronto, Canada).

Sham-treated animals received a suture without tightening.
Targeted Microbubble Preparation

Biotinylated lipid-shelled decafluorobutane microbubbles were prepared by
sonication of a gas-saturated aqueous suspension of distearoylphosphatidylcholine (2
mg/mL), polyoxyethylene-40-stearate (1 mg/mL), and
distearoylphosphatidylethanolamine-PEG(2000)biotin (0.4 mg/mL). Conjugation of
biotinylated ligand to the microbubble surface was performed with biotin-streptavidin
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bridging as previously described.(15) Ligands used for targeting were: dimeric murine
recombinant A1 domain of VWF A1 (mature VWF amino acids 445 to 716) for targeting
platelet GPlba for MBpgy, a cell-derived peptide representing the N-terminal 300 amino
acids of GPIba for MBvwr,(7) and monoclonal antibodies against the extracellular
domain of either P-selectin (RB40.34, BD Biosciences), or VCAM-1 (clone 429, BD
Biosciences) for MBp and MBy, respectively. Control MB were prepared with isotype
control antibody (R3-34, BD Biosciences). Microbubble concentrations and size

distributions were measured by electrozone sensing (Multisizer Ill, Beckman Coulter).
Imaging Protocols

Contrast-enhanced ultrasound (CEU) molecular imaging of the ascending aorta
and proximal aortic arch were imaged using a right parasternal window with a linear-
array probe (Sequoia, Siemens Medical Systems). Multi-pulse phase-inversion and
amplitude-modulation imaging at 7 MHz was performed with a dynamic range of 55 dB
and a mechanical index of 1.0. Gain was set at a level that just eliminated pre-contrast
background speckle and kept constant for all studies. Images were acquired 8 min after
intravenous injection of targeted or control microbubbles (1x108), performed in random
order, in order to allow almost all free microbubbles to clear from blood pool. Signal
from retained microbubbles alone was determined as previously described by acquiring
the first ultrasound frame and then digitally subtracting several averaged frames
obtained after complete destruction of microbubbles at a mechanical index of 1.4 to
eliminate signal from the low concentration of freely-circulating microbubbles in the
blood pool (15). Signal intensity was measured from a region-of-interest encompassing
the entire ascending aorta to just beyond the origin of the brachiocephalic artery.
Region selection was facilitated by fundamental 2-D imaging at 14 MHz acquired after

each CEU imaging sequence.
Echocardiography

High-frequency (40 MHz) transthoracic echocardiography was performed at each
post-MI study interval in DKO mice to evaluate any differences in left ventricular (LV)
diameter, infarct size, stroke volume, or peak aortic shear rate related to treatment with
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apocynin. A parasternal long-axis and parasternal short-axis at the mid-ventricular level
imaging planes were used to assess infarct size quantified by calculating a wall motion
score index. LV dimensions at end-systole and end-diastole were measured from the
parasternal long-axis view using linear measurements of the LV at the level of the mitral
leaflet tips during diastole. Stroke volume was calculated as the product of the left
ventricular outflow tract cross-sectional area and time-velocity integral on pulsed-wave
Doppler. Longitudinal strain was calculated using speckle-tracking echocardiography
from a parasternal long-axis view and was quantified as the average of a standard

single 6-segment model.
Histology

Histology of the aortic root and the mid-ascending aorta for DKO mice was
performed 21 days or 3 months after Ml (randomized evenly for each group). Perfusion-
fixed transaxial sections were stained with Masson’s trichrome for assessment of
plaque area and collagen content. Immunohistochemistry was performed with antibody
against Mac-2 (M3/38, eBioscience) to assess macrophage content, against CD41
(sc20234, Santa Cruz Biotechnology, Santa Cruz CA) for platelets; and for VCAM-1
(BS-0369r, Bioss Inc Atlanta, GA). For each epitope, secondary staining was performed
with species-appropriate secondary antibodies labeled with ALEXAFluor-488, -555, or -
594 (Invitrogen Grand Island, NY). Plaque collagen content, necrotic core and MAC-2

area are expressed as percent of plaque area.
Intravital Microscopy

Direct observation of post-MI potentiation of platelet- and leukocyte-endothelial
interactions was performed with intravital microscopy in wild-type and DKO mice, with or
without MI 3 days prior to study. Mice were anesthetized with ketamine and xylazine
(I.P.) and the cremaster muscle was exteriorized and prepared for intravital microscopy
as previously described (16). Microscopy was performed with combined fluorescent epi-
illumination and low-intensity transillumination (Axioskop2-FS, Carl Zeiss, Inc) and
digital recordings were made with a high- resolution CCD camera (C2400, Hamamatsu
Photonics). In vivo fluorescent labeling of platelets was performed with rhodamine-6G (1
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mg/mL, 75 uL 1.V.). The number of adherent leukocytes and platelet adhesive events
(>5 s), and the formation of platelet “strings” indicative of ultra-large VWF multimers
were quantified as fluorescent platelet area normalized to vessel area. Rolling velocity
of leukocytes in 15-35 pym post-capillary venules was calculated by the distance

traveled by video calipers divided by time.
Statistical Analysis

Data analysis was performed with Prism v7.0a (Graph Pad, La Jolla, California).
Continuous variables that were normally distributed are displayed as mean +SD unless
stated otherwise; whereas those that were not normally distributed are displayed as
box-whisker plots with a bar representing median, box representing 25-75% quartiles,
and whiskers representing range. Student ¢ test (paired or unpaired) were performed for
comparisons of normally distributed data. For non-normally distributed data, either a
Mann-Whitney U test or Wilcoxon signed-rank test was used as appropriate according
to experimental conditions (group-wise comparisons versus paired data within a group).
For multiple comparisons, a one-way ANOVA was performed for normally distributed
data with post-hoc testing with Holm-Sidak’s multiple comparisons correction. A
Kruskal-Wallis test followed by Dunn’s multiple comparison test was performed for non-

normally distributed data.

Results

Post-MI Ventricular Function and Aortic Shear

Electrocardiographic ST-segment elevation and regional hypokinesis or akinesis
involving the mid to distal anterior, anterolateral, and anteroseptal walls on
echocardiography was observed in all mice at the time of closed-chest LAD ischemia,
but were not seen in any of the animals undergoing sham surgical procedure.
Myocardial infarction resulted in LV enlargement, reduction of LV systolic function and
stroke volume, and lower peak aortic shear rate at day 3 and 21 (Figure 1). Chronic
therapy with apocynin starting on the day of Ml did not affect the infarct-related changes

in LV dimension or function on echocardiography, or the aortic peak shear rate.
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Figure 1: Mean (xSD) values are shown for LV internal diameter at (A) end-diastole and (B) end-

systole, (C) stroke volume, (D) wall motion score index, and (E) longitudinal strain. Data are combined for
wild-type and DKO mice which were not significantly different from each other. *p<0.05 versus baseline.
(F) Example of LV strain curves from a long-axis view illustrating severe hypokinesis in the LAD territory

at day 3 post-MI and corresponding vector mapping of endocardial strain.

Remote Arterial Endothelial Activation and Platelet Adhesion After Mi

At baseline prior to any procedures, molecular imaging signal enhancement of
the thoracic aorta for endothelial P-selectin, VCAM-1, Von Willebrand factor (VWF) A1-
domain, and platelet GPlba were all found to be higher in DKO than wild-type mice
(Figure 2A), consistent with greater aortic endothelial adhesion molecule expression,
endothelial-associated active form of VWF, and platelet adhesion in DKO mice. In DKO
but not wild-type mice, signal for all four targeted microbubble agents was significantly
greater than for control microbubbles. At day 3 post-MI, signal for endothelial P-selectin,
VCAM-1, VWF and platelet GPIba all increased significantly in both wild-type and DKO
mice (Figure 2B to 2D). In wild-type mice, the post-MI increase for all four targeted
agents completely resolved and returned to baseline levels at day 21; whereas in DKO
mice signal enhancement remained elevated at 21 days. Signal from control MBs was
low in all mice and did not change significantly after MI. Sham procedure did not

produce any changes on CEU molecular imaging (Figure 2E).
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Figure 2: Background-subtracted signal intensity (mean+SEM) on (A) CEU molecular imaging of
the thoracic aorta from wild-type and DKO mice. *p<0.05 vs control non-targeted signal. (B) Examples of
2-D ultrasound and CEU molecular imaging for VCAM-1 of the thoracic aorta of wild-type, DKO, and post-

Ml (day 3) DKO mice. (C-E) Mean (+SEM) signal intensity on CEU molecular imaging of the aorta from:
(C) post-MI wild-type mice; (D) post-MI DKO mice; and (E) DKO mice undergoing sham surgery. *p<0.05

for all actively-targeted agents vs baseline values and vs control non-targeted signal.

Effect of ADAMTS13 on Platelet Adhesion

In DKO mice, aortic CEU molecular imaging 3 days post-M| was performed
before and 1 hour after treatment with recombinant ADAMTS13, a protease that
removes endothelial-associated VWF and controls VWF size (10,17). ADAMTS13
abolished platelet GPIba signal (Figure 3A), indicating that platelet adhesion in remote
vessels after Ml occurs secondary to inducible abnormalities in the enzymatic regulation
of endothelial-associated VWF. The lack of effect on P-selectin signal confirmed that

this signal was primarily endothelial rather than platelet in origin.
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Figure 3: (A) CEU molecular imaging intensity for P-selectin and platelet GPIba in DKO mice at
day 3 post-MI before and 1 hour after ADAMTS-13 (5 pg, I.V.). (B) Aortic molecular imaging signal in
DKO mice with and without platelet depletion at 21 days post MI. *p<0.05 vs non-treated.

Effect of Platelet Depletion on Endothelial Activation

In DKO mice studied at day 21, platelet imnmune-depletion started on day 1 after
MI completely prevented the post-MI increase in platelet adhesion on aortic molecular

imaging, and also significantly but modestly reduced endothelial P-selectin and VCAM-1
signal enhancement (Figure 3B).

Nox Inhibition Reduced Endothelial Activation and Platelet Adhesion

Apocynin started on the day of Ml significantly attenuated the post-MI increase in
remote aortic molecular imaging signal for P-selectin, VCAM-1, platelet GPIba, and

VWEF A-1 in wild-type mice at day 3 and in DKO mice at day 3 and 21 (Figure 4A to 4C).
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Figure 4: Mean (+SEM) signal intensity on quantitative CEU molecular imaging depicting effect of
apocynin in: (A) wild-type mice 3 days post-MI; (B) DKO mice 3 days post-Ml; and (C) DKO mice 21 days
post-MI. *p<0.05 vs non-treated.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F4/

126

Remote Endothelial Activation in the Microcirculation

= 0.3- 1.0x10-21
AT 037 dian: 52.2(95% Cl: 44.4.61.4) ums E ) i
= *
5 0.2 §  B.Ox107
5 . g _
£ 0.14 - T £ 6.0x10-
$ L UMal £3
=] w
& 0.0 ! AA - %gmxw*‘- I
0 20 40 G0 B0 100 120 140 160 180 £
Leukocyte Rolling Velocity (pmis) & 200104 L
- [T
B3 03 median: 32.5 (95% Cl: 26.7-37.0) um's o L = |
gg . p<0.001 vs wild-type WT WT DKO DKO
1] I + +
E F 20«10 - -
Pl = *
& E  1.5x10°
& 0.0 i_n 3
0 20 40 G0 80 100 120 140 160 180 £E
=
Leukoeyte Rolling Velocity (pmis) T 510107
= - - * J
C 3 0.6 E =
[ median: 18.9 (95% Cl: 15.0-24.5) um's g 5.0x10°4 -
=
; SLE
g o — .
< WT WT DKO DKO
2 a 5 +Ml +Mi
o - B = ==
0 20 40 B0 80 100 120 8
Leukocyte Rolling Velocity {umis) g &0 - K
D 0.6 B gl
8 median: 17.3 {95% Cl: 16.1-18.2) um's £
s 0.4 p:DUS vs DKO T
. g £ "E 1.04 *
$ z g
EM " 2 % 0.5
] I—l =
& 0.0 =y A ' =3l 88 2 2
0 20 40 60 80 100 120 WT WT DKO DKO
Leukocyte Rolling Velocity (pmis) +Ml +MI

Figure 5: Histograms and median leukocyte rolling velocities in cremasteric venules are shown
for (A) wild-type mice, (B) wild-type mice 3 days post-MlI, (C) DKO mice, and (D) DKO mice 3 days post-
MI. Box-whisker plots depict (E) leukocyte adhesion (number per vessel area); (F) isolated platelet
adhesion; and (G) platelet string or net complex formation rate on venules. *p<0.001; +p<0.0001.
Pseudocolorized intravital microscopy images illustrate rhodamine-6G-labeled platelets adhering in post-
capillary venules in the form of: (H), individual platelets; (1), single platelet-leukocyte complex; (J), large
platelet net complexes on the endothelium; and (K), platelet strings attached (downstream) to adherent

leukocytes. Arrow=leukocytes.

Intravital microscopy of the cremaster muscle was used to interrogate for similar
post-MI remote endothelial-related events in the microcirculation. Venular leukocyte
rolling velocity in both wild-type and DKO mice decreased after Ml (Figure 5A to
5D, Online Videos). Leukocyte firm adhesion in venules and platelet adhesion were also
significantly increased 3 days post-MlI in both wild-type and DKO mice (Figure 5E to

5G). Almost all platelet adhesion events in non-ischemic mice were in the form of single


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F5/

127

platelets or small linear aggregates, whereas platelet adhesion post-Ml was in the form
of large string or net assemblies, consistent with ultra-large multimers of VWF on the
endothelium or anchored to adherent leukocyte-platelet hetero-aggregates (Figure SH
to 5K, Online Videos).

Post-MI Acceleration of Plaque Progression is Suppressed with Nox-2 Inhibition
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Figure 6: Data are from DKO mice at 21 days after sham procedure or after MI, with or without
apocynin treatment. (A) plaque cross-sectional area averaged for the aortic sinuses and distal ascending
aorta; (B), necrotic core area; (C), necrotic core area as a percentage of total plaque area; (D), Mac-2
area averaged for plaques in the aortic sinuses and distal ascending aorta; (E), VCAM-1 staining area;
and, (F) plaque collagen content as a percentage of the total plaque area. *p<0.05; 1p<0.01 (J) Examples
of histology with Masson’s trichrome, and immunohistochemistry for Mac-2 and VCAM-1 from DKO mice

21 days after either sham procedure or Ml with or without apocynin treatment.

Aortic histology demonstrated that at 21 days, DKO mice undergoing Ml
compared to sham-treated mice had larger plaque area, larger necrotic core area,
increased macrophage content, greater VCAM-1 staining, and lower collagen content
(Figure 6). The increase in VCAM-1 staining was present in endothelium overlying
atherosclerotic plaques, as well as non-plaque endothelium. Apocynin therapy in post-
MI DKO mice attenuate all of the high-risk features in terms of macrophage content,
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VCAM-1 staining and collagen content; whereas the reduction in plaque size did not
reach statistical significance. Histology obtained at 3 months demonstrated persistently
larger plaque size and macrophage content, and lower collagen content in DKO mice

undergoing MI compared with sham-treated controls.
Discussion

Our results indicate that acute MI stimulates a spectrum of adverse events in
remote arterial and microvascular beds including endothelial upregulation of VCAM-1
and P-selectin, and platelet adhesion that occurs through primarily through VWF that is
either endothelial-associated or from adherent leukocyte-platelet complexes (Central
lllustration). These adverse changes at the vascular endothelial surface persist longer
when there is pre-existing atherosclerosis and hyperlipidemia, and are associated with
acceleration of plaque growth and inflammation in arteries spatially remote from the MI.
Our data also suggest that reduction of oxidative stress through Nox inhibition

attenuates adverse endothelial responses in remote arteries.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F7/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110111/figure/F7/

129

Myocardial Infarction
Reactive Oxygen Species and
_—— Other Damage-associated
LI P 20 5 L Molecular Pattern Signals
WL Y pon N |
s 2
Global Endothelial Activation

Orsetectn  fvcama @ platelet ’_,J{WF ‘Munu:yte 8% Macrophage
-.-ﬂr

Central lllustration: Myocardial infarction triggers systemic effects, including an increase in

reactive oxygen species (ROS) and other damage-associated molecular patterns (DAMPs). These
molecular intermediates result in endothelial activation including upregulation of adhesion molecules for
inflammatory cells, increase in endothelial associated VWF, and secondary platelet adhesion. The pro-
inflammatory and pro-thrombotic endothelial changes found in our experiments are changes could be

associated with increased risk for atherothrombotic events in humans.

There is increasing evidence that global inflammatory responses after a major
acute ischemic event contribute to the heightened risk for events in remote arterial
beds. Leukocytosis and elevated plasma levels of cytokines and chemokines commonly
occurs in the subacute phase after Ml, the degree of which is associated with
intermediate-term prognosis (18—20). In studies performed in atherosclerotic mice,
acute MI has been shown to lead to an increase of pro-inflammatory Ly-
6Chish monocytes and other myeloid cells (4). Carotid activity with 18F-
fluorodeoxyglucose positron emission tomography has been shown to be higher in
patients with recent acute Ml than those with chronic stable angina (21), although cross-

sectional design precluded any comments on causation. Little is known regarding
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endothelial changes that promote the recruitment of innate immune cells into

atherosclerotic lesions in distant vessels after MI.

We applied CEU molecular imaging with targeted tracers confined to the vascular
compartment to reveal that reperfused MI triggers remote arterial upregulation of
endothelial cell adhesion molecules that are critical for the recruitment of inflammatory
cells (9,22). Although our primary aim was to study events in large arteries,
corroborative evidence in other vascular territories was provided by intravital
microscopy of a non-coronary microvascular bed where leukocyte rolling velocity and
adhesion were used as indicators of endothelial expression of selectins and integrin
counter-receptors. These studies confirmed that MI promotes global endothelial
activation. We believe that endothelial activation was in part responsible for the
acceleration of plaque growth, inflammation, and necrotic core at 21 days and 3 months
post-MlI; all consistent with a more “high risk” plaque appearance on histology.
However, it is possible that increased plaque macrophage content contributed to the
persistence of the endothelial activation at day 21 in DKO mice, consistent with the

feed-forward nature of plaque inflammation.

Our investigation of endothelial-platelet adhesion after Ml is based on the
mounting evidence that these interactions play a multifactorial role in plaque
inflammatory status (9,23). Local release of platelet-derived pro-inflammatory cytokines
and CD40L leads to monocyte activation, upregulation of endothelial adhesion
molecules, formation of neutrophil extracellular traps (NETs); and the generation of
reactive oxygen species (ROS) (9,23-25). Inhibition of platelet activation or adhesion

has been shown in animal models to reduce plaque size and inflammation (26,27).

Platelet adhesion in early to moderate-stage atherosclerosis is primarily
mediated by interactions between the GPlIba component of the GPIb/IX/V complex on
platelets and the A1 domain of “activated” VWF (27-29). This interaction appears to be
facilitated by association of VWF with the intact endothelial surface, and ineffective
cleavage at the A2 domain by ADAMTS13, resulting in ultra-large multimers of self-
associated VWF (17,29,30). In this study, molecular imaging of a remote artery revealed
a large increase in endothelial VWF-A1 domain and platelet adhesion after Ml which
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paralleled endothelial inflammatory responses. Platelet signal in post-MI DKO mice was
entirely eliminated by exogenous ADAMTS13 implicating abnormal regulation of VWF.
Again, intravital microscopy provided corroborative evidence such as the formation of
large linear platelet clusters that were dynamic in size and oscillated in flow,
characteristic of the large VWF networks. To a lesser degree, adherent platelet-
monocyte complexes were also observed. Many of these hetero-aggregates did not
appear consistent with direct contact of single platelets to the leukocyte surface, but
instead appeared as a dynamic clustering of platelets downstream from leukocytes
possibly consistent with VWF net formation on leukocytes (31). The contribution of
platelets to post-MI endothelial activation in this study was confirmed by a reduction, but
not elimination, of P-selectin and VCAM-1 signal at 21 days in platelet-depleted DKO

mice.

Oxidative stress measured by a variety of biomarkers is known to increase after
recent Ml (32), is known to be greater in the setting of dysplipidemia (33), and
represents a pathway by which inflammation and platelet adhesion can self-propagate
in a deleterious manner (9). We evaluated the contribution of oxidative stress by treating
mice with apocynin which, among many of its effects, inhibits membrane translocation
of the p47phox and gp91phox subunits of Nox (13), and in our experience has been
more effective at reducing adhesion molecule expression than free radical scavenger
approaches. Apocynin was found to reduce molecular imaging signal for P-selectin,
VCAM-1, VWF-A1 and platelet GPlba. These data suggest that increased oxidative
stress plays an important role in remote endothelial activation after MIl. These findings
are consistent with known effects of reactive oxygen species to stimulate adhesion
molecule expression through the transcription factor nuclear factor-kB (NF-kB), and to
inhibit proteolytic regulation of VWF (34-36). The suppression of adhesion molecule
expression and platelet adhesion with apocynin was associated with partial protection
from post-MI accelerated plaque progression in terms of inflammation and necrotic core

size.

There are several limitations of the study that should be acknowledged. Although
the murine model was selected to reflect human disease based on reproducible plaque

development without extreme diet, mice do not necessarily reproduce human condition
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based on both plaque location and lack of plaque rupture or erosion as the inciting
event. It is also important to note that post-MI molecular imaging and plaque
assessment were made only for the aorta based on the inability to resolve smaller
branch non-culprit arteries and because of the unique distribution of disease in murine
models. We did not make any direct measurements of oxidative stress in the different
cohorts, largely because of the strength of evidence from previous studies
demonstrating that oxidative biomarkers increase after Ml and are reduced by apocynin
(32,37). There are insufficient data to state that the primary mechanism by which
apocynin reduced plaque progression after Ml was directly attributable to adhesion
molecule expression and platelet adhesion. Instead, we believe that lowering ROS
would have pleiotropic effects that would include the endothelial abnormalities that were
the focus of this study. Importantly, we do not yet have data revealing the primary
inciting factor for remote plaque activation, nor do we have data on how infarct size or

duration of ischemia influence the degree of remote plaque activation.

In summary, myocardial infarction leads to remote endothelial activation and
abnormal regulation of endothelial-associated and possibly leukocyte-associated VWF
(Central lllustration). These processes are associated with enhanced monocyte
recruitment, platelet-endothelial adhesion, and acceleration of plaque progression.
Interrupting the endogenous vascular production of ROS with the Nox inhibitor apocynin
suppresses adverse remote endothelial changes. Our findings help understand
mechanisms for heightened risk for recurrent events after MI, and reveal potentially
modifiable processes. They could also contribute to the mechanistic understanding of
the recently-described beneficial effects of pro-inflammatory cytokine inhibition in
patients with M| (38).

This study demonstrates application of several techniques described in this
thesis as they are used in a complementary fashion to characterize remote molecular
and cellular endothelial events, measure atherosclerotic progression, and evaluate a
potential anti-oxidant therapy following a remote ischemic event. Specifically, CEU
molecular imaging, intravital microscopy, and histology were used to detect molecular
and cellular events in different territories, based on the abilities and limitations of each

technique. CEU molecular imaging provided a measure of molecular signal at the
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endothelial surface of a large artery. Intravital microscopy produced visual and
quantitative data of cellular interactions in the peripheral microcirculation. Imaging of
extravascular infiltration of macrophages, plaque growth, and plaque destabilization
required aortic histology and immunostaining, which also produced corroboratory data
on surface VCAM-1 expression. While this study concerned events at the endothelia
surface of remote arteries, it was essential to also image cardiac function via
echocardiography in order to provide confirmation of induced myocardial infarction.
Leveraged together, these techniques led to a better understanding of the global
vascular effects of myocardial ischemia as well as validation that targeting oxidative

processes can limit adverse changes.
Summary of Techniques

This study provided an ideal example of how the many techniques discussed in
earlier chapters can be leveraged together in order to relate cardiac processes to
vascular and endothelial processes. 2D echocardiography and measurement of ST-
elevation on electrocardiogram were used to measure the presence and extent of
myocardial infarction after ligation of the LAD. Beyond simply confirming that ligation
resulted in myocardial ischemia, the presence of wall motion abnormalities and reduced
longitudinal strain were used to demonstrate that this model of ischemia sufficiently
approximated a human MI. Additionally, the sham procedures demonstrated that all
vascular changes measured were the result of the Ml rather than the surgical procedure

used to induce it.

The central principle of this study is that an ischemic event in one territory of
myocardium leads to a series of changes throughout the vasculature. After successfully
demonstrating the MI model using echocardiography and EKG changes, several
techniques were used to measure changes to the vascular endothelium and plaques in
the subendothelial space. CEU molecular imaging revealed the time-course of changes
in endothelial ECAM and VWF surface expression and recruitment of platelets, and
histological analysis was used to both confirm CEU findings and show accelerated
atherosclerotic plaque growth and destabilization through increased inflammation and

loss of collagen. Intravital microscopy findings suggested that the vascular changes
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observed in the aortic root were truly global and affected vascular beds in territories as
remote as the cremaster muscle, and also allowed us to directly visualize recruitment of
leukocytes by adherent platelets and characteristic VWF-platelet string formation and

embolization.
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Cardiovascular Toxicity of Tyrosine Kinase Inhibitors

Summary

The third-generation tyrosine kinase inhibitor (TKI) ponatinib has been
associated with high rates of acute ischemic events. The pathophysiology responsible
for these events is unknown. We hypothesized that ponatinib produces an endothelial
angiopathy involving excessive endothelial-associated von Willebrand factor (VWF) and
secondary platelet adhesion. In wild-type mice and ApoE™~ mice on a Western diet,
ultrasound molecular imaging of the thoracic aorta for VWF A1-domain and
glycoprotein-lba was performed to quantify endothelial-associated VWF and platelet

adhesion.

After treatment of wild-type mice for 7 days, aortic molecular signal for
endothelial-associated VWF and platelet adhesion were five- to sixfold higher in
ponatinib vs sham therapy (P < .001), whereas dasatinib had no effect. In ApoE~~ mice,
aortic VWF and platelet signals were two- to fourfold higher for ponatinib-treated
compared with sham-treated mice (P < .05) and were significantly higher than in treated
wild-type mice (P < .05). Platelet and VWF signals in ponatinib-treated mice were
significantly reduced by N-acetylcysteine and completely eliminated by recombinant
ADAMTS13. Ponatinib produced segmental left ventricular wall motion abnormalities in
33% of wild-type and 45% of ApoE™"~ mice and corresponding patchy perfusion defects,
yet coronary arteries were normal on angiography. Instead, a global microvascular
angiopathy was detected by immunohistochemistry and by intravital microscopy
observation of platelet aggregates and nets associated with endothelial cells and

leukocytes. Our findings reveal a new form of vascular toxicity for the TKI ponatinib that
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involves VWF-mediated platelet adhesion and a secondary microvascular angiopathy
that produces ischemic wall motion abnormalities. These processes can be mitigated by

interventions known to reduce VWF multimer size.

Background

Tyrosine kinase inhibitors (TKIs) have revolutionized the treatment of patients
with chronic myelogenous leukemia (CML). In CML, the t(9;22) chromosomal
translocation results in production of the oncogenic tyrosine kinase BCR-ABL1. TKls
targeted to BCR-ABL1 inhibit the proliferation and survival of malignant cells and result
in long-term disease-free survival rates of nearly 80%.12 Ponatinib is a third-generation
BCR-ABL1 TKI with a broad range of activity against other TKs (vascular endothelial
growth factor, fibroblast growth factor, and platelet-derived growth factor receptors) and
is the only TKI that is approved for treating CML rendered drug resistant by the T315I
mutation.2t However, the use of ponatinib in patients has been curtailed, and at one
point temporarily halted, by the US Food and Drug Administration, because of high
rates of vascular toxicity manifest as acute thrombotic occlusive events within months of

initiating therapy, the cause of which is unknown &2

In this study, in vivo imaging methods unique in their ability to investigate events
at the endothelial-blood pool interface, including in vivo ultrasound molecular imaging
and intravital microscopy, were used to assess endothelial alterations that underlie the
vascular complications of ponatinib. These approaches have recently been applied to
elucidate sudden high-risk endothelial changes that occur globally after focal myocardial
ischemia.t We applied these techniques to investigate whether ponatinib produces an
arterial and microvascular endothelial angiopathy involving excessive endothelial-
associated von Willebrand factor (VWF) and secondary glycoprotein-lba (GPIba)—
mediated platelet adhesion. Because myocardial infarction is one of the most frequent
vascular complications, we also assessed whether these endothelial changes result in
ischemic left ventricular (LV) wall motion abnormalities (WMAs). With regards to
potential mitigation strategies, we tested whether the platelet-related angiopathy could
be partially prevented by N-acetylcysteine (NAC), which can potentially reduce VWF
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multimer size through direct effects on self-association and secondary effects on

endogenous protease activity.2

Materials and Methods

Animals

The study was approved by the Animal Care and Use Committee of Oregon
Health & Science University. We studied wild-type C57BI/6 mice and hyperlipidemic
mice with susceptibility to atherosclerosis produced by gene deletion of the
apolipoprotein-E (ApoE--) fed a “Western-style” diet (WSD) consisting of 42% of
calories from fat (Teklad TD.88137, Envigo) for 6 weeks prior to the study. Mice were
studied at 15 to 20 weeks of age, which for ApoE-- mice on a WSD is expected to
represent a stage at which there are early atherosclerotic lesions in the aortic root and
proximal aorta.121t For all studies except intravital microscopy, mice were anesthetized
with 1.0% to 2.0% inhaled isoflurane, and euthermia was maintained. A jugular cannula
was placed for IV injection of contrast agents or drugs when necessary. For intravital
microscopy, mice were anesthetized with intraperitoneal injection (10-15 uL/g) of a
solution containing ketamine hydrochloride (10 mg/mL), xylazine (1 mg/mL), and

atropine (0.02 mg/mL).
TKI Drug Therapy and Study Design

For TKI therapy in mice, either ponatinib (30 mg/kg) or dasatinib (20 mg/kg) was
dissolved in a solution of citrate titrated to achieve a pH of 2.75 and administered as a
daily oral gavage. Doses of TKI were selected a priori based on studies demonstrating
therapeutic response in murine models of malignancy.i21¢ NAC was administered by
daily gavage at the same time as ponatinib at a dose (600 mg/kg) that was weight
adjusted to be in slight excess to that used to treat acetaminophen poisoning. Mice
were treated for 7 days prior to being studied with contrast-enhanced ultrasound (CEU)
molecular imaging, intravital microscopy, echocardiography, or computed tomography

(CT) coronary angiography.

Tail Cuff Blood Pressure Mearurement
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Daily blood pressure measurements were performed with a mouse tail cuff
plethysmograph (IITC Life Science Inc., Woodland Hills) by the same female operator
(Y.L.) in a designated quiet room. Mice were habituated for 210 days prior to initiation of
therapy by allowing their spontaneous entry into the restraint tube and subsequent
adjustment of the tube length to limit motion. The cuff was placed at the base of the tail.
System temperature was set at 34° C. Fifteen sequential blood pressure measurements
were made, the first five of which were used for acclimation and the last ten of which

were then averaged.
CEU Molecular Imaging Study Assignments

The following conditions were tested to evaluate aortic endothelial response to TKils

using contrast-enhanced ultrasound as an in vivo readout:

1. Molecular imaging performed in wild-type mice at baseline and after 7 days of

daily therapy with ponatinib, dasatinib, or vehicle.

2. Molecular imaging performed in ApoE-- mice on a WSD at baseline and after 7

days of daily therapy with ponatinib, ponatinib + NAC, or vehicle.

3. Molecular imaging performed in ApoE-- mice on a WSD after 7 days of daily
therapy with ponatinib that also received recombinant human ADAMTS13 (a
disintegrin and metalloprotease with thrombospondin type | repeats-13) (5 pg V)
1 hour prior to imaging. ADAMTS13, which is a regulatory protease that cleaves
VWEF at the A2 domain, was used to reduce ultralarge VWF multimer size after

surface expression by endothelial cells.1516
Preparation of CEU Molecular Imaging Targeted Contrast Agents

Lipid-shelled decafluorobutane microbubbles bearing a bifunctional conjugation
moiety consisting of a hydrophobic domain and a biotin domain at the end of a
polyethylene glycol spacer were prepared by sonication of a gas-saturated aqueous
suspension of distearoylphosphatidylcholine (2 mg/mL), polyoxyethylene-40-stearate (1
mg/mL), and distearoylphosphatidylethanolamine-PEG(2000)biotin (0.4 mg/mL).

Conjugation of biotinylated ligand to the microbubble surface was performed with biotin-
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streptavidin bridging as previously described.117 | igands used for targeting were
dimeric murine recombinant A1 domain of VWF A1 (mature VWF amino acids 445 to
716) for targeting platelet GPIba, and a cell-derived peptide representing the N-terminal
300 amino acids of GPIba for targeting the VWF A1 domain, which is exposed by shear
on ultralarge multimers.:8 Control microbubbles were prepared with isotype control
antibody (R3-34, BD Biosciences). Microbubble concentrations and size distributions

were measured by electrozone sensing (Multisizer 1ll; Beckman Coulter, Brea, CA).
CEU Molecular Imaging

CEU molecular imaging of the ascending thoracic aorta and proximal arch were
imaged using a right parasternal window with a 15L7 linear-array probe (Sequoia;
Siemens, Mountain View, CA). Multipulse phase-inversion and amplitude-modulation
imaging was performed to specifically detect the nonlinear signals generated at the
fundamental and harmonic frequencies by microbubble cavitation.122 [maging was
performed at a transmission frequency of 7 MHz and a dynamic range of 55 dB. The
mechanical index was set at 1.0. Images were acquired 8 minutes after IV injection of
targeted or control microbubbles (1 x 10¢) performed in random order. Signal from
retained microbubbles alone was determined as previously described by acquiring the
first ultrasound frame and then digitally subtracting several averaged frames obtained
after complete destruction of microbubbles at a mechanical index of 1.4 to eliminate
signal from the low concentration of freely circulating microbubbles in the blood
pool.1t Signal intensity was measured from a region of interest encompassing the entire
ascending aorta to just beyond the origin of the brachiocephalic artery. Region selection
was facilitated by fundamental 2-dimensional imaging at 14 MHz acquired after each

CEU imaging sequence.
Echocardiography

Echocardiography was performed to assess LV function. High-frequency (40
MHz) transthoracic echocardiography (Vevo 2100, VisualSonics Inc., Toronto, Canada)
was performed using a parasternal long-axis and sequential parasternal shortaxis
imaging planes to assess regional wall motion. LV dimensions at end-systole and end-
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diastole and fractional shortening (percent change in LV diameter normalized to end-
diastole) were measured from the parasternal long-axis view using linear
measurements of the LV at the level of the mitral leaflet tips during diastole. Radial
strain was calculated using speckle-tracking echocardiography from a summation of
mid- and apical short-axis images view and was quantified as the average of a standard
single 6-segment model at the mid, and 4-segmental model at the apex. Stroke volume
was calculated as the product of the left ventricular outflow tract crosssectional area and
time-velocity integral on pulsed-wave Doppler. The presence versus absence of any

wall motion abnormalities was made by an experienced observer blinded to condition.
CT Coronary Angiography

CT coronary angiography was performed immediately after echocardiography in
several sham-treated mice and ApoE-- mice treated with ponatinib that were selected
based on presence of obvious WMAs. Mice were treated with 1000 U sodium heparin
by intraperitoneal injection. After 15 minutes, an anterior laparotomy was performed in
order to selectively cannulate the descending aorta. Retrograde perfusion of the
coronary circulation at a perfusion pressure of 100 mm Hg was performed with
phosphate-buffered saline at 37°C containing 0.1 mM sodium nitroprusside and 1 mM
papaverine in order to clear the intravascular blood pool and achieve maximal
vasodilation of the coronary vasculature. Retrograde perfusion fixation was performed
with 1% paraformaldehyde followed immediately by perfusion with a radiopaque
silicone-based casting agent (Microfil Flow Tech, Carver, MA) prepared as 8:1:1 parts
latex/dilutent/curing agent, per the manufacturer’s instructions. Once the coronary
arteries were visually confirmed to be filled, perfusion pressure was maintained for an
additional 5 to 10 minutes. After curing for 1 hour, the heart was removed and
immersion fixed in 2% paraformaldehyde overnight. Micro-CT angiography (Inveon,
Siemens) was performed using a 14-bit X-ray detector and a full 360° rotation at 1°
increments and 6870-ms exposure times. Imaging was performed at a peak voltage of

30 kV (0.5 mA tube current) with maximal intensity projection processing.

Spatial Assessment of Perfusion by Microspheres
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In animals not undergoing CT coronary angiography, immediately after
echocardiography, animals were intubated and placed on mechanical ventilation using
weight-adjusted tidal volumes. A left lateral thoracotomy was performed to expose the
left ventricular apex, through which a 23 g needle was placed to infuse 200 ul of a 1%
w/v solution of fluorescently-labeled polystyrene microspheres 3-8 um in diameter
(Duke Scientific Corp., Palo Alto, California). Microspheres were allowed to circulate for
2 minutes. The heart was removed and cut into seven equal-thickness short-axis
sections. Digital images of the basal aspect of all sections were acquired under
ultraviolet light and the summed area devoid of fluorescent microspheres summed for
all sections was measured and expressed as a ratio to total summed left ventricular

area.
Intravital Microscopy

Direct observation of platelet- and leukocyte-endothelial interactions was
performed with intravital microscopy in male wild-type mice and ApoE-- mice on a WSD
after 1 week of treatment with ponatinib or vehicle. The cremaster muscle was
exteriorized and prepared for intravital microscopy using a buffered isothermic
superfusion as previously described.2t Microscopy was performed with combined
fluorescent epi-illumination and low-intensity transillumination (Axioskop2-FS; Carl
Zeiss, Thornwood, NY) and a high-resolution charge-coupled device camera (C2400;
Hamamatsu Photonics, Hamamatsu, Japan). In vivo fluorescent labeling of platelets
was performed with rhodamine-6G (1 mg/mL, 75-100 uL IV). The number of adherent
leukocytes and platelet adhesive events (>3 s) and the formation of platelet “strings”
indicative of ultra-large VWF multimers were quantified as either the number of events
or the fluorescent platelet area normalized to vessel area. A minimum of 5 separate

venules were assessed per animal.
Flow Cytometry

Flow cytometry was used to assess platelet surface adhesion molecule
expression. Whole blood from wild-type mice treated for 7 days with ponatinib or vehicle

(n=3 each) was obtained in citrated tubes and centrifuged to obtain platelet-rich plasma.
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Primary rat anti-mouse monoclonal antibodies (5 ug) against either P-selectin (RB40.34,
BD Biosciences) or GPlba (R300, Emfret Analytics, Eibelstadt, Germany) were added
to 200 mL aliquots. Platelets were than washed in phosphate-buffered saline containing
2% bovine serum albumin, and secondary staining was performed with FITC-labeled
isotype-specific anti-rat secondary antibody (RG11 or RG7, BD Biosciences). Flow
cytometry (FACSCanto Il, BD Biosciences) was performed gated to the platelet window
on forward and side scatter. Data are expressed as the average of the geometric mean

for fluorescence intensity.
Endothelial ROS Production, Viability, and VWF secretion

Murine endothelial cells (SVEC4-10; ATCC, Manassas, VA) were grown to
confluence in Dulbecco’s modified Eagle medium growth medium supplemented with
10% fetal bovine serum. Cells were exposed to ponatinib added to the growth medium
to reach a final concentration of 0.1, 0.5, 1.0, or 2.5 uM for 2 hours. Positive control
experiments were performed by adding 10 mL of a 100 mM solution of phorbol 12-
myristate 13-acetate to SVE4-10 cells for 30 minutes. For assessing reactive oxygen
species (ROS), 2',7"-dichlorodihydrofluorescein diacetate succinimidyl ester (H.DCFDA,;
OxyBURST Green, ThermoFisher Scientific) was added to the culture medium at a final
concentration of 1 mM for 10 minutes prior to fluorescence microscopy (Axioscop-2,
Carl Zeiss) at an emission wavelength of 490 nm and a constant output intensity. Mean
fluorescent intensity for H-DCFDA was measured from a minimum of 10 random fields

of view (ImageJ; National Institutes of Health, Bethesda, MD).2

For cell viability, costaining was performed with propidium iodide (PI) at a final
concentration of 5 mM and 4',6-diamidin-2-phenylindol (DAPI) for 5 minutes then
washed. Endothelial cell viability was measured by the proportion of DAPI-stained
nuclei that also stained with Pl in a minimum of 10 randomly selected fields of view. For
assessment of VWF secretion, a microfluidic cell culture chamber (VI0.1; ibidi,
Martinsried, Germany) was seeded with 2 x 106 human umbilical vein endothelial cells
(HUVECSs) and infused with complete medium overnight at a shear rate of 200 s-'. Cells
were exposed to serum-free medium for 2 hours and then for 24 hours with serum-free

medium with either 0.1% fatty acid-free bovine serum albumin (control), ponatinib (0.5
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mM), or tumor necrosis factor a (TNF-a; 10 ng/mL) (positive control). Cells were then
fixed and immunostained without permeabilization with rabbit anti-human VWF (A0082;
DAKO, Santa Clara, CA) and mouse anti-human CD31 (WM59; Thermo Fisher
Scientific, Grand Island, NY) polyclonal antibodies, and Alexa Fluor—labeled secondary
antibodies. Area staining for VWF was assessed in 5 random fields of view per

chamber.
Histology

For immunohistochemistry of the LV myocardium, myocardial blood volume was
removed by retrograde aortic perfusion at physiologic pressure of isothermic phosphate-
buffered saline containing 2.5% albumin. Perfusion-fixed short-axis thick sections that,
for ponatinib-treated mice, included both the areas with and without WMA were cut.
Immersion-fixed sections from the kidneys of ponatinib- and vehicle-treated mice were
also assessed. Immunohistochemistry was performed using rat anti-mouse monoclonal
antibody against platelet CD41 (ab33661; Abcam, Cambridge, MA), and secondary
staining with donkey ant-rat Cy3-labeled polyclonal antibody (Jackson
ImmunoResearch, West Grove, PA). Endothelial staining was performed with Alexa
Fluor 488—conjugated isolectin GS-1B4 (Invitrogen, Grand Island, NY). Nuclear
counterstaining was performed with Hoechst 33342 (Invitrogen). Fluorescent
microscopy was performed on a confocal system (TCS SP5; Leica Microsystems,
Buffalo Grove, IL).

Statistical Analysis

Data analysis was performed with Prism v7.0a (Graph Pad, La Jolla, California).
Continuous variables that were normally distributed are displayed as mean +SD unless
stated otherwise; whereas those that were not normally distributed are displayed as
box-whisker plots with a bar representing median, box representing 25-75% confidence
intervals, and whiskers representing range. Student t test (paired or unpaired) were
performed for comparisons of normally distributed data. For non-normally distributed
data, either a Mann-Whitney U test or Wilcoxon signed-rank test was used as
appropriate according to experimental conditions (paired data within a group versus
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group-wise comparisons). For multiple comparisons, a one-way ANOVA was performed
for normally distributed data with post-hoc testing with Holm-Sidak’s multiple
comparisons correction. A Kruskal-Wallis test followed by Dunn’s multiple comparison
test was performed for non-normally distributed data. Differences in proportions (wall
motion data) were compared using Fisher’'s exact test. Differences were considered

significant at p<0.05.

Results

Survival and Blood Pressure in Ponatinib-Treated Mice

Because clinical studies have indicated that patients with traditional
atherosclerotic risk factors are at greater risk for ponatinib vascular toxicity,” we studied
both wild-type C57BI/6 mice and mice with gene-targeted deletion of ApoE~~ fed for 6
weeks with WSD. During the 1-week period of therapy, treatment-related mortality
occurred only in ponatinib-treated mice, with a significantly higher mortality compared
with sham-treated animals for the ApoE ™~ mice (Figure 1). Daily awake tail cuff blood
pressure measurements in animals acclimatized to the procedure revealed a gradual
increase in both systolic and diastolic blood pressure in ponatinib-treated wild-type and
ApoE~" mice, whereas sham-treated mice remained normotensive (Figure 1). This
hypertensive response is similar to blood pressure responses seen in two-thirds of
patients receiving ponatinib2 and likely reflects potency of ponatinib kinase against
vascular endothelial growth factor receptor-2. Blood counts after days of therapy
showed mild leukocytosis in ponatinib-treated mice. Schistocytes were not detected

using Wright-Giemsa stain.
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Figure 1: Kaplan-Meier curves illustrate survival after initiation of ponatinib (30 mg/kg per day) or vehicle
(sham treatment) in wild-type C57BI/6 mice (A) and ApoE~"~ mice on a WSD (B). Tail-cuff systolic blood
pressure was measured in awake wild-type (C) and ApoE~~ mice on a WSD (D) in animals that were

acclimatized to the procedure prior to initiation of therapy. *P < .05 vs vehicle. BP, blood pressure.
Vascular Prothrombotic Changes by Molecular Imaging

Molecular imaging was performed with tracers targeted to endothelial-associated
large multimers of VWF that have undergone shear-mediated exposure of their platelet
binding domain and to platelet GPlba, which reflects vascular platelet adhesion. In wild-
type mice, aortic signal for VWF-A1 and platelet GPIba in ponatinib-treated mice was
five- to sixfold greater compared with sham-treated mice (Figure 2A-B). This high
degree of signal for VWF and platelet adhesion was not seen after therapy with
dasatinib (20 mg/kg per day), a second-generation TKI characterized by a narrower
spectrum activity than ponatinib with regards to non—-BCR-ABL1 receptors that has
been shown to have a much lower rate of vascular events in patients.>8 Flow cytometry
performed with platelets from vehicle-treated vs ponatinib-treated mice showed no
difference in surface expression for GPlba (median fluorescence intensity, 9156 + 1439
vs 9505 + 1684, P = .90) or P-selectin (median fluorescence intensity, 6992 + 860 vs
7536 + 1291, P =.70).
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Figure 2: (A) Mean (+ standard error of the mean [SEM]) signal enhancement measured from the

Control

proximal thoracic aorta on CEU molecular imaging using tracers targeted to platelet GPlba, VWF A1-
binding domain, or control agent, in wild-type mice treated for 1 week with ponatinib (30 mg/kg per day),
dasatinib (20 mg/kg per day), or vehicle. *P < .01. (B) lllustrative images from a ponatinib-treated wild-
type mouse showing 2-dimensional (2-D) ultrasound (14 MHZz) of the proximal thoracic aorta and origin of
the brachiocephalic artery (outlined), and background-subtracted color-coded (scales at right) CEU
molecular imaging with control or targeted contrast agents. (C) Mean (x SEM) signal enhancement on
CEU molecular imaging of the proximal thoracic aorta in ApoE~~ mice on a WSD treated for 1 week with
ponatinib (30 mg/kg per day) or vehicle. *P < .05. (D) CEU molecular imaging in ponatinib-treated
ApoE~- mice on a WSD showing effects of either daily coadministration of NAC (600 mg/kg per day) or IV
rADAMTS13 (5 pg) given 1 hour prior to imaging. *P < .05; **P < .01. U, international unit.

In ApoE ™"~ mice on a WSD, ponatinib treatment was again associated with a
much higher aortic molecular imaging signal for VWF-A1 and platelet GPIba compared
with sham-treated animals (Figure 2B). Compared with wild-type mice, ApoE~~ mice
had a higher aortic molecular imaging signal after ponatinib for both platelet GPIba
(median [interquartile range]: 25.1 [21.0-32.3] vs 13.3 [10.6-21.2], P = .02) and for VWEF-
A1(25.1[18.1-31.2] vs 15.3 [11.8-18.9], P = .02). In ponatinib-treated ApoE™~~ mice, IV
administration of recombinant ADAMTS13 1 hour prior to molecular imaging resulted in
nearly complete elimination of aortic VWF and GPlba signal enhancement (Figure 2D),
indicating that platelet adhesion was entirely attributable to endothelium-associated
VWEF. Treatment of ApoE™~ mice with NAC, coadministered daily with ponatinib, also

eliminated the VWF signal but reduced the platelet signal only by half.
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Myocardial Function and Coronary Patency

Because cardiac events are among the most common of the reported ponatinib
vascular toxicities seen in humans,’ transthoracic 2-dimensional echocardiography was
performed to assess for ischemic WMAs. LV function was normal in all animals at
baseline and remained normal after sham treatment in wild-type and ApoE~"~ mice. In
ponatinib-treated mice, new segmental WMAs were frequently observed (Figure 3A-B).
Segmental WMAs resulted in a decrease in average stroke volumes and, for
ApoE~" mice, a worsening in systolic global radial strain (Figure 3C-D).
Coadministration of NAC in ponatinib-treated ApoE™~ mice prevented the reduction in
stroke volume and global radial strain and reduced the proportion of animals with
abnormal wall motion at 1 week, although the latter did not meet statistical significance
(Fisher’'s exact P = .20).
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Figure 3: (A) Echocardiography in the parasternal long-axis plane at end-diastole and end-systole
illustrating an inferoapical WMA (arrow, see online videos for examples of WMAs). (B) Proportion of
animals with segmental LV wall motion abnormalities after 1 week of ponatinib therapy. (C-D)
Echocardiographic measurement of stroke volume (bars represent mean * standard deviation) at
baseline and after treatment (vehicle or ponatinib) in wild-type (C) and ApoE~~ mice on a WSD (D). ns,

not significant.
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Figure 4: (A) Ex vivo epifluorescent illumination of microspheres in sequential ventricular short-axis
sections illustrating normal perfusion, and focal regions of myocardial perfusion defect (MPD) (arrows).
(B) CT coronary angiography in the left lateral projection illustrating lack of arterial occlusion in 2
ponatinib-treated mice with WMAs. (C) Fluorescent confocal microscopy of the LV myocardium from
ponatinib-treated wild-type mice showing regions with and without WMAs and from a sham-treated
mouse. Staining was performed with isolectin (green) for microvessels, Hoechst stain for nuclei (blue),
and platelet CD41 immunohistochemistry (red). The bottom rows illustrate the red channel alone to better
display platelets. Scale bars, 100 um. (D) Higher-magnification image from the ponatinib-treated animal
with WMA.

In mice with WMAs, spatially matched patchy LV myocardial perfusion defects
were observed on postmortem analysis of the distribution of fluorescent microspheres
given just prior to euthanasia (Figure 4A). Quantitatively, the area void of microspheres
was greater for ponatinib-treated than sham-treated animals for both wild-type (23.1 +
11.7 vs 3.1 £ 2.2, P <.001) and ApoE™" mice (26.5+ 9.3 vs 5.7 + 2.7, P < .001).
Despite the presence of perfusion defects on microsphere analysis, CT coronary
arteriography failed to detect coronary artery stenosis or occlusion in ponatinib-treated
mice (Figure 4B). To investigate the possibility of a microvascular thrombotic

angiopathy, immunohistochemistry of the LV was performed and showed multiple large
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platelet aggregates in ponatinib-treated mice only in myocardial regions with WMAs
(Figure 4C-D). Aggregates were absent in sham-treated mice. Immunohistochemistry of
renal tissue, which was performed to assess a nonmyocardial organ, also showed an

increase in microvascular platelets in the form of small aggregates.

Microvascular Platelet Adhesion

To further assess for global thrombotic microangiography, intravital microscopy
of the cremaster muscle was used to directly observe the microcirculation for similar
endothelial-related changes. In wild-type mice and in ApoE™~ mice on a WSD, ponatinib
resulted in a greater number of platelet—endothelial interactions manifest either as
nontransient platelet endothelial adhesion or as platelet aggregates in the form of linear
strings and nets associated with the endothelium or leukocytes (Figure 5). Events were

seen in both venules and arterioles, and occasional embolization was observed.
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Figure 5: Box-whisker plots for intravital microscopy data from the cremasteric microcirculation of vehicle
(sham) or ponatinib-treated wild-type and ApoE~"~ mice illustrating the number of platelets adhering to the
microvascular endothelium (A), the number of platelet strings or nets (B), the area of adherent platelet
strings or nets (C), and the number of leukocytes adhered in postcapillary venules (D). *P < .05; **P <
.01. (E-F) Histograms illustrating the distribution of leukocyte rolling velocities in cremasteric venules for
ApoE~- mice on a WSD for animals treated with vehicle (E) or ponatinib (F). Rolling velocity was slower
for ponatinib-treated mice (P < .01 by Mann-Whitney rank-sum test). ns, not significant.
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Because platelet adhesion can promote endothelial cell adhesion molecular
expression and can directly participate in leukocyte adhesion and extravasation, 2425
leukocyte recruitment was also analyzed. Ponatinib-treated mice had substantially
slower venular leukocyte rolling velocities, but only trends for greater leukocyte
adhesion were seen (Figure 5). Plasma showed modest, nonsignificant increases in
VWEF antigen levels by enzyme-linked immunosorbent assay for ponatinib-treated wild-

type and ApoE™~ mice compared with sham-treated controls.

Endothelial ROS Production and VWF Expression
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Figure 6: A) ROS generation by SVEC4-10 endothelial cells in culture measured by mean (£ SEM)
H2DCFDA fluorescence after 24 hours of ponatinib treatment. Positive control data are shown for phorbol
12-myristate 13-acetate (PMA)-treated cells. (B) Examples of SVEC4-10 cells exposed for 24 hours to
ponatinib (0.1 to 2.5 yM) by fluorescent imaging of H.DCFDA and DAPI (nuclear staining) illustrating
dose-dependent increase in ROS, and low-magnification bright-field (LM-BF) microscopy illustrating loss
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of cell confluence at high concentrations. (C) Mean (£ SEM) cell viability after 24 hours of exposure to
ponatinib (0.1 to 2.5 yM) determined by the proportion of cells staining positive for PI. *P < .05 vs all other
conditions by post hoc testing after correction for multiple comparisons. (D) Cell viability at various
concentrations of ponatinib (Pon) with and without NAC. *P < .05. (E-F) Mean (x SEM) area for
externalized VWF on HUVECSs in a microfluidic chamber after 24 hours of exposure to ponatinib (0.5 uM),
TNF-a (10 ng/mL), or control serum, and examples of fluorescent microscopy for each condition. *P < .01.

AU, arbitrary unit.

To better understand the ameliorative effects of NAC in ponatinib-treated mice,
production of ROS from ponatinib-treated cultured SVEC4-10 murine endothelial cells
was measured. Ponatinib added to the growth media for 24 hours resulted in a
concentration-dependent increase in endothelial-derived ROS, as measured by
H2DCFDA fluorescence, and a loss of cell confluence at supraphysiologic (>0.5 yM)
concentrations (Figure 6).28 There was also a dose-dependent loss of cell viability, as
determined by PI staining. The proportion of nonviable cells was substantially
attenuated by addition of NAC. Microfluidic chamber experiments in HUVECs exposed
to ponatinib (0.5 pM) for 24 hours demonstrated that VWF mobilization to the cell
surface was much greater than in control conditions and was equivalent to that

achieved by TNF-a (Figure 6).
Discussion

This study provides evidence for a new form of cardiotoxicity associated with
TKIls that are used for therapy in CML. Our results indicate that the third-generation TKI
ponatinib, which has a broad spectrum of TKI activity and is active against disease that
is drug resistant from the T315] mutation, can produce prothrombotic angiopathy
manifest by platelet adhesion. This platelet adhesion is mediated by GPIba binding of
exposed A1 domain on VWF that is endothelial associated or associated with
leukocyte—platelet complexes. These processes occur in both large arteries and the
peripheral microcirculation and in the latter can produce ischemic changes in ventricular
function. These platelet-mediated events are likely to be involved in the processes
responsible for the high incidence of vascular toxicity associated with ponatinib in
patients with CML. 6227
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Previous studies investigating potential mechanisms for ischemic events with
ponatinib have been largely inconclusive. A knowledge gap existed regarding the
potential role of the endothelium. To investigate this possibility, we applied CEU
molecular imaging, which employs tracers that are confined to the vascular
compartment to assess endothelial events.&18 Molecular imaging of the proximal
thoracic aorta, a site that is susceptible to atherosclerosis in WSD-fed
ApoE~"" mice, ! was performed with tracers targeted to (1) endothelial-associated large
multimers of VWF that have undergone shear-mediated exposure of the A1-binding
domain for the GPIba component of the GPIb-1X-V complex on platelets or (2) GPIba,
which reflects platelet adhesion to the endothelium and is constitutively expressed by
platelets.&18 This approach has recently been used to examine similar global endothelial
abnormalities that occur after acute myocardial infarction that are responsible for a
sudden increase in events in nonculprit arteries.2 Our data indicated that ponatinib
increases endothelial VWF with exposure of the A1-binding domain and platelet
adhesion several fold within days of initiation. These changes were not seen with the
BCR-ABL1-targeted drug dasatinib, which does not have as broad TKI effects as
ponatinib and has been associated with much lower rates of thrombotic events.& While
our data and those from prior studies studying ponatinib’s effects on platelets have
demonstrated either neutral or inhibitory effects,2622 the GPIba-mediated pathways
uncovered in this study do not require platelet activation. They would therefore not
necessarily respond favorably to traditional antiplatelet therapies used in atherosclerotic

disease.

On molecular imaging, IV administration of ADAMTS13, a regulatory zinc
protease that cleaves VWF at the Tyr1605-Met1606 site of the A2 domain to regulate
multimer size, 1520 eliminated the signal for both VWF and platelets. The reversal of
aortic platelet adhesion by high-dose rADAMTS13 therapy in ponatinib-treated animals
that had normal ADAMTS13 levels supports the notion that ponatinib causes an
acquired resistance to ultralarge multimers of VWF (UL-VWF) proteolytic cleavage that
can be overcome with excess enzyme. In addition, ponatinib also increased surface
expression of VWF on HUVECSs cultured in a microfluidic system, indicating that

increased surface mobilization and decreased proteolytic cleavage played a role.
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Oxidative modification of ADAMTS13 and VWF can impair cleavage of
endothelial UL-VWF2132 and has been implicated in platelet—endothelial adhesion in
atherosclerosis and acquired forms of thrombotic thrombocytopenic
purpura.833 Accordingly, we tested the effect of coadministration of NAC (600 mg/kg per
day by gavage), which maintains antioxidant activity, thereby improving endogenous
protease activity.3* We found a significant reduction in both endothelial-associated VWF
and platelet adhesion. Because NAC can also directly reduce endothelial-associated
UL-VWEF through disulfide bond reduction,? certainty of the role of ROS would require

the administration of compounds that influence only oxidative stress.

In ponatinib-treated mice, we observed perfusion defects and regional WMAs
without coronary artery occlusion or stenosis. This constellation of findings is consistent
with a thrombotic microangiography, which is known to occur in the kidney with vascular
endothelial growth factor receptor TKls.2536 Thrombotic microangiopathy in diseases
such as thrombocytopenic purpura has been associated with high rates of myocardial
infarction.2%:38 A high proportion of these patients do not have obstructive epicardial
coronary artery disease but do have postmortem findings of coronary microvascular
thrombosis.2732 The notion that segmental LV dysfunction and matching perfusion
defects without coronary artery abnormalities in ponatinib-treated mice were due to
microvascular angiopathy was supported by histologic evidence of platelet adhesio and
by direct observation of endothelial-associated platelet strings and nets on intravital
microscopy. The latter technique also revealed that platelet networks were attached on
the downstream side of leukocytes. Potential reasons for this finding include that
platelets bind to neutrophil-associated VWF or neutrophil extracellular traps,22 although
parsing these processes would be difficult based on the ability of platelets to trigger
neutrophil extracellular traps through TLR-4 signaling.4! The observation of venular
embolization of platelet aggregates on intravital microscopy is intriguing, since venous
thromboembolism, which involves VWF-mediated platelet adhesion,*2 has also been
observed in clinical experience. The absence of classic markers of thrombotic
microangiopathy such as schistocytes can best be explained by the severity of

angiopathy, which was not fulminant, severe, and diffuse but rather indolent and patchy.
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There are several limitations of the study that should be mentioned. The short
duration of the study was adequate for assessing pathophysiologic mechanisms, but not
necessarily all of the clinical sequelae. In humans, hypertension develops rapidly,
similar to what we found in mice, but thrombotic complications occur over the course of
months. The short duration of our experiments was also not designed to evaluate the
worsening of atherosclerosis and thrombotic complications in large arteries seen in
clinical experience.®? The short-duration protocols we used were not, however,
designed to test this possibility. In fact, we believe large- and small-vessel pathologies
are likely to be intertwined, since VWF-mediated platelet—endothelial interactions in
atherosclerosis promote acceleration of plaque growth and inflammation.242 Because of
limited blood sampling, we were not able to accurately measure endogenous
ADAMTS13 activity, which would have strengthened the weight of our evidence. These
measurements may be best suited to prospective study in clinical trials, since human
ADAMTS13 assays are well established. Although we demonstrated that ponatinib
influences endothelial cell ROS production and viability, we cannot at this time directly
link these findings to the dose dependency of arterial thrombotic events. Finally, we
studied a murine model lacking BCR-ABL1 without comparison with BCR-ABL1
transgenic models, implying that the thrombotic effects of ponatinib are not mediated
through BCR-ABL1 inhibition.

In aggregate, our findings help elucidate mechanisms for vascular toxicity with
the BCR-ABL1 TKI ponatinib that can be tested in humans. The identification of VWF-
mediated platelet adhesion and a secondary indolent microvascular angiopathy in mice
treated with ponatinib provides a basis for future testing in humans and reveals

opportunities for potential mitigating strategies.
Summary of Techniques

Using several previously described techniques, we were able to demonstrate a
clear pathway between ponatinib therapy and adverse cardiovascular events:
Dysregulation of VWF leads to increased platelet adhesion and thrombotic
microangiopathies, which lead to loss of coronary arterial patency, either locally or
downstream through embolization, and finally loss of regional myocardial function and
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reduced cardiac output. While the previous study examined the effect of cardiac
dysfunction the vascular endothelium, this study was concerned with how changes at
the endothelial surface cause cardiac dysfunction. As such, many of the techniques
were similar between these studies, however this study was focused on relating
myocardial function to local vascular function rather than vascular function remote
territories. This focus required additional techniques such as angiography and
fluorescent microsphere perfusion in order to relate microangiopathies to nearby
myocardial dysfunction. By visualizing myocardial function using echocardiography and
visualizing perfusion defects and coronary patency with fluorescent microspheres and
angiography, we were able to spatially match regions with WMAs to regions with
perfusion defects and loss of coronary patency. Since CEU molecular imaging of
thrombotic processes was performed in the aorta rather than the myocardium,
histological analysis was needed to directly relate local thrombotic processes to

perfusion defects and loss of myocardial function.
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