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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION
OF ULTRASOUND CONTRAST MICROBUBBLES

TARGETED TO DYSFUNCTIONAL ENDOTHELIUM

Gregory E. R. Weller, Ph.D.

University of Pittsburgh, 2003

Endothelial dysfunction is characterized by the upregulation of leukocyte adhesion
molecules, including intercellular adhesion molecule-1 (ICAM-1), and has been identified in
numerous disease processes including inflammation, atherosclerosis, transplant rejection, and
neoplasia, yet current clinical techniques to assess endothelial dysfunction are limited. An
ultrasound-based molecular imaging technique to detect cell surface markers of endothelial
dysfunction may offer non-invasive assessment of associated disease processes.

Lipid-based ultrasound contrast microbubbles were targeted to ICAM-1 by
conjugation with anti-ICAM-1 antibodies. These targeted microbubbles should selectively
adhere to dysfunctional endothelium overexpressing ICAM-1, producing stronger and more
persistent contrast enhancement during ultrasound imaging. Previous results from our laboratory
demonstrated that ICAM-1-targeted microbubbles preferentially adhere to inflammatory versus

normal endothelium in vitro under static conditions.
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In the current studies, we first verified that ICAM-1 was upregulated in a variety of
inflammatory models using immunohistochemistry. Next, various parameters that modulate
adhesion of targeted microbubbles to dysfunctional endothelium were investigated. We
quantified and demonstrated control over the final antibody density on the microbubble. Using a
parallel plate perfusion chamber and a radial flow chamber, ICAM-1-targeted microbubble
adhesion to cultured human endothelium was shown to be greater to inflammatory than non-
inflammatory cells, and linearly dependent on microbubble antibody density, wall shear rate, and
endothelial ICAM-1 density.

In vivo experiments using a rat heart transplant model demonstrated that ultrasound
imaging using ICAM-1-targeted microbubbles can non-invasively detect acute cardiac allograft
rejection. Using a mouse subcutaneous tumor model, we demonstrated that ultrasound imaging
using microbubbles targeted via a tumor endothelium-specific binding peptide can non-
invasively identify tumor vasculature.

These data have implications for the development of targeted contrast agents capable
of identifying endothelial molecular markers of disease, and offer promise for the optimization
and clinical application of a targeted, contrast-enhanced ultrasound imaging technique for the

diagnosis and monitoring of disease states associated with endothelial dysfunction.
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1.0 INTRODUCTION

1.1 Endothelial Dysfunction

The endothelial lining of blood vessels has numerous beneficial functions in the healthy
state. In this normal role, the endothelium provides an anti-thrombotic luminal surface, regulates
vasodilation and vasoconstriction, modulates thrombosis, regulates vascular smooth muscle
proliferation, and regulates vascular permeability [1, 2]. Implications at the endothelial surface
include inhibition of coagulation, inhibition of vasoconstriction, and discouragement of adhesion
and subsequent migration of leukocytes. These active functions serve to maintain the healthy
homeostasis of the vascular bed.

In disease states, however, the endothelium changes roles to become an active promoter
of thrombosis, smooth muscle growth, and leukocyte adhesion and diapedesis [1,2]. Production
of the vasodilating substances nitric oxide (a.k.a. endothelium-derived relaxing factor) and
prostacyclin is reduced [1, 3]. Production of procoagulants including tissue factor increases,
which, in conjunction with the decrease in vasodilator secretion, creates a prothrombotic surface
[4]. Endothelial secretion of growth factors increases, encouraging smooth muscle cell
proliferation [5]. Endothelial cell (EC) surface expression of leukocyte adhesion molecules
(LAMs) is upregulated, to encourage leukocyte capture and migration [6, 7]. These responses to
insult collectively have been termed “endothelial dysfunction”, which has been identified as a
component of ischemia, inflammation, hypertension, diabetes, atherosclerosis, tissue injury,

transplant rejection, and neoplasia [1, 8-15].



1.1.1 Leukocyte Adhesion Molecules

Of particular relevance to the work presented herein is the overexpression of leukocyte
adhesion molecules during endothelial dysfunction. A key function of inflammatory
endothelium is to encourage the binding of circulating leukocytes to allow for their emigration
through the endothelial layer into the underlying tissue. This phenomenon, as described by Dr.
Timothy Springer, is a multistep process [16-18]. First, a group of adhesion molecules on the
endothelial surface called selectins weakly bind circulating leukocytes, with labile attachments
that result in transient adhesion and leukocyte “rolling” along the endothelium (see Figure 1-1).
Second, leukocytes are now close enough such that chemoattractants can signal to G-protein
receptors on the leukocytes, activating integrin adhesiveness.  Third, immunoglobulin
superfamily receptors on the endothelium bind strongly to integrins expressed on the leukocyte
surface, halting the rolling, and firmly adhering the cell to the endothelium. After the activated
white cells are arrested on the luminal surface, they diapedese between adjoining ECs and
migrate into the affected tissue, following chemoattractant gradients.

The selectins are a family of vascular adhesion molecules that mediate the initial weak
attachment of leukocytes to endothelial cells, allowing the leukocytes to roll along the vascular
wall [16, 19]. Ligands for the selectins include sialyl Lewis-x, a carbohydrate determinant found
on a number of hematopoietic cells [20]. L-selectin, found on leukocytes, E-selectin, found on
ECs, and P-selectin, found on platelets and ECs, form weak, labile tethers (fast on- and off-rates)
with their respective ligands, allowing for the transient capture and rolling of leukocytes along

the EC layer in the direction of blood flow [21, 22].



The immunoglobulin superfamily is a group of cell surface receptors that includes
intercellular adhesion molecule-1 (ICAM-1), intercellular adhesion molecule-2 (ICAM-2),
vascular cell adhesion molecule (VCAM-1), and platelet-endothelial cell adhesion molecule
(PECAM) [20]. These receptors are all transmembrane glycoproteins that have
immunoglobulin-like extracellular domains. These endothelial receptors bind to integrin ligands
on activated leukocytes to firmly bind rolling leukocytes and allow for extrusion into the
underlying tissue.

Upregulation of endothelial cell surface LAMs has been observed in atherosclerosis [12,
23], diabetes [24], arterial thrombosis [25], organ transplant rejection [26, 15], neoplasia [14],
ischemia [27, 28], tissue injury [29], ischemia/reperfusion [13], hypertension [30], inflammatory

myopathies [31], dilated cardiomyopathy [32], and chronic heart failure [33].
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Figure 1-1 Steps in leukocyte adhesion to activated endothelium. Adapted from [76].

1.1.2 ICAM-1

Much of the work presented herein focuses on the well-characterized leukocyte adhesion
molecule ICAM-1 (CD54). A member of the immunoglobulin superfamily, it is most heavily
expressed on activated leukocytes and endothelial cells, although it can also be expressed on
other cells, including fibroblasts, monocytes, mast cells, smooth muscle cells, and epithelial cells
[34]. ICAM-1 functions mainly to achieve specific, reversible cell-cell adhesion, thus supporting
activation of the T cell-mediated immune system and mediating inflammation [34]. It contains 5
immunoglobulin-like domains and has a molecular weight between 80 and 114 kDa [35, 36]. Its

structure has been determined by X-ray crystallography [37, 38]. Its ligands are the integrins



Mac-1 (CD11b/CD18) and leukocyte function associated antigen (LFA-1; CD11a/CD18), which
are both present on leukocytes but have different binding kinetics and signaling functions [39-
43]. ICAM-1 is transcriptionally regulated, and is upregulated by inflammatory cytokines [44].
ICAM-1 is overexpressed during inflammation, sepsis, wound healing,
ischemia/reperfusion injury, atherosclerosis, asthma, organ transplant rejection, melanoma and
other solid tumors, and hematological malignancies [20, 34, 45]. ICAM-1 also serves as a
receptor for rhinoviruses, a leading cause of upper respiratory tract infections, and has been
considered as a potential target for respiratory infection treatment and prophylaxis [38, 46]. It is
expressed constitutively on normal endothelial cells at a low level, and upregulated on ECs both
in vitro and in vivo by agents including interleukin-1 (IL-1), bacterial endotoxins, and tumor

necrosis factor (TNF) [20, 29, 34, 47-49]. ICAM-1 is downregulated by nitric oxide [50].

1.2 Atherosclerosis

The pathogenesis of atherosclerosis is a lifelong process, beginning long before clinical
consequences manifest. Fatty streaks, intimal aggregations of lipid-laden macrophages and T
lymphocytes, can be found in young adults, adolescents, infants, and even some fetuses [51, 52].
As Dr. Russell Ross asserts, atherosclerosis is an inflammatory disease, one that is more complex
than the simple accumulation of lipid products within the vessel wall [12]. The “response-to-
injury” model states that, long before ischemic flow limitations occur, the atherosclerotic process
is set into motion by the vascular response to insult: endothelial dysfunction [12, 53, 54]. As
described in Section 1.1, endothelium expressing an inflammatory, dysfunctional phenotype
changes its vascular roles to become prothrombotic and vasoconstrictive, and actively

encourages smooth muscle cell proliferation and leukocyte adhesion and transmigration.



Monocytes that migrate across the endothelial barrier into the underlying tissue become
macrophages and ingest lipid, resulting in foam cells that contribute to the formation of the initial
fatty streaks [11, 55]. As the recruited lymphocytes and macrophages multiply in the tissue, they
secrete pro-inflammatory factors such as cytokines, growth factors, and chemokines that lead to
further cell influx and proliferation, and tissue damage [12]. This cycle eventually allows the
initial fatty streak lesions to progress over time to the more advanced fibrofatty lesions, and
finally to the fibrous plaque stage [11].

Thus, endothelial dysfunction is a key event in the pathogenesis of atherosclerotic
disease. One aspect of this phenomenon that is of particular interest to the work in this
dissertation is the overexpression of LAMs on the activated endothelial surface. Increased levels
of ICAM-1 have been found on the endothelium of atherosclerotic plaques in many studies [23,
56-58]. ICAM-1, VCAM-1, e-selectin, and p-selectin are upregulated on the endothelium over
atherosclerotic plaques in human coronary arteries [23, 56, 58, 59]. ICAM-1 is also
overexpressed by the smooth muscle cells of human arterial plaques, and has been identified on
early fatty streaks [57, 60]. Serum levels of soluble ICAM-1 and soluble VCAM-1 have been
shown to correlate with cardiovascular risk factors and atherosclerotic disease [61, 62].
Atherogenic lipoproteins have been shown to upregulate endothelial ICAM-1 in vitro [63].
ICAM-1 has been shown to be a key factor for the progression of transplant-related
arteriosclerosis in a murine model [64], and arteriolar ICAM-1 expression in human cardiac
allografts correlates with risk for developing transplant-related coronary arteriosclerosis [65].

The pathophysiological characteristics of atherosclerosis, including LAM overexpression,
have been shown to exist not only in large vessels such as the aorta and epicardial coronary

arteries, but also in the small vessels of the microcirculation [66-68]. This is an important



finding, as contrast-enhanced ultrasound images not the large vessels, but the rather the

microcirculation, as will be discussed in Section 1.5.

1.2.1 Imaging of Endothelial Dysfunction in Atherosclerosis

The current gold standard for the diagnosis of atherosclerosis is coronary catheterization
with X-ray angiography. This technique identifies physical vessel abnormalities (stenoses) that
cause flow limitations. The limitations of angiography include invasiveness, inter-observer
variability, and an imperfect correlation with functional flow limitations [69]. Additionally,
angiography is only able to detect late-stage disease, once it has resulted in vessel shape changes.
An non-invasive technique has been introduced that assesses flow-mediated brachial artery
vasoactivity by ultrasonically measuring brachial artery diameter changes in response to
temporary flow occlusion [70]. This technique, however, is only indirectly related to coronary
endothelial function, and relies on measurements of small changes in vessel diameter that
approach the spatial resolution limits of ultrasound imaging [71]. Imaging techniques including
computed tomography (CT) and magnetic resonance imaging (MRI) have been employed to
measure vessel wall thickness, lumen area, and fibrous plaque components, but none has
progressed to clinical application [72, 73]. Intravascular ultrasound has been employed to
measure thickening of the vascular intima and media, but this technique has poor sensitivity with
mild disease, and assesses only structural vascular changes [74, 75].

Molecular imaging of atherosclerotic endothelial dysfunction may provide for the
detection of the disease process prior to structural vessel changes or clinical manifestations.
Reported techniques include scintigraphy using radiolabeled antibodies against oxidized low-

density lipoprotein (LDL) in a hyperlipidemic rabbit model [77, 78], radiolabeled anti-myosin



antibodies to image disease-associated myocyte necrosis [79], and (although not targeted the
endothelium) radiolabeled antibody specific for proliferating smooth muscle cells [80].
Magnetic particles targeted via anti-E-selectin antibodies have been used for MRI assessment of
inflammatory cultured human ECs [81]. Drug delivery liposomes linked to anti-ICAM-1
antibodies have been shown to specifically adhere to human endothelium in vitro [82].
Ultrasound imaging of molecular markers associated with atherosclerosis has been
described in a number of reports. Further details are provided in Section 1.6. Briefly, non-
targeted contrast agents can be used to image inflammation after being phagocytosed by
activated blood-borne leukocytes, which then adhere to dysfunctional endothelium [83, 84].
Echogenic liposomes conjugated to anti-fibrinogen or anti-ICAM-1 antibodies have been used to
image thrombi or atherosclerotic lesions in a porcine model [85-89]. Thrombus has also been
ultrasonically imaged using antibody targeting and avidin/biotin binding [90-92]. Activated
platelets have been targeted using contrast agents linked to receptor-specific binding peptides
[93, 94]. Inflammation has been targeted using agents linked to anti-ICAM-1 or anti-P-selectin

antibodies [95, 96], as well as agents targeted to activated leukocytes [97, 98].

1.3 Organ Transplant Rejection

As in the case of atherosclerosis discussed earlier, endothelial dysfunction is a critical
step in the pathogenesis of acute transplant rejection. Organ transplant rejection is caused by an
immunologic response to non-self tissue. Hyperacute rejection is caused by preexisting host
antibodies specific for antigens on the graft tissue, and occurs within the first 24 hours post-
transplantation; acute rejection is due to the cell-mediated immunity actions of helper and

cytotoxic T lymphocytes, and occurs within a few weeks; chronic rejection can be caused by



both humoral and cell-mediated mechanisms, and occurs months to years post-transplantation
[99].

Acute rejection is a leading cause of death in heart transplant patients, responsible for up
to 20% of deaths in the first post-transplant year and up to 15% thereafter [100]. Cell-mediated
immune reactions lead to an infiltration of T lymphocytes and macrophages into the graft tissue,
where cytotoxic T cells destroy targeted graft cells, and numerous cytokines are released that
promote T-cell proliferation, macrophage activation, and endothelial dysfunction [99].

The upregulation of a variety of LAMs has been demonstrated in a number of allograft
models. The expression of ICAM-1 and VCAM-1 correlates with the extent of acute rejection in
rabbit cardiac allografts [101]. Endothelial VCAM-1 and E-selectin as well as tubular ICAM-1
are all upregulated in murine models of renal transplant rejection [102, 103]. There are
conflicting reports concerning endothelial ICAM-1 upregulation in renal allograft rejection [102,
104, 105]. In rat heterotopic heart transplantation models of acute and chronic rejection, ICAM-
1 is overexpressed by the graft myocardial endothelium [106, 107].

Similar results have been found regarding human transplantation. Vascular endothelial
growth factor has been identified in rejecting human cardiac allografts [108]. Microvascular
ICAM-1, VCAM-1, and E-selectin are overexpressed during rejection of cardiac and pulmonary
allografts [15, 26, 109-112].

A number of studies have targeted these upregulated adhesion molecules for the
prevention or treatment of transplant rejection. Antibodies against ICAM-1 have been reported
to cause attenuation of graft rejection and increase cardiac graft survival in mouse and rat models
[113, 114]. Antibodies against E-selectin and P-selectin have had similar protective effects in a

rat cardiac rejection model [115]. Blockade of the leukocyte ligands for ICAM-1 via



administration of anti-CD18 antibodies has led to a reduction in graft rejection in a rabbit cardiac
transplant model [116, 117]. Donor hearts from knockout mice with deficient ICAM-1 and P-
selectin expression demonstrate less rejection than normal donor hearts [118]. Rat donor hearts
transfected with antisense anti-ICAM-1 oligodeoxynucleotide has been shown to inhibit ICAM-1
expression and thus improve graft survival [119]. Rat donor cardiac allografts treated with the
drug sulfasalazine to inhibit ICAM-1 and VCAM-1 expression showed decreased reperfusion

injury, thus helping to reduce rejection [120].

1.3.1 Assessment of Transplant Rejection

The current gold standard for the assessment of cardiac transplant rejection is
endomyocardial biopsy, a procedure that is invasive and not without risk. However, numerous
non-invasive techniques for the assessment of acute rejection have been reported, some of which
image endothelial dysfunction.

Non-targeted radiologic approaches have been reported for the assessment of transplant
rejection. MRI has been used to detect anatomic and hemodynamic changes in rejecting rat
kidney and heart allografts, as well as macrophage accumulation in rat cardiac transplants [121-
123]. Magnetic resonance spectroscopy (MRS) has been used to detect rejection of rat cardiac
transplant by measuring energy-rich phosphates [124]. Positron emission tomography (PET) has
been used to detect changes in glucose metabolism in rejecting rat cardiac transplants [125, 126].
Acoustic changes due to altered cardiac hemodynamic function and wall morphology in rejecting
human cardiac allografts have been detected with ultrasound [127, 128].

Targeted imaging techniques have been reported as well. A scintigraphic technique using

PMtechnecium-labeled annexin-V to image rejection-associated apoptosis has been demonstrated

10



in a rat heterotopic cardiac transplant model as well as in a human cardiac allograft study [129-
131]. Major histocompatibility complex class II antigens have been targeted with '*’I-labeled
antibodies to scintigraphically image rejection in a rat cardiac transplant model [132, 133].
Radiolabeled antibodies have also been used to target the adhesion molecule ICAM-1 in this rat

cardiac model, as well as a rat model of pulmonary rejection [134-136].

1.4 Tumor Angiogenesis

New blood vessels are created through two processes.  Vasculogenesis, the in situ
differentiation and proliferation of vascular networks, occurs during embryonic development
[137]. Angiogenesis, the formation of new blood vessels by sprouting from existing vascular
trees, i.e. recruitment, occurs during wound repair, menstruation, retinopathy, response to
ischemia, and neoplasia [138-140].

A fundamental concept upon which much cancer research is based is that angiogenesis is
a requirement for the growth of solid tumors beyond a few millimeters’ diameter [138, 141].
The new vascular supply is necessary for the tumor mass to progress to the large, malignant
stage capable of metastasizing to other parts of the body. Accordingly, an avenue of anticancer
therapy that is being increasingly pursued is the inhibition of angiogenesis [138]. If the
formation of a blood supply for a solid tumor can be blocked, then the tumor will not be capable
of growing beyond a small, non-metastatic cluster of transformed cells.

Based on the above concepts, anti-angiogenic therapy may be able to prevent tumor
progression to a more clinically severe state, by attacking the angiogenic vascular endothelium
rather than the actual tumor cells. An advantage that anti-angiogenic therapies may have over

more established chemotherapy is that they may have fewer drug resistance difficulties than are
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seen with chemotherapy, because the mutation rate of endothelial cells (targeted by anti-
angiogenics) in a tumor is generally much lower than that of the tumor cells themselves (targeted
by conventional chemotherapy) [142].

The effects of chemotherapy can be monitored using conventional imaging methods that
follow tumor size or other anatomic measures as the response variables. CT can measure
response variables such as tumor blood flow, blood volume, and vascular permeability [143,
144]. MRI can measure tumor blood volume and vascular permeability [143, 145, 146]. For
example, dynamic contrast enhanced MRI has been used to measure tumor size and vascular
permeability in response to anti-VEGF anti-angiogenic therapy in human glioblastoma
multiforme tumors in nude rats [147]. Ultrasound can also measure these same three parameters:
tumor blood flow, volume, and vascularity [143, 148]. Doppler ultrasound has been used, for
example, to monitor response to antivascular therapy in human melanomas in athymic mice
[149]. Tumor vascularity as measured by Doppler ultrasound has been correlated with an ex vivo
index of angiogenesis generated by measuring microvessel density in cervical cancer specimens
harvested from human patients [150]. Doppler US measurements of tumor vascularity have also
been correlated with immunohistochemical identification of molecular tumor markers such as
cyclooxygenase-2 (COX-2) [151]. However, this study failed to demonstrate any correlations
with other molecular markers, including VEGF, basic fibroblast growth factor (bFGF), and
CD31.

To complement the use of anti-angiogenic therapy, techniques for imaging angiogenesis
are needed. Because anti-angiogenic treatments are generally cytostatic rather than cytotoxic,
the conventional imaging methods discussed above are not optimal for monitoring such therapy

[146]. A functional evaluation of the therapeutic effect on the vasculature is warranted, not just
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an anatomic assessment of the tumor volume or blood flow [143]. Since the degree of
angiogenesis is an indicator of the malignant potential of a solid tumor, a technique to assess the
functional status of the tumor endothelium would be of great utility for the assessment and
monitoring of tumors [152, 153].

For such an endeavor, molecular imaging techniques have been proffered as a possible
solution. For example, in a human case study, tumor vitamin B;, metabolism was imaged in
breast cancer using radiolabeled adenosylcobalamin [154]. Using in vivo phage display, Rajotte
et al have shown that endothelium from various vascular beds express varied molecular surface
markers, a concept they refer to as “molecular heterogeneity” [155]. Others have also
demonstrated that this concept Ruoslahti et al call “vascular addressing” applies to angiogenic
tumor endothelium [156, 157]. Dr. Judah Folkman has been a pioneer in angiogenesis research,
and refers to an “angiogenic zip code” [158].

The fact that tumor angiogenic endothelium expresses specific endothelial molecular
markers has important implications for molecular imaging of tumor angiogenesis. Agents that
bind to tumor angiogenesis-specific markers could yield effective imaging and drug delivery
techniques. A well-characterized example is the endothelial integrin o,B3, which is selectively
expressed on angiogenic endothelium [159]. A group led by Dr. David Cheresh has published
extensively in this area, including a study in which rabbit carcinomas were imaged in vivo using
MRI with a magnetic liposome contrast agent targeted to 0,83 via conjugation with a monoclonal
antibody [160]. Lipid-based particles targeted to a3 by have been shown to selectively adhere
to angiogenic vessels in tumor-bearing mice, and when the particles were loaded with a mutant

Raf gene that is known to inhibit angiogenesis, tumor regression resulted [161]. Ultrasound
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contrast agents have been targeted to a, integrins via conjugation with anti-o, antibodies, and
shown to adhere preferentially to growth factor-stimulated angiogenic endothelium [162].
Numerous small peptides have been identified that specifically interact in vivo with
various types of endothelial cells, including angiogenic endothelium [155, 163, 164]. Dr.
Ruoslahti’s group has targeted tumor vasculature using angiogenesis-specific peptides containing
the asparagine-glycine-arginine (NGR) or arginine-glycine-aspartate (RGD) sequence [165,
166]. In one study, peptides containing the NGR sequence were shown to specifically target
tumor endothelium in vitro and in vivo by binding to aminopeptidase N (CD13), a receptor for
NGR [165]. In another study, peptides with the RGD and NGR adhesion sequences were linked
to doxorubicin (a chemotherapeutic agent with anti-angiogenic activity) and injected into nude
mice bearing human breast tumors, resulting in increased therapeutic drug effect [166].
Targeting of the anticancer agent tumor necrosis factor a (TNF-a) to CD13 via conjugation with
an NGR-containing peptide has enhanced its therapeutic effects [167]. The sequence histidine-
tryptophan-glycine-phenylalanine (HWGF) has also been used to target angiogenesis. In a study
by Koivunen et al, tumors were targeted using the HWGF sequence, which also functions to
inhibit metalloproteinase activity (a requirement for angiogenesis), demonstrating specific tumor
targeting and simultaneous inhibition of tumor growth in mice [168]. The peptide sequence
RGD is found naturally in vitronectin and fibronectin, and is known to bind to the tumor-specific
ayB; integrin [169]. A study by Haubner et al used positron emission tomography (PET) to
image tumors in mice using "18-labeled glycopeptides containing the RGD sequence [170].
Janssen et al also used RGD-containing peptides to bind to the a,B; integrin on tumor

endothelium, and demonstrated scintigraphic imaging of human ovarian carcinomas in nude
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mice [171]. Other studies, however, have encountered difficulty getting enough radiolabeled

RGD peptide to bind to tumor endothelium to allow in vivo imaging [172, 173].

1.5 Contrast Echocardiography

1.5.1 Contrast-Enhanced Ultrasound

Myocardial contrast echocardiography (MCE) is an ultrasound imaging technology that
makes use of injectable contrast agents to enhance the ultrasonic signal received from the
coronary microcirculation during echocardiographic imaging. The contrast agents are
suspensions of gas-filled microbubbles (MBs) a few micrometers in diameter that increase the
backscattering of transmitted ultrasonic energy, resulting in increased acoustic intensity, or
contrast enhancement. Microbubble shells have been composed of proteins, lipids, and
polysaccharides. Since the in vivo bloodstream kinetics of these MBs are very similar to red
blood cells in terms of myocardial transit rates, these contrast agents can serve as blood flow
tracers [174, 175]. Thus, MCE using contrast MBs can offer the in vivo, real-time, non-invasive
assessment of myocardial perfusion, and can be used to assess ischemic risk areas, infarct size,
and collateral blood flow [176, 177, 242-244]. This contrast-enhanced ultrasound technique
images the whole myocardial vascular bed, not just individual large epicardial vessels,
predominantly imaging the microcirculation [177].

Examples of contrast-enhanced ultrasound images of canine myocardium are shown in
Figure 1-2. In this model of coronary artery stenosis, the images are in short-axis view, such that
the myocardium is visible as a doughnut-shaped ring encircling the contrast-filled left ventricular
cavity. The top image was acquired during normal coronary artery flow conditions, showing

homogeneous perfusion throughout the myocardium. The bottom image is of the same heart
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during an adenosine stress test in which coronary flow increases, showing a perfusion defect in
the region of the myocardium affected by the flow limitation (stenosis).

Under normal conditions, microbubbles do not adhere to the endothelium, allowing them
to act as blood tracers. In an early canine echocardiographic study of cardioplegia-perfused
hearts, however, it was observed that the albumin microbubbles used as the contrast agent
appeared to persist in the coronary microvasculature, resulting in persistent acoustic
opacification [178].  This shift in microbubble behavior away from normal RBC kinetics
implied that the microbubbles may have adhered to the cardioplegia-perfused endothelium.
Since cardioplegia is known to injure ECs, causing endothelial dysfunction, it was reasonable to
predict that this persistent myocardial contrast was due to microbubble adherence to
dysfunctional endothelium [179, 180]. Villanueva et al/ later demonstrated that albumin
microbubbles adhere to inflammatory endothelial extracellular matrix [181]. These early
observations were the initial catalysts for the development of targeted microbubble contrast
agents that specifically adhere to markers of dysfunctional endothelium, to allow ultrasonic

imaging of the functional status of the endothelium.
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Figure 1-2 Short-axis myocardial contrast echocardiography images in a canine model of
coronary artery stenosis. Myocardium is visible as a doughnut-shaped ring encircling the
contrast-filled left ventricular cavity. The top image shows homogeneous myocardial perfusion
seen under normal coronary flow conditions. The bottom image, acquired during adenosine
administration to increase coronary flow, shows a perfusion defect in a region of the
myocardium affected by the coronary stenosis. Courtesy of Dr. Flordeliza S. Villanueva.

17



1.5.2 Ultrasound and Microbubble Physics

Ultrasound propagates through a medium as a periodic wave with a certain frequency,
amplitude, and velocity. When the wave encounters an interface between media of different
densities, part of the acoustic energy is reflected back to the transducer, and is measured by the

ultrasound machine.

When contrast microbubbles are subjected to an ultrasound field, they alternately
compress and expand due to the alternately positive and negative acoustic pressure [182].
Clinically relevant frequencies induce oscillations on the order of one million Hz [183]. These
oscillations produces acoustic waves that propagate radially from the microbubble. This

backscattered energy is measured by the ultrasound transducer.

An interesting property of microbubbles is that their acoustic backscattering response is
not linear; they do not respond to incident ultrasound transmissions of different amplitudes in a
proportional manner [184]. As the ultrasound energy is increased towards the upper end of the
clinically relevant transmission range, microbubble oscillations become nonlinear. The
contraction at positive acoustic pressure and the expansion at negative pressure are unequal,
resulting in the scattering of additional frequency components by the oscillating microbubble.
These additional components include harmonics (energy peaks at multiples of the fundamental
frequency), subharmonics (fractions of the fundamental frequency) and ultraharmonics (peaks at

non-integer multiples of the fundamental frequency) [184, 185].

Many modern ultrasound machines are capable of not only fundamental imaging

(sending out acoustic waves and receiving scattered energy from microbubbles at the same
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frequency), but also 2™ harmonic imaging (sending at one frequency and receiving at twice that
frequency). Such harmonic imaging can be advantageous because it enhances the signal from
the nonlinear contrast agents while suppressing the signal from the more linearly responsive
surrounding tissue [186]. Transducers capable of imaging at 2" harmonic, subharmonic, and
ultraharmonic frequencies have been developed [187]. Another technique is power harmonic
Doppler imaging, which can further increase the signal-to-noise ratio for contrast microbubbles
by being sensitive to Doppler shifts, which are created by the movement or collapse of
microbubbles within the bloodstream. The most recent development is pulse inversion imaging.
In this technique, two successive mirror-image (180° phase rotated) ultrasound pulses are
transmitted [186]. Tissue with linear response characteristics will return two mirror-image
echoes that sum to zero. Nonlinear contrast microbubbles, however, will return non-mirror-
image (asymmetric) echoes with a non-zero sum, thus allowing for a much stronger signal to be

measured from the contrast agent than from the surrounding tissue.

1.6 Previous Research in Targeted Imaging of Endothelial Function

As discussed in the previous sections, numerous reports have been published describing non-
targeted and targeted assessment of endothelial dysfunction related to inflammatory disease
processes, using a variety of imaging modalities including ultrasound, scintigraphy, MRI, MRS,
PET, and CT. In this section, the reported techniques employing targeted ultrasound agents will

be further detailed.
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1.6.1 Targeted Ultrasound Agents

Ultrasound contrast microbubbles targeted to molecular markers associated with
endothelial dysfunction have been described in a number of reports.

Key previous work in our laboratory from Villanueva et al described lipid-based
echogenic microbubbles targeted to ICAM-1 via covalent linkage with anti-ICAM-1 antibodies
[95]. Control microbubbles were produced with either no antibodies at all (bare) or with non-
specific isotype control antibodies. Microbubbles were statically dwelled for 3 min over a
monolayer of cultured human endothelial cells mounted in a parallel plate perfusion chamber,
then washed with MB-free medium for 3 min at the very low wall shear rate of 25 s™. The cells
were either normal, or inflammatory via incubation with interleukin-18. As shown in Figure 1-3,
adhesion of both species of control MBs was minimal to both normal and inflammatory ECs,
while adhesion of ICAM-1-targeted MBs was approximately 40 times higher to inflammatory
than normal endothelium. A fluorescent photomicrograph showing targeted microbubbles
adhered to inflammatory endothelium is shown in Figure 1-4. The findings in this study
constituted the first proof-of-principle that ultrasound contrast microbubbles specifically targeted
to inflammatory molecular markers will preferentially adhere to endothelium overexpressing that

target.
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Figure 1-3 Adherence of different species of microbubbles to normal vs. activated endothelium
in vitro. Adherence of anti-ICAM-1 MBs to activated ECs was significantly higher than all other
conditions (p<0.001). From [95].
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Figure 1-4 Fluorescein-tagged microbubbles (green) targeted against ICAM-1 adhere to
activated human coronary artery endothelial cells. Cytoskeletal actin is stained red and nuclei
are stained blue. Courtesy of Dr. Flordeliza S. Villanueva. The color version of this figure is
shown in Appendix K-1.

Since then, Dr. Jonathan Lindner’s group at the University of Virginia has been active in
the field. Using intravital microscopy of inflamed, exteriorized murine cremaster muscle, they
demonstrated that non-targeted ultrasound contrast microbubbles can bind to activated blood-
borne leukocytes, which naturally adhere to dysfunctional endothelium [83]. This attachment
was mediated by [, integrins or complement, depending on the microbubble composition. This

group later demonstrated that microbubbles adhered to leukocytes can be phagocytosed, and that
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these phagocytosed MBs remain intact and acoustically active [84]. They again used the murine
cremaster intravital microscopy preparation, in this case to demonstrate the ultrasonic detection
of phagocytosed MBs inside leukocytes adherent to the inflammatory endothelium. The acoustic
intensity generated by adhered microbubbles was greater for TNF-a-stimulated versus normal
endothelium.

Based on the idea that microbubble adherence to leukocytes is mediated by complement,
and that complement activation can be accelerated by phophatidylserine, Lindner et al next
investigated microbubbles targeted to activated leukocytes via incorporation of
phophatidylserine into the MB shell [97]. Using a murine cremaster intravital microscopy
preparation and an in vivo murine model of renal ischemia/reperfusion injury, they demonstrated
that the acoustic contrast enhancement from phophatidylserine-MBs was higher in the
inflammatory kidneys than in normal control kidneys, and the signal from phophatidylserine-
MBs was higher than that from control MBs containing no phophatidylserine. Later,
Christiansen et al at Virginia reported that contrast-enhanced ultrasound using
phophatidylserine-containing MBs can detect post-ischemic inflammation in a canine model of
myocardial reperfusion injury [98]. Together, these studies published between 2000 and 2002
demonstrated that endothelial dysfunction can be ultrasonically imaged by targeting MBs to
activated leukocytes.

In 2001, Dr. Lindner reported an investigation of MBs targeted to endothelial dysfunction
via anti-P-selectin antibodies [96]. Again using an intravital microscopy preparation, as well as a
murine model of renal ischemia/reperfusion injury, they demonstrated that P-selectin-targeted

MBs preferentially adhere to the endothelium or adherent platelet/leukocyte aggregates of

23



inflammatory versus normal tissue, and that this differential binding can be visualized with
ultrasound.

Most recently, in 2003, this group reported that microbubbles targeted to a, integrins via
surface-bound antibodies adhere to FGF-stimulated vessels overexpressing a, integrins using an
in vivo Matrigel model of angiogenesis [162]. Ultrasound was used to visualize the resulting
contrast enhancement, demonstrating the feasibility of ultrasonic imaging of angiogenesis.

Thrombus has also been imaged using acoustically-active contrast agents. Lanza et al
pre-targeted in vivo and in vitro models of thrombus with biotinylated anti-fibrin antibodies, then
exposed them to avidin, and then to a biotinylated fluorocarbon microemulsion contrast agent
[90-92, 188]. This pre-labeling technique allowed ultrasonic visualization of the coated thrombi.
This technique requires multiple steps and local administration of binding reagents, as opposed
to the more direct technique using contrast agents specifically targeted to the markers of interest.

Thrombus has also been imaged by targeting activated platelets. Unger ef a/ and Wu et
al have used MBs linked to peptides that specifically bind to GPIIb/IIla receptors on activated
platelets [93-94]. These agents specifically adhere to thrombi, and result in acoustic contrast
enhancement for ultrasonic visualization.

Using in vitro and in vivo models of atherosclerotic lesions, Demos ef al have reported
that echogenic liposomes conjugated to anti-fibrinogen or anti-ICAM-1 antibodies adhere to
thrombi or fibrous components of atheroma. [85-89]. The adhered contrast agent enabled the in
vivo ultrasonic imaging of an atherosclerotic arterial injury model using intravascular and

transvascular ultrasound techniques.
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1.7 Specific Aims

The objective of this dissertation is to investigate the general hypothesis that contrast-
enhanced ultrasound using microbubbles targeted to specific endothelial cell surface
epitopes can image these molecular markers of endothelial dysfunction. Targeted
microbubbles that adhere to markers on the endothelial surface would be expected cause
persistent acoustic contrast enhancement that can be visualized with ultrasound. Such a
molecular imaging technique may allow for the non-invasive ultrasonic diagnosis and
monitoring of disease processes associated with endothelial dysfunction.

The majority of this work will focus on microbubbles targeted to the inflammatory
adhesion molecule ICAM-1. Accordingly, work presented in Chapter 2 will investigate the
hypothesis that the target molecule, ICAM-1, is upregulated on the microcirculatory
endothelium of tissues experiencing endothelial dysfunction. Because myocardial contrast
echocardiography images mainly microbubbles in the microcirculation, we need to demonstrate
that ICAM-1 is overexpressed on dysfunctional endothelium not just in large blood vessels, such
as the epicardial coronary arteries, but also in arterioles, capillaries, and/or venules. Myocardial
tissue specimens from human ischemic hearts, and animal models of inflammation and acute
transplant rejection will be interrogated immunohistochemically for endothelial ICAM-1
expression.

Chapter 3 will present experiments studying the hypothesis that the antibody density
on the microbubble surface can be controlled by modifying the antibody/microbubble

conjugation protocol. By varying the reagent concentrations in the antibody conjugation
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process, MBs will be linked to varying amounts of anti-ICAM-1 antibody, which will be
measured via quantitative flow cytometry.

These studies are a necessary prelude to the work in Chapter 4, which investigates the
hypothesis that adhesion of targeted microbubbles to cultured endothelium is dependent on
microbubble antibody density. The amount of targeting antibody on the MB surface is an
important design parameter, that is expected to strongly modulate the adhesion characteristics of
the targeted agent. A parallel plate perfusion chamber will be used to investigate the adhesion of
MBs with various antibody densities to normal and inflammatory cultured endothelium. Results
will be interpreted in terms of previously reported mathematical models of specific
particle/substrate adhesion.

Chapter 5 will examine the hypotheses that ICAM-1-targeted microbubbles can
adhere to inflammatory endothelium from shear flow, and that the level of adhesion is
dependent on wall shear rate. Physiologic shear conditions vary widely throughout the
circulation, and can be expected to strongly affect targeted MB adhesion, but previous work with
ICAM-1-targeted microbubbles has investigated adhesion only under static conditions. In
anticipation of in vivo experiments, the effect of physiologically-relevant shear rates on the
adhesion of ICAM-1-targeted MBs to cultured endothelium will be tested using the parallel plate
perfusion chamber.

Work examining the hypothesis that targeted microbubble adhesion to cultured
endothelium is dependent on the cell surface density of the target molecule (ICAM-1) will
be presented in Chapter 6. A radial flow perfusion chamber will be used to investigate the in
vitro adhesion strength of ICAM-1-targeted MBs to variably-stimulated endothelial cells

exhibiting various levels of inflammation (as measured by ICAM-1 expression). The effect of
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endothelial ICAM-1 density on MB adhesion is critical to the development of this molecular
imaging technique as a clinically useful tool. We need to determine whether our targeted
imaging system can potentially differentiate between various degrees of endothelial dysfunction,
or will be limited to distinguishing only between normal and fulminant disease.

Chapter 7 presents our first in vivo data using ICAM-1-targeted MBs. A rat heterotopic
heart transplant model will be utilized to investigate the hypothesis that ultrasound using
contrast microbubbles targeted to ICAM-1 can non-invasively detect acute cardiac
allograft rejection. The rejection status of allograft (rejecting) hearts and isograft (non-
rejecting) hearts will be assessed by applying clinical grading criteria, and myocardial ICAM-1
expression will be assessed using immunohistochemistry. Targeted microbubbles will be
injected intravenously into the rats, and the donor hearts will be imaged with external ultrasound.
The images will be analyzed for myocardial acoustic intensity resulting from adhered
microbubbles, and comparisons between rejection groups will be made.

Additional in vivo experiments presented in Chapter 8 will examine the hypothesis that
ultrasound using contrast microbubbles targeted to tumor angiogenesis can non-invasively
detect tumor vasculature. Moving away from our ICAM-1 motif, microbubbles will be
targeted via conjugation with a tumor endothelium-specific binding peptide. These MBs will be
injected intravenously into mice bearing subcutaneous solid tumors, and external ultrasound
imaging will be performed. Acoustic intensity within the tumor will be quantified, and

comparisons made between targeted MBs and control MBs.
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2.0 INTERROGATION OF TISSUE FOR TARGET MOLECULE

2.1 Introduction

As described in Chapter 1, numerous studies have found that various LAMs are
upregulated in tissues experiencing disease processes characterized by endothelial dysfunction,
including inflammation, atherosclerosis, and allograft rejection [26, 45, 60]. Of particular
relevance to the studies presented in this dissertation is the overexpression of ICAM-1 on
dysfunctional microvascular endothelium.

In the present study, two aims were pursued. First, since reports of ischemic myocardium
have been limited to investigations of LAM expression in large vessels, we studied normal and
ischemic human myocardial tissue to demonstrate that ICAM-1 is upregulated in the
microcirculation, not just large coronary vessels, of the ischemic heart. We hypothesized that
ICAM-1 is overexpressed in the microcirculation of diseased tissue as compared to normal
tissue. Second, in anticipation of targeted contrast experiments using in vivo animal models,
rabbit lipopolysaccharide-stimulated myocardial tissue as well as rat acutely rejecting cardiac
allograft tissue were interrogated for ICAM-1. Here, we similarly hypothesized that ICAM-1 is

overexpressed in the microcirculation of diseased tissue as compared to normal tissue.
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2.2 Methods

2.2.1 Human myocardium

Experiments using human cardiac tissue were approved by the Institutional Review
Board at the University of Pittsburgh. Frozen myocardial specimens harvested at autopsy from
human patients with known ischemic heart disease (n=4), as well normal cardiac autopsy
specimens (n=3), were obtained from the National Disease Research Interchange (NDRI,
Philadelphia, PA). Frozen specimens of explanted native ischemic heart tissue (n=4) from
human cardiac transplant patients were courtesy of Dr. Charles McTiernan (University of
Pittsburgh), and additional normal cardiac specimens (n=6) were courtesy of Dr. Warren
Rosenblum (University of Pittsburgh).

Myocardial specimens were cut into 5 pm-thick sections, and stained for ICAM-1 using a
monoclonal antibody against human ICAM-1 (R6.5, courtesy of Dr. Robert Rothlein, Boehringer
Ingelheim) and an immunoperoxidase amplification kit (Vectastain Elite, Vector Labs,
Burlingame, CA) using 3-amino-9-ethylcarbazole (AEC) as the precipitating chromogen. The

full staining protocol is given in Appendix I.

2.2.2 Rabbit LPS-stimulated Myocardium

All animal experiments were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. New Zealand White rabbits (3-5 kg) were
anesthetized with intramuscular ketamine (40 mg/kg) and xylazine (7 mg/kg). A 20-gauge
intravenous access catheter was placed in the marginal ear vein. In selected animals, bacterial
lipopolysaccharide (LPS) from E. coli 0111:B4 (Sigma, St. Louis, MO) was administered as an

intravenous bolus (2 mg diluted in 1 mL normal saline) to stimulate inflammation. Six hours

29



later, the abdomen was opened, the aorta was cannulated with an 18-gauge catheter, a heparin
bolus was administered through the aortic catheter, and the animal was sacrificed with an
anesthesia overdose. A nick was cut into the inferior vena cava, and saline was flushed in a
retrograde manner through the aorta to the vena cava to clear blood from the coronary
circulation. The heart was harvested, and frozen in liquid nitrogen.

Inflammatory (n=4) and normal (n=3) myocardial specimens were cut into 5 um-thick
sections, and stained for ICAM-1 using the murine anti-rabbit monoclonal antibody Rb2/3
(courtesy of Dr. Myron Cybulsky) and the immunoperoxidase amplification kit and chromogen

described above.

2.2.3 Rat Acutely Rejecting Allograft Myocardium

Abdominal heterotopic heart transplantation was performed on Brown Norway and Lewis
rats, as described in detail in Section 7.2.5. Depending on the strain of the donor and recipient
rat, the cardiac allograft will either remain healthy, or will experience acute rejection.

Samples of myocardial tissue from normal (n=3) and rejecting (n=3) transplanted donor
hearts were harvested 5 days after transplantation surgery (see Section 7.2.5) and frozen in liquid
nitrogen. Specimens were mounted on glass microscope slides and interrogated for ICAM-1
using a polymer-based immunoperoxidase staining kit (Envision K-1390, Dako, Carpinteria,
CA) and a biotinylated primary anti-rat-ICAM-1 antibody (clone 1A29, Pharmingen, San Diego,

CA). The full staining protocol is given in Appendix J.
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2.3 Results

2.3.1 Human Myocardium

Endothelial ICAM-1 stained positively in both the ischemic cardiomyopathy explant
tissue and the ischemically-diseased autopsy tissue. Figure 2-1 shows brightfield micrographs of
the explant tissue stained with the anti-ICAM-1 antibody (top) and an isotype-matched nonsense
antibody as a negative control (bottom). ICAM-1 staining was found on the endothelium of both
larger vessels and the microcirculatory vessels in these tissues.

Specimens of normal, non-ischemic myocardium also stained positively for ICAM-1.
Again, both larger vessels and the microcirculatory vessels expressed the adhesion molecule. As
seen in Figure 2-2, there was no apparent difference in ICAM-1 expression between specimens
from patients with known ischemic disease (top) and normal heart specimens (bottom).

Similar results were found for E-selectin expression in these human specimens. All three
tissue types stained positively in both large and small blood vessels, and no differences between

tissue types could be appreciated.
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Figure 2-1 Immunohistochemical ICAM-1 expression in human cardiac explant tissue from a
transplantation patient with severe ischemic cardiomyopathy. Images show staining with an
anti-ICAM-1 monoclonal antibody (top), and an isotype control antibody (bottom). ICAM-1 is
stained red, and was seen in larger vessels (large arrow) as well as capillaries (small arrows).
The color version of this figure is shown in Appendix K-2.
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Figure 2-2 Immunohistochemical ICAM-1 expression in human cardiac autopsy specimens
from a patient with known ischemic disease (top) and a patient with normal heart tissue (bottom).
ICAM-1 is stained red, and was seen in larger vessels as well as microcirculatory vessels. The
color version of this figure is shown in Appendix K-3.
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2.3.2 Rabbit LPS-Stimulated Myocardium

Brightfield micrographs of ICAM-1-stained rabbit myocardium are shown in Figure 2-3.
In normal rabbit tissue, endothelial ICAM-1 was apparent on some larger vessels, but not in any
small arterioles, capillaries, or venules. This pattern was consistent for all normal specimens.

In the LPS-stimulated rabbit specimens, ICAM-1 was expressed in both larger vessels
and microcirculatory vessels. In all LPS-activated samples, almost all of the capillaries were

stained positively.

2.3.3 Rat Acutely Rejecting Allograft Myocardium

Figure 2-4 shows brightfield micrographs of rat cardiac transplant tissue (post-op day 5)
stained for ICAM-1 using an anti-rat-ICAM-1 antibody. The normal tissue has only minimal

ICAM-1 expression, whereas the rejecting myocardium shows intense staining of the capillaries.
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Figure 2-3 Immunohistochemical ICAM-1 staining of two normal (upper panels) and two
lipopolysaccharide-stimulated (lower panels) rabbit myocardial tissue specimens. ICAM-1 is
stained red. The color version of this figure is shown in Appendix K-4.
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Figure 2-4 Immunohistochemical ICAM-1 staining of normal (panel A) and acutely rejecting
(panel B) rat myocardium. ICAM-1 is stained reddish-brown. The normal tissue showed only a
small amount of constitutively expressed vascular ICAM-1, whereas the rejecting tissue showed
dramatic upregulation of endothelial ICAM-1 expression in the microcirculation. The color
version of this figure is shown in Appendix K-5.
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2.4 Discussion

An important step in the development of our acoustic agent targeted to endothelial
dysfunction is to learn whether our target molecule is differentially expressed by the
microcirculatory endothelium of diseased versus normal tissue. This knowledge is useful
because such a targeted contrast imaging technique is based on the premise that the presence
and/or severity of the disease process correlates with endothelial target expression. Since
contrast-enhanced ultrasound images predominantly the microcirculation, it is the smallest blood
vessels that are of most interest here.

The data from human specimens failed to demonstrate any difference in ICAM-1
expression between normal myocardial tissue and diseased tissue presumably experiencing
endothelial dysfunction. All human cardiac samples stained equally positively for [CAM-1 and
E-selectin in both microcirculatory vessels as well as larger vessels. Thus, our hypothesis that
the ischemic myocardial vasculature expresses upregulated levels of LAMs was not validated. A
major limitation of this study that may be influencing the results is that all of the normal tissue
samples (as well as the NDRI ischemically-diseased samples) were acquired during autopsy,
between 6 and 10 hours post-mortem. During this time, myocardial endothelial cells may have
upregulated adhesion molecule expression in response to local tissue necrosis. Such a
phenomenon may account for the observed intense LAM staining even in normal specimens.

The rabbit studies demonstrated that inflammatory myocardium upregulates the
expression of endothelial ICAM-1. All specimens displayed ICAM-1 on larger vessels, but only
the LPS-stimulated model of inflammation expressed ICAM-1 in the microcirculation. Based of

these data, inflammatory tissue can be distinguished from normal tissue by the presence of
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capillary ICAM-1 expression, indicating that this may be a suitable animal model for in vivo tests
of targeted contrast-enhanced ultrasound.

Rat heterotopic cardiac transplantation is a useful model because the rejection status of
the donor heart can be predicted based on the donor and recipient strains. Heterostrain allografts
produce fulminant acute rejection within a few days, whereas homostrain isografts remain
predominantly healthy. Five days after surgery, the isograft myocardial tissue specimens showed
only minimal ICAM-1 expression, whereas the acute rejection of the allografts manifested as
strongly upregulated microcirculatory endothelial ICAM-1 expression, which agrees with
previous reports [106, 107]. These data demonstrate that our laboratory has successfully
implemented this model of acute transplant rejection, and that it is a suitable model for in vivo

tests of ICAM-1-targeted contrast-enhanced ultrasound.
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3.0 CONTROL OF MICROBUBBLE ANTIBODY DENSITY

3.1 Introduction

Our laboratory has previously shown that ultrasound contrast microbubbles specifically
targeted to ICAM-1 via conjugation with anti-ICAM-1 monoclonal antibodies bind preferentially
to activated ECs overexpressing ICAM-1 [95]. However, in this proof-of-principle report, in
which the antibodies were conjugated to the microbubble shell via covalent amide linkages, the
microbubbles were not thoroughly characterized. In particular, the antibody density on the
microbubble surface (the number of antibody molecules bound to the lipid shell) was not
quantified or controlled. The reported results demonstrating preferential adhesion of the ICAM-
I-targeted agent to activated ECs were of immense value in proving the feasibility of such a
targeted ultrasound contrast agent, but in the present studies, we endeavored to thoroughly
investigate key parameters that may affect targeted microbubble adhesion to dysfunctional
endothelium.

The first of these parameters that we chose to study was the antibody surface density.
This study was performed in anticipation of subsequent experiments investigating of the effect of
antibody density on targeted microbubble adhesion, which would require the ability not only to
quantify, but also to control the antibody density. We chose to effect antibody/microbubble
conjugation using avidin/biotin bridging. We hypothesized that by varying aspects of the
conjugation protocol (in particular, the avidin concentration), we could control the resulting

antibody density. Our goals were to quantify the amount of targeting agent on the microbubble
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surface, in terms of number of antibodies per MB, determine the maximum antibody density
achievable, and demonstrate controlled production of variably-targeted agents, i.e. MBs with

differing antibody densities.

3.2 Methods

3.2.1 Microbubble Preparation

Biotinylated, lipid-based, perfluorocarbon-filled microbubbles, referred to as MP1950,
were produced by our collaborator Dr. Alexander Klibanov, first at Mallinckrodt, Inc. (St. Louis,
MO) and then the University of Virginia [189-191]. The phospholipids phosphatidylcholine and
biotinylated phosphatidylethanolamine were dispersed along with the surfactant
polyethyleneglycol (PEG) stearate in an organic solvent. The solvent was evaporated and
replaced with a saline buffer, and the mixture was sonicated in the presence of decafluorobutane
gas. The sonication dispersed the gas in the form of microbubbles within the saline solution.
The phoshpholipids and PEG stearate deposited on the gas microbubble surface, thus forming
lipid shells encapsulating perfluorobutane and carrying the biotin label. The microbubble
synthesis protocol is detailed in Appendix F. Microbubble diameter as measured by electrozone
sensing (Multisizer-1I, Beckman-Coulter) was 3.4 = 1.2 um. Sample particle size distribution
data (Coulter counter data) from a representative batch of microbubbles is shown in Figure 3-1.
These biotin-carrying lipid microbubbles, which are stable in solution at 4° C for a few months,
were sent to our laboratory at the University of Pittsburgh for conjugation with the targeting

molecule and adhesion experiments.
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Antibody conjugation to the shell was effected via multi-step avidin-biotin bridging
chemistry. First, samples of biotinylated microbubbles were washed twice by centrifugation
(100 x g for 2 min) to remove unbound lipid from the solution. Second, the microbubbles were
incubated in a solution of streptavidin (Molecular Probes, Eugene, OR) in phosphate-buffered
saline (PBS, Sigma, St. Louis, MO). Unbound streptavidin was removed by washing as above.
Third, the microbubbles were incubated in a solution of biotinylated monoclonal antibody (100
ug/mL) in PBS, and washed again. Thus, the antibody was conjugated to the lipid shell via a
biotin-streptavidin-biotin link, as shown in Figure 3-2. The antibody used was a mouse anti-
human-ICAM-1 monoclonal IgG (clone RR1/1, Chemicon, Temecula, CA). The final antibody
densities on the microbubble shells were controlled by varying the concentration of the
streptavidin solution between 0.1 and 10 ug/mL, and using the same saturating concentration of

biotinylated antibody for all preparations.
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Figure 3-1 Sample particle size distribution data for a representative batch of lipid
microbubbles. Mean microbubble diameter was 3.4 + 1.2 um.
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Figure 3-2 Schematic of antibody conjugation to microbubbles, using avidin/biotin bridging.
(Not to scale).

3.2.2 Streptavidin and Antibody Quantification

Quantitative flow cytometry was used to measure the streptavidin and antibody densities
on the microbubble shell. To quantify streptavidin coverage, microbubbles were linked to
streptavidin as above except with the substitution of phycoerythrin (PE)-labeled streptavidin (BD

Pharmingen, San Diego, CA). Variable concentrations of PE-streptavidin were used, between
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0.1 and 10 pug/mL. Samples of these microbubbles (n=28) in PBS were analyzed for
fluorescence (FACScan, Becton-Dickinson, Franklin Lakes, NJ) with 10,000 events per sample
and compared to fluorescent standard beads with a known amount of fluorescent molecules on
their surface (Quantum R-PE, Bangs Labs, Fishers, IN).

To quantify antibody coverage, microbubbles were linked to unlabeled streptavidin
followed by PE-labeled anti-ICAM-1 antibody. Antibodies with both biotin and fluorescent tags
were not commercially available, so the biotinylated anti-ICAM-1 antibody used above was
conjugated to PE using the PhycoLink kit from Prozyme, Inc (San Leandro, CA). The detailed
protocol is given in Appendix H. In brief, the antibody was first centrifuged through an
ultrafilter to increase its concentration. The antibody was then reduced using dithiothreitol (from
the kit), exposing free sulthydryls on the antibody. The kit included R-PE previously activated
with succinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate (SMCC) to introduce
maleimide groups. This activated R-PE was incubated with the reduced antibody, allowing the
maleimide groups and free sulthydryl to react, thus covalently conjugating the R-PE to the
antibody. The resulting conjugate was then exchanged into storage buffer. As with the
streptavidin quantification above, samples of microbubbles (n=24) were analyzed with a flow
cytometer and compared to fluorescent standard beads with a known amount of fluorescent

molecules on their surface.

3.2.3 Statistics

Results are expressed as mean + standard deviation.
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3.3 Results

Flow cytometric data from samples of microbubbles incubated in various concentrations
of PE-labeled streptavidin are shown in Figure 3-3. Measured streptavidin surface density on the
microbubbles is expressed on a log scale as the number of streptavidin molecules per
microbubble, and varied in a sigmoidal manner over a range of about 4 magnitudes, from 50 to

170,000 molecules per microbubble.
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Figure 3-3 Streptavidin density on the microbubble surface (y-axis) as measured by quantitative
flow cytometry vs. streptavidin concentration (x-axis). Biotinylated microbubbles were
incubated with various concentrations of PE-labeled streptavidin (0.001 — 100 ug/mL).
Microbubble streptavidin density varied sigmoidally over a range of about 4 magnitudes, from
50 to 170,000 molecules per microbubble.
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Figure 3-4 shows resulting antibody densities from microbubbles incubated in various
concentrations of streptavidin (0.1 — 10 pg/mL, indicated as a percentage, with 100%
corresponding to 10 pg/mL), followed by incubation in a constant 1:10 dilution of PE-labeled,
biotinylated anti-ICAM-1 antibody. Measured antibody surface density is expressed as number
of antibodies per microbubble, and ranged from 60,000 antibodies per microbubble on the
maximally-targeted 100% microbubbles, to 700 antibodies per microbubble on the 1%
microbubbles. Standard deviations of antibody density for each species of microbubble were
between 5 and 11% of the mean. Two additional data points (not shown in the Figure) were
incubated at 200% and 1000% streptavidin, and also resulted in approximately 60,000 antibodies

per microbubble, suggesting that antibody density is saturated at 100%.
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Figure 3-4 Antibody density on the microbubble surface (y-axis) as measured by quantitative
flow cytometry vs. streptavidin concentration (x-axis). Biotinylated microbubbles were exposed
to various concentrations of streptavidin (0.1 — 10 pg/mL, indicated as a percentage, with 100%
corresponding to 10 pug/mL) followed by PE-labeled, biotinylated anti-ICAM-1 monoclonal
antibody. Maximum surface antibody density was 60,000 + 5,000 antibodies per microbubble.
(Mean = SD).
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3.4 Discussion

The main findings of this study were that the maximum microbubble antibody density
achievable using our avidin/biotin bridging protocol was 60,000 Ab/MB, and that microbubbles
with differing antibody densities could be produced, in the range between 700 and 60,000
Ab/MB.

Avidin/biotin chemistry was chosen to link the biotinylated MBs with biotinylated
antibodies due to the extremely equilibrium high association constant of avidin-biotin binding,
approximately 10" M [192, 193]. While biotin has only one binding site for avidin, avidin has
four binding sites for biotin, allowing it to serve as a bridge between biotinylated entities [194].
This pair has the strongest known non-covalent, biologic binding interaction [195]. Formation of
the avidin/biotin bond is extremely quick, and is highly resistant to many physiochemical factors,
including organic solvents, extremes of temperature, and pH variations [195]. The extremely
low dissociation rate of such binding approximates covalent binding. Additionally, biotinylated
phospholipids as well as numerous biotinylated antibodies are commercially available. A
potential problem with natural avidin is that its glycoprotein composition has been shown to
cause some non-specific cellular binding [195, 196]. Streptavidin, a bacterial analog of avidin
obtained from Streptomyces avidinii, was chosen for our protocol because it generally has lower
non-specific binding than regular avidin, due to its non-glycosylated nature. Streptavidin is
known to contain the sequence arginine-tyrosine-aspartate (RYD), an analog of a well-
characterized binding motif found in fibronectin, which can also cause some non-specific
adhesion [197]. However, studies presented in Chapter 4 will demonstrate that this potential
confounder does not result in non-specific targeted microbubble binding. The biotin-binding site

is buried more deeply within streptavidin than within natural avidin, and the equilibrium
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association constant for streptavidin is slightly lower than that for natural avidin, at about 10" M~
' [198].

To control the final antibody density, the protocol could have been modified at either of
two steps. Either the concentration of the streptavidin incubation solution could have been
adjusted (leaving constant the concentration of the antibody incubation solution), or the
concentration of the antibody incubation solution could have been adjusted (leaving constant the
concentration of the streptavidin incubation solution). The former would result in MBs with
varied streptavidin densities, that would then be maximally conjugated with a saturating solution
of biotinylated antibody. The latter would result in MBs with a maximum number of streptavidin
molecules, that would then be only partially occupied with antibody. The former procedure was
chosen over the latter primarily because the latter may result in a MB with exposed, unoccupied
streptavidins. Since many tissues contain endogenous biotin, such available streptavidins on the
MB surface may allow for higher background binding that is not ICAM-dependent.

The multi-step streptavidin/biotin conjugation process utilized to link the targeting
antibody to the microbubble shell allows for production quality control. By varying the
concentration of the streptavidin solution to which biotinylated microbubbles were exposed, and
then keeping the concentration of biotinylated antibody constant, the final antibody surface
density on the microbubbles could be controlled. We were able to produce microbubbles with
different antibody densities ranging from 700 antibodies per microbubble (1% of maximum
antibody coverage) to a maximum of 60,000 antibodies per microbubble (100%).

Many other reports describing ultrasound contrast agents targeted to various molecular
markers of disease have not quantified the density of the targeting molecule on the contrast agent

surface [87, 90, 95, 96, 191]. It is reasonable to expect that as the density of the targeting
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molecule on the microbubble surface increases, the adhesion of that microbubble to its target
would increase as well. Another possibility, however, is that adhesion would increase with
increase antibody density only up to a point at which steric hindrance between the tightly-packed
antibodies actually leads to decreased antigen binding and thus decreased adhesion. In either
case, it would be prudent to quantify the targeting molecule density. To gain greater insight into
the effect of antibody density on MB adhesion, it was necessary to first produce MBs with

varying antibody densities, allowing us to proceed to the adhesion experiments.
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4.0 EFFECT OF ANTIBODY DENSITY ON TARGETED

MICROBUBBLE ADHESION

4.1 Introduction

As discussed in Chapter 3, one parameter of key importance that has often been
overlooked is the density of the targeting molecule on the particle (microbubble, microsphere,
liposome, etc.) surface. In the previous chapter, we demonstrated that the antibody density could
be controlled by modulating the reagent concentrations during the antibody conjugation process.
In the work presented in this chapter, we endeavored to investigate the effect of antibody density
on targeted microbubble adhesion to dysfunctional endothelium.

Achieving control over the binding characteristics of the microbubbles is a critical step
towards optimizing the design of a targeted ultrasound contrast agent capable of function-
specific imaging of the endothelium. We hypothesized that modulation of the antibody density
would permit regulation of microbubble adhesion to endothelium. Our goal was to quantify the
adhesion of ICAM-1-targeted microbubbles with varied surface antibody densities, to both
normal and inflammatory cultured ECs. Accordingly, our hypothesis was tested using a parallel
plate perfusion chamber in which various species of targeted microbubbles were perfused across

cultured human coronary artery ECs to quantify their adhesion.
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4.2 Methods

4.2.1 Microbubble Preparation

Lipid-based, perfluorocarbon-filled microbubbles (MP1950) were conjugated to
monoclonal antibody on the shell as the ligand for endothelial adhesion. Antibody conjugation
to the shell was effected via multi-step avidin-biotin bridging chemistry, as described in Chapter
3. Briefly, biotinylated MBs were washed by centrifugation to remove unbound lipid, incubated
in a solution of streptavidin, washed to remove unbound streptavidin, incubated in a solution of
biotinylated monoclonal antibody, and washed again. Thus the antibody was conjugated to the
lipid shell via a biotin-streptavidin-biotin link. The final antibody densities on the microbubble
shells were controlled by varying the concentration of the streptavidin solution between 0.1 and
10 pg/mL.

Three different microbubble species were prepared, containing either mouse anti-human-
ICAM-1 IgG monoclonal antibody (clone RR1/1, Chemicon, Temecula, CA), nonspecific mouse
IgG antibody (Caltag, Burlingame, CA) as a negative control, or nothing (bare microbubbles) on
the shell as an additional negative control. Among the anti-ICAM-1 microbubbles, six different
levels of antibody surface density were investigated: 1%, 5%, 10%, 50%, 75%, and 100% of
maximum antibody coverage.

Flow cytometry was used to quantify the antibody densities on the microbubble shells as

described in Section 3.2.2.
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4.2.2 Cell Culture

Human coronary artery ECs (Cambrex Corp., East Rutherford, NJ) were grown to
confluency on 25 mm x 75 mm glass coverslips in endothelial basal medium (Cambrex Corp.)
with 5% fetal bovine serum. Only second through fifth passage cells were used (subculturing
procedure presented in Appendix C). Selected coverslips of ECs were made inflammatory by
activation with 100 U/mL human recombinant interleukin-13 (IL-1f) (Pierce Endogen,
Rockford, IL), which is known to upregulate ICAM-1 endothelial expression [48], for 5 hours

immediately prior to the experiment.

4.2.3 Quantification of ICAM-1 Expression

Flow cytometry was used to quantify ICAM-1 expression on the EC surface (n = 6 per
condition). Endothelial cell monolayers were lifted into solution by treatment with trypsin and
EDTA, and washed by centrifugation in PBS. The ECs were diluted slightly in PBS and
incubated with biotinylated anti-human-ICAM-1 monoclonal IgG antibody (the same clone as
used on the microbubbles) or biotinylated nonspecific IgG antibody at 1:24 dilution for 30 min.
The cells were then washed with PBS, and incubated with a 1:20 dilution of PE-labeled
streptavidin (BD Pharmingen, San Diego, CA) for 20 min. The cells were washed, fixed in 1%
paraformaldehyde (reagent preparation described in Appendix A) in PBS, and analyzed for
fluorescence on the flow cytometer. ICAM-1 density was calculated by comparing the
fluorescence signal due to binding of the anti-ICAM-1 antibody to ECs with the signal due to
binding of the same antibody to Quantum Simply Cellular standard beads (Bangs Labs, Fishers,
IN) [199-201]. These goat-anti-mouse IgG-coated beads have calibrated surface binding

capacities for mouse-derived IgG, and provide a linear calibration plot for number of binding
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sites versus fluorescence intensity, allowing measurement of the number of ICAM-1 sites on

normal and interleukin-activated ECs.

4.2.4 Parallel Perfusion Apparatus

A rectangular parallel plate perfusion chamber was used to examine adhesion of
microbubbles to cultured ECs [202, 203]. Figure 4-1 shows a diagram of this perfusion chamber,
which comprises a transparent polymethylmethacrylate (PMMA) block, a silastic rubber gasket,
and a standard 25 mm x 75 mm glass coverslip. A groove measuring 3.5 cm in length x 0.75 cm
in width x 200 um in depth was cut into the PMMA block as a flow path for perfusate, as seen in
Figure 4-1. Inlet and outlet ports were drilled through the PMMA block to either end of the flow
path, beginning as cylindrical tubes and widening to entrance and exit slits almost the width of
the perfusion groove (about 1 cm). The distal ends of the inlet and outlet ports were adapted to
Luer locks, and connected to Tygon® tubing. The coverslip (with confluent monolayer of ECs)
was mounted over the groove with the cells facing the inside, such that a 200 um high gap was
formed over the ECs. The coverslip was secured with the silastic gasket and vacuum system,
and forms one wall of a closed system in which solutions of MBs in culture medium (M-199,
Sigma, St. Louis, MO) were perfused through the 200-um-high gap across the EC monolayer.
The exit port was connected to a nonpulsatile syringe pump (Harvard Apparatus, Holliston, MA)
in withdrawal mode. Photographs of the parallel plate perfusion apparatus are shown in Figure

4-2.
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Figure 4-1 Schematic of the parallel plate perfusion chamber. A solution of microbubbles is
perfused under controllable shear conditions across a monolayer of cultured endothelial cells
grown on a coverslip. Wall shear rate is uniform over the experimental surface. (Not to scale).
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Figure 4-2 Parallel perfusion chamber, side view and top view.

4.2.4.1 Fluid Dynamical Analysis. Under laminar flow conditions, flow through the chamber
is well-characterized, with a uniform wall shear rate for the length of the perfusion gap. The
wall shear rate can be calculated based on the Navier-Stokes equation, with the volumetric flow

rate as the key adjustable parameter. A more detailed derivation is presented in Appendix D.

Briefly, assuming that the culture medium perfusate acts in a Newtonian manner, is an
incompressible fluid, and has a constant viscosity, the Navier-Stokes equation (Equation 4-1) can

be employed:

55



Equation 4-1 Navier-Stokes equation
VA L
p[§+ VeVYV]=-VP+uV-V+pg

where p is density, V is velocity, t is time, P is pressure, g is gravity, |l is viscosity, and V is the
gradient operator.

Flow is treated as being between infinitely wide flat plates, such that flow velocity in the
x-direction is a function only of y, where x is in the direction of flow, y varies along the gap
between the PMMA surface and the coverslip, z is in the direction of channel width.

Assuming steady flow (no unsteady acceleration) and low Reynolds number (no
convective acceleration), and neglecting the effects of gravity, the Navier-Stokes equation
(Equation 4-1) reduces to its x-component, and since the velocities in the y and z directions are

zero, and Vy does not vary with z, the following in obtained:

Equation 4-2

O:—aP+ 9%V,
ox ﬂayz

Treating Vi as a function of y, and evaluating using no-slip boundary conditions at the

walls (Vx=0 at y = 0 and h, where h is the gap height of 200 um) results in:

Equation 4-3

1 oP
V =—— (2 —h
f 2ﬂax(y y)

Volumetric flow rate is defined in rectangular coordinates as the double integral of the x-
direction velocity with respect to y and z, so by integrating over the gap (y = 0 to h), we get an

expression for volumetric flow rate:
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Equation 4-4

w oP i’

0= a6

Combining Equation 4-3 and Equation 4-4 gives an expression for the perfusate velocity

in the x direction:

Equation 4-5

), -5
wh

(hy=»*)

We are most interested in the shear component acting on the y-surface (the coverslip) in
the x-direction, so we start with the shear stress Tyx (under laminar flow conditions) given by
Newton’s law of viscosity as viscosity times the partial derivative of Vy with respect to y.
Differentiating Equation 4-5 with respect to y, evaluating at the coverslip surface (y=0), and

translating into shear rate (shear rate = shear stress / viscosity) gives the shear rate equation for

the parallel flow chamber:

Equation 4-6 Wall shear rate equation for the parallel perfusion chamber

o B 6Q
7_th

Equation 4-6 gives the wall shear rate as a function of volumetric flow rate Q, gap height
h, and chamber width w. Thus, at a given flow rate, the wall shear rate is constant over the

experimental surface of the coverslip, and can be easily calculated.

4.2.5 Microbubble Perfusion

Coverslips of ECs (n = 42) were briefly incubated with quinacrine dihydrochloride

(Sigma, St. Louis, MO) or alexa phalloidin (Molecular Probes) as a fluorescent label and
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mounted in the perfusion chamber. The vacuum seal was applied, and the chamber was primed
with 37°C culture medium. A solution of microbubbles (10° MBs/mL, 0.2 mL volume) in
culture medium was injected into the chamber and dwelled statically for 3 min. Because of the
natural buoyancy of the microbubbles, the chamber was oriented with the ECs forming the roof
of the chamber, to maximize microbubble exposure to cells. To wash away unbound
microbubbles, the chamber was perfused for an additional 3 min with bubble-free culture
medium at a flow rate corresponding to 100 s wall shear rate. Each coverslip of ECs was either
normal or IL-1B-activated, and was perfused with a single microbubble species.

Following perfusions, the chamber was mounted on an inverted epifluorescent
microscope (Axiovert 35, Zeiss, Thornwood, NY), and microscopic brightfield images at 1000X
were recorded digitally via a CCD camera (CCD-1300-Y, Princeton Instruments, Monmouth
Junction, NJ) and imaging software (IPLab, Scanalytics Inc., Fairfax, VA). The number of cells
and adherent MBs was quantified for each image, and averaged over the 20 fields to results in a

single measure (mean adhered MBs/EC) per coverslip.

4.2.6 Statistics

Results are expressed as mean + standard deviation. Data were analyzed with factorial
ANOVA with two levels of cell activation (activated versus normal) in the first factor and 6
levels of microbubble antibody density (1%, 5%, 10%, 50%, 75%, 100%) in the second factor.
Covariates taken into account include microbubble batch and EC passage number. When
significant differences were found, post-hoc comparisons were made using Tukey’s test.

Statistical significance was defined as p<0.05.
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4.27 Mathematical Adhesion Modeling

Adhesion of the targeted MBs to the endothelial surface can be mathematically modeled
as receptor-mediated adhesion of spherical particles to a ligand-bearing substrate. Specifically,
experimental results will be interpreted in terms of a model consisting of a solid sphere with
multiple receptors on the surface, suspended in a shear flow field, and binding to a surface with
multiple ligands. Particle adherence requires that the total adhesive force must balance the

hydrodynamic force and torque imposed on that particle, as seen in Figure 4-3.
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Figure 4-3 Hydrodynamic forces acting on a surface-adherent particle. Modified from [204].
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Based on equations by Goldman et al [205], describing the hydrodynamic forces acting
on a stationary sphere, and Hammer et a/ [206], describing receptor-mediated cell adhesion,
Cozens-Roberts et al [204] developed an expression (Equation 4-15) for the fluid force acting on
a sphere adhering to a planar surface.

Briefly, beginning with an expression from Hammer et a/ [206] for the total fluid force

acting on an adherent sphere:

Equation 4-7
Fr= {F, + (9n%/16a%)[Tq’ + 2TqF.ps + (Fypp)’]} ">

(where Fr is the total fluid force, F; is the shear force acting on the sphere, a is the radius of the
contact area between the surface and the adherent sphere, Tq is the torque acting on the sphere,
and pp is the sphere radius), Cozens-Roberts et al/ [204] combine Equation 4-7 with two
expressions by Goldman et a/ [205] that show that the fluid force (F;) and torque (Tq) exerted on

the adherent sphere are linearly proportional to the wall shear stress:

Equation 4-8 Fluid force exerted on adherent sphere

F, o< 6T[Sch

Equation 4-9 Torque exerted on adherent sphere

Tq o< 4nSe(ps)’

(where S is the critical shear stress), to result in an expression describing the total fluid force

acting on the adherent sphere:
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Equation 4-10 Total fluid force acting on an adherent sphere.

FT o< SCpB3/a

Next, starting with a basic equation describing receptor/ligand bond formation kinetics:

Equation 4-11 Description of bond formation kinetics.

(dNy/dt) = kd(NL — Np)(Nr — Np) - k:Ny,

(where Ny, is the bond density, N is the ligand density, Ny is the receptor density, kr is the
forward rate constant, and k; is the reverse rate constant), Bell [207] made a correction to the
reverse rate constant to account for the effects of the external shear force on the specific bonds,

and described the bond force (Fy) as:

Equation 4-12 Bond force
Fy = (0.7k, T/y)In(KN; )

(where ky, is Boltzmann’s constant, T is temperature, 7y is the range of interaction (about 5 x 107

cm for antibody/antigen bond), and K is the receptor-ligand affinity constant kgk;).
Cozens-Roberts et al [204] next describe the total number of receptor-ligand

(antibody/antigen) bonds (C) necessary to balance the hydrodynamic forces, where C = F1/F}, by

combining Equation 4-10 and Equation 4-12 to achieve:

61



Equation 4-13 Number of required receptor-ligand interactions

C o< (y/kyT)[So/In(KNp)](ps’/a)

Hammer et al [206] modified this to develop an expression for the total receptor density

needed to balance the hydrodynamic forces:

Equation 4-14 Total receptor density

N = (yFr/ ko T)(e / ma’KNy)

(where e the natural logarithm base).
By substituting Equation 4-10 into Equation 4-14 and rearranging, the following equation
describing between the relationship receptor and ligand densities and the maximum shear stress

under which the sphere can adhere (S.) is obtained:

Equation 4-15 Critical shear stress equation

Sc = BNLNR
where

Equation 4-16
B = (K/33e)(ks T/y)(a/ps)’

This equation shows that the critical shear stress S, the maximum shear stress under

which the sphere can successfully adhere, is proportional to J (which is dependent on the
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receptor-ligand affinity, the contact area, and the sphere size), the ligand density, and the
receptor density. The critical shear stress can be interpreted as a measure of particle adhesion
strength; it represents the balance between the adhesive receptor/ligand interaction forces acting
to bind the sphere, and the fluid dynamical forces acting to move the sphere [208].

According to Equation 4-15, varying the antibody density (Nr) on the microbubbles
should lead to a linearly proportional change in MB adhesion strength. Changes in the ligand
(endothelial ICAM-1) density (Ni) should similarly result in linearly proportional changes in

MB adhesion strength.

(High ICAM-1 density)

A ICAM-1 density)

MB Antibody Density

Critical Shear Stress

Figure 4-4 Relationship between antibody density and adhesion strength.
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In this chapter, the effect of MB antibody density on targeted adhesion to endothelium is
being considered. Based on the above model, the relationship between antibody density and
critical shear stress should resemble that seen in Figure 4-4, in which the measure of adhesion
strength is linearly proportional to MB antibody density. If the ligand density N is modified
from a low level to a higher level, then the slope of the relationship should increase. In the case
of the present study, this entails investigating adhesion at two different ICAM-1 densities,

corresponding to two different levels of activation: normal and inflammatory.

4.3 Results

4.3.1 Endothelial ICAM-1 Expression

Sample quantitative flow cytometric measurements of ICAM-1 expression on normal and
IL-1B-activated ECs are shown in Figure 4-5. Quantitative results are shown in Figure 4-6.
Interleukin activation increased the expression of ICAM-1 approximately 20-fold, from 37,000

3,000 ICAM-1 sites per cell on normal ECs to 760,000 £ 12,000 sites per cell on inflammatory

ECs.
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Figure 4-5 Flow cytometry sample data using cultured human coronary artery ECs with
fluorescently-labeled ICAM-1. Cells were either normal or inflamed with interleukin.
Calibrated standard microsphere peaks (from microspheres with 3 distinct levels of
fluorochrome) used for quantitative calculations are shown as black-filled histograms.
Inflammatory EC expression of ICAM-1 was approximately 20 times greater than normal ECs.
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Figure 4-6 Expression of ICAM-1 on normal versus IL-1B-activated ECs, in terms of number of
ICAM-1 molecules per cell. Interleukin activation upregulated ICAM-1 approximately 20-fold
from constitutive levels. (Mean + SD).

4.3.2 Endothelial ICAM-1 Expression

Data from coverslips exposed to a static incubation of microbubbles followed by a
bubble-free wash at 100 s are shown in Figure 4-7. Adhesion is expressed as the number of
adhered microbubbles normalized to the number of ECs. Binding of bare microbubbles was
minimal to both normal (0.04 = 0.02 MBs/EC) and activated (0.09 + 0.07 MBs/EC) endothelium.
Similarly, binding of microbubbles containing non-specific IgG was minimal to both normal
(0.01 £ 0.00 MBs/EC) and activated (0.05 = 0.01 MBs/EC) cells. Among the microbubbles
targeted to ICAM-1, adhesion increased with increasing antibody density to both normal (1% =

0.12£0.04; 5% = 0.21 £ 0.06; 10% = 0.6 £ 0.2; 50% =1.4 £ 0.2; 75% = 3.6 £ 1.6; 100% = 4.8 +
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1.8 MBs/EC) and activated ECs (1% = 0.08 + 0.02; 5% = 0.3 £ 0.2; 10% = 0.9 £ 0.4; 50% = 5.3
+1.5;75% =74+ 1.7;100% = 9.2 £ 1.9 MBs/EC). Adherence of ICAM-1-targeted MBs was
greater to activated than normal ECs (p<0.01), and increased with increasing antibody density
(p<0.01). There was a significant interaction between microbubble antibody density and EC
condition [Fs34=4.15], with the EC condition effect (ICAM-1 expression effect) becoming
stronger as the microbubble antibody density increased. Adhesion was significantly greater to
activated than normal ECs within the 100%, 75%, and 50% groups (p<0.01 for each). By post-
hoc analysis it was determined that a greater number of 100% microbubbles adhered to ECs
versus 75%, a greater number of 75% microbubbles versus 50%, and a greater number of 50%

microbubbles versus 10%.
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Figure 4-7 In vitro adherence of various microbubble species to normal versus inflammatory
ECs. Adherence of bare and non-specific IgG microbubbles was minimal. Adherence of I[CAM-
1-targeted microbubbles increased with increased antibody surface density (p<0.01). Adherence
of ICAM-1-targeted microbubbles was significantly greater to activated versus normal ECs
(p<0.001). (Mean £ SD).
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ICAM-1-targeted MB adherence as a function of antibody density is shown in Figure 4-8.
MB adhesion to both types of cells increased with increasing antibody density. The slope of the
linear fit was significantly higher for the inflammatory ECs than for the normal ECs (p<0.01).

Brightfield micrographs of coverslips of ECs perfused with the each of the various

species of microbubbles are shown in Figure 4-9.
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Figure 4-8 In vitro adherence of MBjcam to normal and inflammatory ECs vs. MB antibody
density. MB adherence to both cell types increased with increased antibody surface density
(p<0.01). (Mean £ SD).
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Figure 4-9 Brightfield micrographs of inflammatory ECs following exposure to microbubbles
carrying nonspecific IgG, or various densities anti-ICAM-1 antibody. Each image shows
approximately 6-8 ECs in the background, and adhered microbubbles (arrows). There was only
minimal adherence of nonspecific IgG-containing microbubbles. With the anti-ICAM-MBs,
adhesion increases with increasing antibody density.
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4.4 Discussion

The main finding of this study was that the adhesion of ICAM-1-targeted MBs is
dependent on the MB antibody surface density. This microbubble parameter has been largely
overlooked in the targeted imaging literature, and yet our data show that this variable can have
an enormous impact on the resulting adhesion characteristics of the agent.

The parallel plate perfusion chamber, in which a uniform shear field is maintained across
the entire experimental surface, has been widely utilized to study in vitro cellular adhesive events
under controlled fluid shear conditions [209]. This device is well-suited for the investigation of
adhesive events at the endothelium, and has been employed to study a variety of adhesive
phenomena, including the binding interactions of specific leukocyte adhesion molecules [210],
the effect of flow on leukocyte adhesion to endothelium [202], and endothelial adhesion of red
blood cells [211] and tumor cells [212]. In the current studies, this apparatus was used to
evaluate the density of anti-ICAM-1 antibody on the microbubble surface, a key parameter that
may modulate targeted microbubble adhesion to dysfunctional endothelium.

Negative control MBs showed minimal adhesion to both cell types. The low adherence
of bare microbubbles (with no streptavidin and no antibody on the shell) demonstrates that the
lipid shell itself is not responsible for adhesion of the targeted agent. Similarly, the minimal
adhesion of microbubbles conjugated to a nonspecific control antibody confirms that unoccupied
streptavidin is not responsible for adhesion, and that the adhesion of the ICAM-1-targeted agent
is due to the specificity of the antibody/antigen binding interactions.

Microbubble surface antibody density had a significant positive, linear relationship with

adhesion to ECs, demonstrating that this parameter should be carefully quantified when
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investigating targeted agents. As the antibody density increases towards its maximum, there is
the potential for a counter-intuitive decrease in resulting microbubble adherence to endothelial
ICAM-1, due to steric hindrance between neighboring antibodies. If the antibodies are packed
too closely together on the microbubble shell, they may not have the freedom of movement
(molecular range of motion) necessary to allow maximal binding to the endothelial target
molecule. However, this phenomenon was not observed in our experiments, as MB adhesion to
ECs increased with each step-wise increase in antibody density, and did not reach a plateau or
decrease. Nonetheless, this design parameter should be closely monitored when attempting to
optimize adhesion of a targeted agent.

Quantitative flow cytometry was used to measure I[CAM-1 expression on normal and
interleukin-activated ECs. These data established that, first, there is constitutive ICAM-1
expression of 37,000 ICAM-1 sites per cell on resting ECs, and, second, that incubation with IL-
1B upregulates this ICAM-1 expression approximately 20-fold to 760,000 sites per cell. These
results are on the same order as figures reported for ICAM-1 expression on human umbilical
vein ECs (HUVECs): 180,000 on resting ECs and 1,000,000 sites on TNF-a-stimulated ECs, as
determined using radio-iodinated anti-ICAM-1 antibodies [213]. The constitutive ICAM-1
expression likely accounts for the observed adherence of ICAM-1-targeted MBs to normal ECs.
This adherence to resting ECs, however, was not proportional to the measured ICAM-1
expression, but rather was higher than might be anticipated based on ICAM-1 levels, i.c.
inflammatory ECs had 20 times as much ICAM-1, but only 2 to 3 times as much MB adhesion.
This may indicate that, even at expression levels found on normal ECs, the ICAM-1 density may
already be above the ideal range of expression for eliciting differential binding of targeted agents

to normal versus inflamed endothelium. Other potential molecular targets (such as other LAMs)
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may have more ideal expression characteristics, and should be subjected to similar in vitro
investigations.

These data concerning the effect of antibody density on MB adhesion to endothelial
ICAM-1 can be interpreted in terms of the mathematical model of receptor/ligand interaction-
mediated adhesion of a sphere to a surface presented in Section 4.2.7. In particular, by
comparing the theoretical relationship shown in Figure 4-4 with the experimental data shown in
Figure 4-8, it can be seen that the model of Cozens-Roberts et a/ [204] properly predicted the
interactions between these variables. For both normal and inflammatory cells, the adhesion
response to changes in antibody density were linear (S. linearly proportional to Ngr). As the
ligand density N (endothelial ICAM-1 density) changed from low on the normal cells to high in
the inflammatory condition, the slope of the relationship increased. These results further support
the notion that the adhesion characteristics of our LAM-targeted microbubbles to dysfunctional
endothelium can be modeled in this manner [214]. Furthermore, this agreement between
experimental and theoretical results has implications for the contribution of such modeling to the
optimization of MB design parameters. Specifically, these initial results demonstrate that such
models may be of great utility in predicting the effects of changes in various parameters,
including antibody (ligand) density, ligand tether length, MB size, and receptor-ligand pairing.
Such model-based predictions may allow for the design of efficient experiments, and may offer
insight into the relative importance of, and interactions between, these various parameters.

In Figure 4-9 it can be seen that some microbubble aggregates can form on the
endothelial surface. Although the presence of these aggregates may indicate between-
microbubble interactions, we have not observed inter-microbubble adhesion to be a common

event. In several experiments, perfused MBs were observed microscopically in real time, and
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only single MBs were observed flowing in the perfusate (no aggregates were seen), suggesting
that any aggregation occurs only on the EC surface. Additionally, while a grape-like three-
dimensional cluster of microbubbles would indicate strong inter-microbubble interactions, the
aggregates visible in the micrographs in Figure 4-9 are only two-dimensional; each of the MBs
in an aggregate independently contacts the cell surface. Thus we believe that the aggregates are
most likely due to fluid dynamic effects based on the three-dimensional topography of the EC
surface, and do not represent substantial inter-microbubble interaction.

Heterogeneity of microbubble size is also apparent in Figure 4-9. This apparent
heterogeneity is due to two factors. First, as shown in Figure 3-1, microbubble diameter was not
uniform, but rather was normally distributed around the mean of 3.4 um. Second, optical effects
on the microscope images create additional apparent size heterogeneity: depending on the exact
spatial position of each microbubble, its apparent size may vary depending on the chosen focal
plane.

Limitations of these studies include the approximations that are common with in vitro
experiments. Cultured ECs were utilized as an imprecise model for in vivo endothelium. The
perfusate was culture medium, and included no blood cells. Constitutive expression of ICAM-1
on normal ECs may be lower on cells cultured under static conditions, as ours were prior to
experimenting, versus those cultured under physiologic shear conditions [215]. In addition, MBs
were exposed to the ECs under static conditions, rather than physiologic shear conditions, to
optimize attachment.

Optimization of a targeted ultrasound contrast agent requires investigation of many
parameters, including the density of the targeting molecule on the microbubble surface. A

microbubble targeted to a cell surface marker of endothelial dysfunction such as ICAM-1 may
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offer a non-invasive, real-time, direct tool for the assessment of endothelial function, potentially

allowing for the early diagnosis of inflammatory disease processes.
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5.0 EFFECT OF WALL SHEAR CONDITIONS ON TARGETED

MICROBUBBLE ADHESION

5.1 Introduction

As stated earlier, achieving control over the binding characteristics of the microbubbles is
a critical step towards optimizing the design of a targeted ultrasound contrast agent capable of
function-specific imaging of the endothelium. In addition to the microbubble surface antibody
density, another parameter we endeavored to investigate was the adhesion response to different
local shear environments. In the previous chapter, we demonstrated that targeted microbubble
adhesion was highly dependent upon the antibody density. In the work presented in this chapter,
we investigated the effect of wall shear rate on microbubble adhesion to dysfunctional
endothelium.

We hypothesized that ICAM-1-targeted microbubble adhesion is inversely dependent
upon the shear rate conditions at the endothelial surface. Our goal was to quantify the adhesion
of ICAM-1-targeted microbubbles to inflammatory cultured ECs under various shear conditions,
to determine the ability of this contrast agent to adhere to ICAM-1-expressing endothelium under
physiologically relevant flow conditions similar to those present in the coronary
microcirculation. As before, this hypothesis was tested using a parallel plate perfusion apparatus
in which targeted microbubbles were perfused across cultured human coronary artery ECs to

investigate their adhesion.
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5.2 Methods

5.2.1 Microbubble Preparation

Lipid-based, perfluorocarbon-filled microbubbles (MP1950) were conjugated to anti-
human-ICAM-1 IgG monoclonal antibodies as the ligands for endothelial adhesion. Antibody
conjugation to the shell was effected via multi-step avidin-biotin bridging chemistry, as
described in Chapter 3. MB surface antibody density was maximal (100% MBs), carrying

approximately 60,000 Ab/MB (see Chapter 3).

5.2.2 Cell Culture

Cell culture of human coronary artery ECs was undertaken as described in Section 4.2.2.
Briefly, the ECs were grown to confluency on 25 mm x 75 mm glass coverslips, and selected
coverslips of ECs were made inflammatory by activation with 100 U/mL IL-13 for 5 hours

immediately prior to the experiment.

5.2.3 Microbubble Perfusion

Coverslips of ECs (n = 4-8 per condition, total = 71) were briefly incubated with
quinacrine dihydrochloride as a fluorescent label and mounted in the perfusion chamber, as
described in Sections 4.2.4. As before, the chamber was oriented with the ECs forming the roof
of the chamber, due to the natural buoyancy of the microbubbles. Solutions of microbubbles (2 x
10° MBs/mL, 1-5 mL volume) were actively perfused through the system at flow rates
corresponding to one of 5 different wall shear rates (100, 175, 250, 375, 500 s'l) for 3 min,

followed by a 3 min bubble-free wash at the same flow rate. Each coverslip of ECs was either
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normal or IL-1B-activated, and was perfused at a single shear rate. Immediately following each
perfusion, the chamber was mounted on an inverted epifluorescent microscope, and microscopic
brightfield images in 20 random fields of view were recorded digitally at 1000X. The number of
cells and adherent MBs was quantified, and averaged over the 20 fields to results in a single

measure (mean adhered MBs/EC) per coverslip.

5.2.4 Statistics

Results are expressed as mean * standard deviation. Data were analyzed with factorial
ANOVA with two levels of cell activation (activated versus normal) in the first factor and 5
levels of wall shear rate (100, 175, 250, 375, 500 s'1) in the second factor. Covariates taken into
account include microbubble batch and EC passage number. When significant differences were
found, post-hoc comparisons were made using Tukey’s test. Statistical significance was defined

as p<0.05.

5.3 Results

Data from coverslips perfused with maximally-targeted (100% antibody density) anti-
ICAM-1 microbubbles at flow rates corresponding to various wall shear rates followed by a
bubble-free wash at matching shear rates are shown in Figure 5-1. Adhesion is expressed as the
number of adherent microbubbles normalized to the number of ECs.  Adhesion to ECs

decreased with increasing wall shear rate to both normal (100 s1=0.8+ 1.7; 175 s'=0.6+ 0.4;
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250 s'=0.4+0.4;350s'=0.2+0.1; 500 s = 0.04 + 0.02 MBs/EC) and activated ECs (100 s™
=30+27175s"'=2.6+08;250 s =2.1 £ 1.3; 350 s = 1.2 £ 0.9; 500 s = 0.5 £ 0.1
MBS/EC). Adhesion of anti-ICAM-1 MBs was greater to activated than normal ECs (p<0.001),
and decreased with increasing wall shear rate (p=0.02). The ratio of adherence to activated ECs
versus adherence to normal ECs was 6 at 100 s™ and 21 at 500 s (p=0.22 for comparison of
ratios). By post-hoc analysis, adhesion significantly decreased between 250 and 350 s
(p<0.01), and between 350 and 500 st (p<0.01).

Figure 5-2 shows brightfield micrographs of coverslips of IL-1B-activated ECs perfused
with anti-ICAM-1 microbubbles at flow rates corresponding to wall shear rates of 100 s™, 175 s~
1, 250 s'l, 350 s'l, and 500 s'. The endothelial cell monolayer is seen in the background, with
approximately 6-8 ECs per image. As the shear rate under which microbubble binding

interactions occur is increased, adhesion to ECs decreased (p = 0.02).
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Figure 5-1 [n vitro adhesion of maximally-targeted (100% antibody density) anti-ICAM-1
microbubbles to normal versus inflammatory human ECs under various wall shear conditions.
Adherence was significantly greater to activated versus normal ECs. Microbubble adherence
was clearly shear-dependent, with binding decreasing with increasing shear rate. (Mean = SD).
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Figure 5-2 Brightfield micrographs of inflammatory ECs following perfusion with maximally-
targeted (100% antibody density) anti-ICAM-1 microbubbles at flow rates corresponding to 5
different wall shear rates between 100 s and 500 s™. Each image shows approximately 6-8 ECs
in the background, and adhered microbubbles (arrows). As the shear rate under which the
microbubble binding interactions occur increases, adhesion to ECs decreased.
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5.4 Discussion

The main finding of this study was that the adhesion of ICAM-1-targeted microbubbles is
dependent on local shear conditions. Since the in vivo application of targeted MBs would require
their adhesion to endothelium from vascular shear flow, it was important to quantify the effect of
physiologic shear conditions on MB binding.

In developing a targeted imaging agent, two potentially conflicting factors need to be
considered: the absolute adhesion measured as bound microbubbles per cell, and the differential
adhesion between normal and disease (inflammatory) conditions. High absolute adhesion is
necessary to ensure that bound MBs can provide adequate acoustic signal for ultrasound
imaging, and differential adhesion is necessary to allow distinction between normal and diseased
tissues. Based on data presented in Chapter 4, the 100% antibody density microbubbles were
chosen for the investigation of adhesion under shear conditions because, although the adhesion
differential was greater with the 50% microbubbles than with the 100% microbubbles, the 100%
microbubbles demonstrate the highest absolute adhesion, and are thus likely to offer the highest
acoustic intensity for ultrasound imaging.

Wall shear rates vary throughout the in vivo vascular system, ranging between 50 and
2000 s [216]. It is thus important to study the adherence of new targeted agents under a wide
range of shear conditions. Our maximally targeted anti-ICAM-1 microbubbles demonstrated a
significant negative relationship with wall shear rate in the range studied. Between 100 s and
500 s, adhesion decreased by more than 80% to activated ECs and more than 90% to normal
ECs. The ratio of adherence to activated versus normal ECs was higher at 500 s than 100 s™,

but the trend did not reach statistical significance.
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These experiments were designed to investigate mainly microbubble attachment, rather
than detachment. Binding kinetics for attachment versus detachment can be substantially
different, due to recruitment of additional antibody/antigen linkages, flattening of the adhered
MB against the EC surface, and differing antibody on-rates and off-rates [214, 217, 218]. In our
study, we quantified MBs that adhered during the 3 min MB perfusion across the coverslip and
remained adhered after the 3 min MB-free wash (which was intended to remove unbound MBs).
We did not observe the attachment and detachment of individual MBs, as would be required for
the detailed measurement of MB binding kinetics. However, anecdotal evidence suggests that
adhered microbubbles remain adhered for at least 15 min. In several experiments, the MB-free
wash was extended from 3 min to 15 min, which yielded no change in microbubble retention,
suggesting that adhered microbubbles remain intact and bound to the endothelial surface for at
least 15 min even under shear flow.

Limitations of these studies include the approximations that are common with in vitro
experiments. Cultured ECs were utilized as an imprecise model for in vivo endothelium.
Constitutive expression of ICAM-1 on normal ECs may be lower on cells cultured under static
conditions, as ours were prior to experimenting, versus those cultured under physiologic shear
conditions [215]. Microbubbles with normally distributed sizes were studied, but microbubbles
of different diameters would be expected to have varied binding strengths, due to different
antibody quantities, surface contact areas, and resistance to drag. A single, commercially-
available antibody clone was used as the targeting agent, whereas others with different binding
kinetics may elicit different MB adhesion characteristics. Lastly, flow through the perfusion
chamber was nonpulsatile, and included no blood components. The lack of other blood cells

may mean that these data underestimate the adhesion that would occur in vivo, because the
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presence of other particles in the bloodstream may encourage MB adhesion to the endothelium
[219].

Optimization of a targeted ultrasound contrast agent requires investigation of many
parameters, including the adhesive response to various physiologic shear conditions.
Microbubbles targeted to a cell surface marker of endothelial dysfunction such as ICAM-1 may
allow for the ultrasonic assessment of endothelial function, offering non-invasive diagnosis and

monitoring of inflammatory disease processes.
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6.0 EFFECT OF ENDOTHELIAL TARGET DENSITY ON

TARGETED MICROBUBBLE ADHESION

6.1 Introduction

In Chapters 4 and 5, data were presented demonstrating that targeted microbubble
adhesion is highly dependent upon the antibody density and the local wall shear conditions. In
the work discussed in the present chapter, we continued these efforts to characterize the binding
of targeted microbubbles to dysfunctional endothelium by studying the effect of endothelial
target density on MB adhesion. We investigated ICAM-1-targeted microbubble adhesion to
variably inflamed endothelium, covering the entire spectrum of inflammatory status, as measured
by ICAM-1 expression, from the normal status to fulminant dysfunction. Describing the
relationship between target density and contrast agent adhesion has important implications for
the eventual application of this function-specific imaging technique in the clinical setting.

Specifically, we hypothesized that ICAM-1-targeted microbubble adhesion is dependent
upon the level of ICAM-1 expression on the endothelial surface. Our goal was to quantify the
adhesion of targeted microbubbles to cultured ECs expressing various levels of ICAM-1, to
determine the relationship between the severity of endothelial dysfunction (level of
inflammation) and MB adhesion. This hypothesis was tested using a radial flow perfusion
apparatus in which targeted microbubbles were perfused across cultured human coronary artery

ECs to investigate their adhesion strength.
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6.2 Methods

6.2.1 Microbubble Preparation

Lipid-based, perfluorocarbon-filled microbubbles (MP1950) were conjugated to mouse
anti-human-ICAM-1 IgG monoclonal antibody on the shell as the ligand for endothelial
adhesion. Antibody conjugation was effected via multi-step avidin-biotin bridging chemistry, as
described in Chapter 3. MB surface antibody density was maximal (100% MBs), carrying

approximately 60,000 Ab/MB (see Chapter 3).

6.2.2 Cell Culture

Cell culture of human coronary artery ECs was undertaken as described in Section 4.2.2.
Cells were grown to confluency on 45 mm x 50 mm glass coverslips, and selected coverslips of
ECs were made inflammatory by activation with various amounts of IL-1B (0, 0.5, 2, or 100
U/mL) for 5 hours immediately prior to the experiment, resulting in four groups of coverslips
with varying degrees of inflammation: normal, low, medium, and high. These particular dosages
of IL-1B were chosen based on a study of the dose-response association between IL-1p and
human coronary artery ICAM-1 expression measured by quantitative flow cytometry. This
study, not reported in detail in this dissertation, demonstrated a standard sigmoidal dose-response

relationship, as seen in Figure 6-1.
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Figure 6-1 Dose-response relationship between interleukin-18 and ICAM-1 expression on
cultured endothelial cells.

6.2.3 Quantification of ICAM-1 Expression

Flow cytometry was used to quantify ICAM-1 expression on the EC surface for non-
perfused samples from each of the four inflammatory groups, using the procedure described in
Section 4.2.3. Briefly, endothelial cell monolayers grown on glass coverslips as above were
labeled with biotinylated anti-human-ICAM-1 monoclonal IgG antibody (the same clone as used
on the microbubbles) followed by PE-labeled streptavidin, then analyzed for fluorescence.
Comparisons with Quantum Simply Cellular standard beads were used to correlate fluorescence

intensity with the quantity of ICAM-1 sites.
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6.2.4 Radial Flow Chamber

A radial flow perfusion chamber was used to examine adhesion of microbubbles to
cultured ECs [204, 220-222]. Similar in concept to the parallel perfusion chamber, this radial
apparatus differs by allowing the investigation of a wide range of shear rates in a single
experiment, by generating position-dependent shear flow. Figure 6-2 shows a diagram of our
design, modified from Cozens-Roberts ef al [204]. It comprises a transparent PMMA block, 2
rubber gaskets, and a 45 mm x 50 mm glass coverslip. Multiple circular grooves were cut into
the block, as seen in Figure 6-2. Starting from the center and moving outwards radially: an inlet
port was drilled in the center of the chamber; a shallow disk-shaped groove 500 um in depth was
made as a path for perfusate, a deep circular groove was cut as a fluid reservoir to minimize flow
disturbances; three outlet ports spaced 120° apart were drilled through the bottom of the
reservoir; and a narrow, shallow groove was made for a vacuum seal, and connected to a
horizontal hole drilled as a vacuum port. The distal ends of the inlet and outlet ports were
adapted to Luer locks, and connected to Tygon® tubing. A coverslip (with confluent monolayer
of ECs) was mounted over the grooves with the cells facing the inside, such that a 500 um gap
was formed between the ECs and the experimental zone. The coverslip was secured with the
rubber gaskets and vacuum system, and forms one wall of a closed system. The 3 exit ports were
connected together with a 4-way adapter, which was then connected to a nonpulsatile syringe
pump in withdrawal mode. Photographs of the radial flow perfusion apparatus are shown in
Figure 6-3.

As shown by the arrows in Figure 6-2, a solution of MBs in culture medium (M-199) is
perfused in the inlet, flows radially across the 500 um high experimental zone, flows into the

reservoir, and then exits through the 3 outlet ports. As the cross-sectional area of flow increases
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with increasing radius from the central inlet, the perfusate velocity and wall shear rate decrease.
Over the experimental zone, a range of shear rates covering approximately a single order of
magnitude is produced.

Microbubble perfusion experiments result in two zones on the experimental area of the
coverslip: an inner region, where velocity and shear are high and MBs cannot adhere, and an
outer region, where velocity and shear are low and MBs can successfully adhere, as seen in
Figure 6-4. The boundary between these two regions is the margin of MB attachment is
observable at low microscopic magnifications, and is designated the “critical shear ring”, located
at the “critical shear radius”. The adhesion strength of the targeted MBs can be measured in

terms of the “critical shear rate”, calculated at the critical shear radius.
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Figure 6-2 Schematic of the radial flow perfusion chamber. A solution of microbubbles is
perfused under controllable shear conditions across a monolayer of cultured endothelial cells
grown on a coverslip. Wall shear rate varies inversely with radius from the central inlet, and
microbubble adherence primarily occurs outside of a “critical shear radius” which corresponds to

a “critical shear rate” above which microbubbles do not adhere. (Not to scale).
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Figure 6-3 Radial flow perfusion chamber, side view and top view. The color version of this
figure is shown in Appendix K-6.
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Figure 6-4 Microbubble adhesion pattern in the radial flow chamber. Microbubbles adhere
primarily outside of a critical shear radius, observable at low microscopic magnification as a
critical shear ring.
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6.2.4.1 Fluid Dynamical Analysis. Under laminar flow conditions, flow through the chamber

in the experimental zone is well-characterized, with wall shear rates that vary inversely with
radius. The positional wall shear rate can be calculated based on the Navier-Stokes equation,
with the volumetric flow rate and radius as the key variables. A more detailed derivation is
presented in Appendix E.

Briefly, using the same assumptions as with the parallel plate chamber, the Navier-Stokes
equation (Equation 4-1) can be employed. Again assuming steady flow and low Reynolds
number, the equation in cylindrical coordinates (r = radial position, 0 = angle, z = axial position)

reduces to its r-component:

Equation 6-1 r-component of Navier-Stokes equation

0=—9" +ﬂ{i[li(rV,)j+ 97, }

or or\ ror oz*

From the continuity equation, assuming that the velocities in the circumferential (8) and

axial (z) directions are zero, we have:

Equation 6-2
10

22 ) =0
rar(r )

and thus
Equation 6-3

0= 2%V,
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Treating rV; as a function of z, and evaluating using no-slip boundary conditions at the

walls results in:

Equation 6-4

v =La—P(z2 — hz)
2u or

Volumetric flow rate is defined in cylindrical coordinates as the integral of the r-direction

velocity times the circumference with respect to z, so by integrating over the gap (z = 0 to h), an

expression for volumetric flow rate is obtained:

Equation 6-5

Combining Equation 6-4 and Equation 6-5 gives an expression for the perfusate velocity

in the radial direction:

Equation 6-6

V. =

7353 (hz —z%)

We are most interested in the shear component acting on the z-surface (the coverslip) in
the r-direction, so we start with the shear stress T, (under laminar flow conditions) given by
Newton’s law of viscosity as viscosity times the partial derivative of V, with respect to z.
Differentiating Equation 6-6 with respect to z, evaluating at the coverslip surface (z=0), and
translating into shear rate (shear rate = shear stress / viscosity) gives the shear rate equation for

the radial flow chamber:
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Equation 6-7 Wall shear rate equation for the radial flow chamber

o 3Q
¥ wrh?

Equation 6-7 thus gives the wall shear rate as a function of volumetric flow rate Q, gap
height h, and radial position r. Thus, at a given flow rate, the wall shear rate varies inversely
with radius over the experimental surface of the coverslip [223]. Using this equation, the
observed critical shear radius for each perfusion can be translated into a critical shear rate, a

measure of MB adhesion strength.

6.2.5 Radial Flow Chamber Validation

Following construction of the radial flow chamber, tests were performed to validate that
flow through its experimental zone met specifications. The goal was to demonstrate that the
spatial distribution of velocity and thus of wall shear rate followed the theoretical predictions,
and that critical shear rings were observable, radially symmetric, and able to be manipulated as
suggested by Equation 6-7.

First, an ion argon laser flow visualization system was used to produce a velocity map of
the experimental zone of the radial flow chamber. A solution of fluorescent beads was perfused
through the chamber under laser illumination while digital images of the coverslip surface of the
chamber were recorded by a high resolution CCD camera. Using a relatively long exposure time
of 500 milliseconds, images were obtained in which the fluorescent flow tracers were observed
as radial streaks, the lengths of which were proportional to the bead velocities. The length and
position of these streaks was measured (n = 80) to develop a velocity map of the chamber

experimental area. Figure 6-5 shows measured velocity versus radial position. There is general
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agreement between a power fit of the data and the y ~ 1/x relationship predicted by the wall

shear rate equation above.

6 —

5 Power fit of data
T o

I LV Predicted inverse
A A relationship

Velocity (mm/sec)

Radius (mm)

Figure 6-5 Radial position vs. velocity as measured using laser velocimetry. There is general
agreement between the predicted inverse relationship and the experimental data.
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An additional set of validation tests was performed to verify that MBs perfused through
the radial flow chamber would adhere in patterns with well-defined critical shear rings.
Solutions of non-targeted Optison (Amersham Health Inc., Princeton, NJ), a commercially
available, protein-based ultrasound contrast agent that tends to adhere to glass coverslips, were
perfused through the chamber at various volumetric flow rates. Based on Equation 6-7, the
critical radius is expected to be linearly proportional to the flow rate Q for a given microbubble
species. As seen in Figure 6-6, the relationship between flow rate and critical radius was
substantially linear (r = 0.97). However, the linear fit had a nonzero y-intercept, a discrepancy
from the prediction of Equation 6-7. This same discrepancy has been noted by others, and it has
been interpreted as an artifact caused by hydrodynamic effects from the inlet [204, 220, 221].
These groups have made adjustments for this effect by correcting measured shear ring data by
the value of the discrepant y-intercept. This adjustment has likewise been made for the current
study, using a value of 0.45 mm. Due to potential inlet transition effects, data were acquired

only for radii between 1.0 and 8.0 mm.
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Figure 6-6 Volumetric flow rate (Q) vs. critical shear radius validation data.

6.2.6 Microbubble Perfusion

Coverslips of ECs (n = 3-4 per condition) were briefly incubated with quinacrine
dihydrochloride as a fluorescent label and mounted in the radial flow chamber, as described in
Sections 6.2.4. As with the parallel plate apparatus, the radial chamber was oriented with the
ECs forming the roof of the chamber, due to the natural buoyancy of the microbubbles. A
solution of microbubbles (8 x 10* MBs/mL) was actively perfused through the system in a
diverging manner for 3 min, followed by a 5 min bubble-free wash at the same flow rate. Each
coverslip of ECs was activated to a single level of inflammation (normal, low, medium, high).

Immediately following each perfusion, the chamber was mounted on an inverted epifluorescent
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microscope, and the critical shear radius was measured twice in each of four cardinal directions,

and translated into the critical shear rate using Equation 6-7.

6.2.7 Statistics

Results are expressed as mean * standard deviation. Data were analyzed with ANOVA
with four levels of EC activation (levels of ICAM-1 expression). When significant differences

were found, post-hoc comparisons were made using Tukey’s test. Statistical significance was

defined as p<0.05.

6.3 Results

A summary of the data obtained in the radial flow chamber is shown in Figure 6-7.
Endothelial ICAM-1 expression is on the x-axis, and is reported as a percentage of the maximal
level of 750,000 ICAM-1 sites per EC. The critical shear rate as calculated from the measured
critical shear radii is on the y-axis.

Endothelial surface ICAM-1 densities were: normal (constitutive) = 35,000 £+ 10,000; low
= 230,000 £ 30,000; medium = 440,000 + 40,000; and high = 750,000 + 55,000 ICAM-1 sites
per EC. The critical shear rate for targeted MBs increased with increasing degree of
inflammation: normal = 380 = 110; low = 515 £ 80; medium = 745 + 60; and high = 960 + 130 s
"(p <0.001). There were significant differences in MB adhesion between the low and medium
inflammation levels, and between the medium and high levels (p<0.02 each). The relationship

between critical shear rate and ICAM-1 expression was both positive and linear (r > 0.99).
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Figure 6-7 Endothelial ICAM-1 expression versus targeted MB adhesion strength. Four
different concentrations of interleukin-1 were used to activated cultured ECs to four different
levels of inflammation. The critical shear rates of ICAM-1-targeted MB adhesion were
measured in a radial flow chamber. (Mean + SD).

6.4 Discussion

First suggested by Fowler and McKay, the radial flow chamber has since become widely
used to study cell attachment and detachment phenomena [220]. It is a particularly useful device
for the study of cell-substrate adhesion phenomena because it allows investigation over a wide

range of shear conditions simultaneously. In our version of the design, a range of wall shear
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rates almost a full magnitude wide could be produced in the experimental zone of the coverslip
in each perfusion experiment, allowing the efficient investigation of the adhesion strength of our
targeted microbubble agent to variably inflamed cultured endothelium.

The data demonstrated a positive relationship between endothelial ICAM-1 expression
and targeted MB adhesion strength, which agrees with our earlier data showing greater binding
to maximally inflammatory ECs than to resting ECs. The mathematical model of Cozens-

Roberts et al, which states that (see Section 4.2.7):
S, = BNLNR

where S, is the critical shear stress, B is in our case a constant term, Ny is the ligand (ICAM-1)
density, and Ny is the receptor (anti-ICAM-1 antibody) density, predicts that the relationship
between ICAM-1 expression and targeted MB adhesion is both linear and proportional.

As seen in Figure 6-7, our data showed that the experimental relationship was linear, as
predicted, but was not proportional, i.e. the linear fit did not go through the origin. This
discrepancy manifests in our in vitro ICAM-1-targeted system as low to moderate MB adhesion
to resting ECs expressing only constitutive amounts of I[CAM-1. Similar discrepancies in which
the linear fit had a nonzero y-intercept have been reported [204]. Ideally, targeted MB adhesion
to normal endothelium would be close to zero, maximizing the difference between binding to
normal versus dysfunctional tissue.

As seen in Equation 4-16, the B term in the above model is dependent on the size of the
microbubble. Specifically, the B term is proportional to the contact area (a), and inversely
proportional to the cube of the MB radius (pg). Since the interaction contact area (a) is roughly

proportional to the square of pg, this implies that the § term, and thus S, may be expected to be

roughly inversely proportional to pg. Thus smaller MBs may be capable of binding to the
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endothelium at higher shear rates than larger microbubbles. In our radial flow chamber
experiments detailed in this chapter, however, an obvious relationship between microbubble size
and critical radius was not observed. The critical shear rings were generally fairly distinct, and
no obvious radial gradient of microbubble size was seen. With respect to the Cozens-Roberts
model above, this lack of size effect may be due to an unexpected effect of MB size on
microbubble antibody density (in terms of antibodies per microbubble surface area), or may be
due to heterogeneous microbubble shell flexibilities, a factor that is not considered by the above
model.

Our data suggest that the adhesion strength of targeted microbubbles was linearly
dependent on the degree of endothelial inflammation, which has important implications for the
application of this imaging technique in a clinical setting. In previous chapters, data have been
presented that demonstrated preferential adhesion of our targeted contrast agent to inflammatory
versus normal endothelium. A key limitation of such studies, however, is that the in vivo range
of endothelial dysfunction severity may be narrower than with the in vifro models. In other
words, the previous in vitro adhesion experiments neglected to investigate MB adhesion in the
spectrum of inflammation lying between ‘“normal” and maximally “inflammatory”. In the
current study, we have generated data to illuminate this region. Various potential relationships
between adhesion strength and degree of inflammation are shown in Figure 6-8. In case A, the
targeted MB imaging system would be able to differentiate between normal tissue and a low
level of disease, but would not be able to distinguish between low, moderate, or severe disease.
In case C, we would not be able to differentiate normal from low or moderate disease. The fact
that the observed relationship was linear (case B) indicates that contrast-enhanced

echocardiography using targeted agents may be able to differentiate between various degrees of
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endothelial dysfunction, and thus detect not only the presence, but also the severity of

inflammatory disease processes.

Targeted MB Adhesion

Degree of Inflammation

Figure 6-8 Possible relationships between degree of endothelial inflammation and targeted MB
adhesion.
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7.0 APPLICATIONS IN TRANSPLANT REJECTION

7.1 Introduction

Work discussed in Chapters 4, 5, and 6 demonstrated that ultrasound contrast agents
targeted to ICAM-1 via conjugation with anti-ICAM-1 antibodies preferentially bind to
inflammatory versus resting cultured human endothelial cells in vitro. We have also
demonstrated that the in vitro adhesion of targeted MBs depends upon a number of parameters,
including microbubble antibody density, local shear conditions, and endothelial target (ICAM-1)
density. Our next goal was to determine whether the phenomenon of selective adherence of our
targeted agent to dysfunctional endothelium would occur in vivo, and whether the preferential
adherence could be detected via external ultrasound.

We initiated this critical next step in the development of our targeted ultrasound agent by
investigating the potential for non-invasive assessment of organ transplant rejection. Although
several noninvasive tools to diagnose rejection have been reported [129, 131, 133, 134], each of
these has limitations that prevent their widespread clinical implementation, and the current gold
standard for the assessment of rejection remains endomyocardial biopsy, a procedure that is
invasive and not without risk. The development of a non-invasive, clinically viable technique for
the diagnosis and monitoring of allograft rejection would thus be of great value to post-transplant
patients.

As discussed earlier in Section 1.3, a critical event in the pathogenesis of organ transplant

rejection is endothelial dysfunction, which is characterized by the upregulation of leukocyte
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adhesion molecules (LAMs) including ICAM-1. A technique that offers direct, non-invasive
clinical assessment of the inflammatory status of the endothelium as indicated by the level of
ICAM-1 expression may thus allow diagnostic evaluation of the rejection process.

In the current study, we endeavored to investigate targeted ultrasound contrast MBs as a
non-invasive imaging technique for the detection of transplant rejection. We hypothesized that
MBs targeted to ICAM-1 would allow for the diagnosis of fulminant acute cardiac allograft
rejection. Specifically, we hypothesized that ICAM-1-targeted MBs would preferentially adhere
to the microcirculatory endothelium of rejecting grafts vs. non-rejecting grafts in a rat model of
cardiac transplantation, and that this selective binding could be detected via ultrasound imaging.
We tested these hypotheses using both in vitro and in vivo models.

First, because our previous experience with targeted MBs was with human endothelium,
it was necessary to verify that microbubbles could be targeted to rat ICAM-1, prior to engaging
in the more technically difficult in vivo studies. Accordingly, in vitro tests were performed to
demonstrate that MBs conjugated to anti-rat-ICAM-1 antibodies would selectively adhere to
inflammatory versus normal cultured rat ECs.

Second, abdominal heterotopic heart transplantation was performed in rats, and targeted
microbubbles were injected into the animals during simultaneous myocardial contrast
echocardiography of the donor heart to determine if this targeted agent was capable of
identifying rejecting myocardium. Abdominal rat heterotopic heart transplantation was chosen
as our in vivo model of acute cardiac allograft rejection for a number of reasons: (1) the model is
well characterized and prevalent in the literature, (2) the model is known to produce fulminant
acute rejection in hetero-strain transplants, and very little rejection in homo-strain transplants, (3)

heterotopic transplantation is much less burdensome on the recipient animal than is homotopic
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transplantation, thus allowing for less peri-operative mortality, (4) the transplanted heart is
functional, although unloaded, and continues beating after being placed in the donor animal, and

(5) the rat heart is large enough to allow the acquisition of adequate ultrasound images.

7.2 Methods

7.2.1 Targeted Microbubbles

Biotinylated lipid-based microbubbles (MP1950) were conjugated to antibodies via
avidin/biotin bridging as described earlier (see Chapter 3). Microbubbles were linked to either
nonspecific mouse IgG antibody (Caltag, Burlingame, CA), or mouse anti-rat-ICAM-1 IgG
monoclonal antibody (clone 1A29, Pharmingen, San Diego, CA), a clone that has been heavily
used in ICAM-1 literature [224-226]. Microbubbles with 1A29 were designated MBjcanm, and
those with the control antibody were designated MBcontrol.  Antibody density on the microbubble
shell was measured by quantitative flow cytometry (as previously described in Chapter 3) to be
60 =5 x 10 and 62 + 5 x 10’ antibodies per microbubble for MBjcam and MBcontrol, respectively.

Microbubble diameter was 3.4 £ 1.2 um.

7.2.2 Cell Culture

Rat heart microvessel ECs (VEC Technologies, Rensselaer, NY) were grown to
confluence on glass coverslips in endothelial basal medium supplemented with 5% fetal bovine
serum. Only second, third, or fourth passage cells were used. Selected coverslips of ECs were
made inflammatory by incubation with 100 U/mL interleukin-13 for 5 hours immediately prior

to microbubble perfusion.
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7.2.3 Quantification of Rat EC ICAM-1 Expression

Flow cytometry was used to quantify ICAM-1 expression on the rat EC surface, as
described in Section 4.2.3. Briefly, trypsinized ECs were incubated with biotinylated anti-rat-
ICAM-1 monoclonal IgG antibody (clone 1A29, the same as used for MBjcam) or biotinylated
nonspecific IgG antibody (the same as used for MBconirol) followed by PE-labeled streptavidin.
The cells were washed, fixed, and fluorescence quantified via flow cytometry (n = 5 per

condition).

7.2.4 In Vitro Microbubble Perfusions

The rectangular parallel plate perfusion chamber was again used to examine adhesion of
microbubbles to cultured ECs. The general setup was as described in Chapter 4. Coverslips of
ECs (n = 3-6 per condition) were briefly incubated with quinacrine dihydrochloride (50 uM) as a
fluorescent label and mounted in the perfusion chamber. The vacuum seal was applied, and the
chamber was primed with 37°C culture medium. A suspension of either MBjcam or MBcontrol
(3.33 x 10° MBs/mL) in culture medium was actively perfused through the system at a flow rate
corresponding to a wall shear rate of 100 s™ for 3 min, followed by a 3 min MB-free wash at 100
s'. Each coverslip of ECs was either normal or IL-1B-activated. Immediately after each

perfusion, 20 randomly selected microscopic fields were imaged at 1000X and the number of

ECs and adhered microbubbles quantified.
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7.2.5 Heterotopic Rat Heart Transplant Model

In this cardiac transplantation model, first described by Ono and Lindsey [227] in 1969,
the heart of the donor rat is harvested, implanted into the abdomen of the recipient animal, and
anastomosed to the recipient’s abdominal aorta and vena cava. If the donor and recipient rats are
of the same strain, then the transplant is accepted with little reaction. If the donor and recipient
are of differing strains, however, the transplant will cause fulminant acute rejection within days,
because the two strains of rats are mismatched at the major histocompatibility loci. Experiments
were approved by the Institutional Animal Care and Use Committee at the University of
Pittsburgh.

Inbred male Brown Norway (BN) (150-190g) and Lewis (L) (280-310g) rats were
chosen, as they are widely used for acute transplant rejection studies due to their strong
immunogenic response. A total of 23 transplants were performed: the rejecting group comprised

12 BN->L allografts, and the control group comprised 6 BN->BN and 5 L->L isografts.
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Figure 7-1 Heterotopic heart transplantation in the rat, using the method of Ono and Lindsey
[227]. The explanted donor heart is implanted into the abdomen of the recipient animal, and the
donor aorta is anastomosed end-to-side to the recipient abdominal aorta (left image). The donor
pulmonary artery is then anastomosed to the recipient inferior vena cava (right image).
Drawings from [227].

The transplantation surgery proceeded as follows, using a modification [228] of the
original method of Ono and Lindsey [227]. Donor animals were anesthetized with
intraperitoneal sodium pentobarbitol (50 mg/kg), intubated with a 14 gauge angiocatheter, and
ventilated at 10 ml/kg/sec (Harvard Rodent Ventilator, Model 683, Harvard Apparatus,
Holliston, MA). A small midline abdominal incision was made, and heparin (1000 U/kg) was
injected via the inferior vena cava (IVC). The anterior chest wall was separated from the
diaphragm, and the anterior rib cage was divided with heavy scissors on both sides of the
sternum from lower rib margins to the clavicles, creating a hinged thoracic door that was lifted to

expose the heart. The IVC, superior vena cava, and the pulmonary veins were ligated with 4-0
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silk, and the ascending aorta and main pulmonary artery were transected about 2-3 mm from the
vessel origins. The isolated donor heart was removed and immersed in 4° C normal saline.
Recipient rats were anesthetized, intubated, and ventilated as above. A midline
abdominal incision was made and the and the abdominal aorta and IVC were isolated just
beneath the renal arteries. The donor heart was placed transversely in the recipient’s left
abdominal cavity. As seen in Figure 7-1, the donor aorta was anastomosed end-to-side to the
recipient abdominal aorta, and the donor pulmonary artery was anastomosed end-to-side to the
recipient abdominal IVC with running sutures using 8-0 monofilament nylon. Surgical mortality
was 5%; duration of donor heart immersion in saline was 19 + 5 min; and anastomosis time was

25 £ 1 min. Graft survival was monitored by daily palpation of the donor heart beat [229].

7.2.6 Verification of Acute Rejection

7.2.6.1 Histological Rejection Grading. Following animal sacrifice, native and donor hearts

were harvested and fixed overnight in 4% paraformaldehyde, embedded in paraffin (protocol in
Appendix B), and cut into 5 um cross-sections through the short axis of the heart. The tissue
sections were stained with hematoxylin and eosin (protocol in Appendix G), and rejection status
was assessed microscopically by blinded observers using the International Society for Heart and

Lung Transplantation (ISHLT) grading standard [230] (see Table 7-1).
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Table 7-1 ISHLT criteria for the scoring of acute transplant rejection. Modified from [230].

ISHLT Grade Biopsy characterization

0 No rejection.

A = Focal infiltrate without necrosis
B = Diffuse but sparse infiltrate without necrosis

One focus only with aggressive infiltrates and/or

I focal myocyte damage

A = Multifocal aggressive infiltrates and/or
11 myocyte damage
B = Diffuse inflammatory process with necrosis

Diffuse aggressive polymorphous = infiltrate +
v edema + hemorrhage + vasculitis, with
necrosis

7.2.6.2 Immunohistochemical ICAM-1 Scoring. Histological specimens from a separate series

of isograft and allograft rats were harvested on various post-op days (n = 3 per rat type per post-
op day) and prepared for staining as above. As described in Section 2.2.3, samples were
interrogated for ICAM-1 using a polymer-based immunoperoxidase staining kit and the same

biotinylated primary anti-rat-ICAM-1 antibody as used for the MBs (clone 1A29).

The specimens were interrogated microscopically for positive endothelial ICAM-1
staining, and scored semi-quantitatively by blinded observers on a scale of 0 (constitutive ICAM-

1 only) to 4 (most positive).
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7.2.7 Myocardial Contrast Echocardiography

MCE was performed with the Phillips (Hewlett-Packard) Sonos 5500 ultrasound system
and the S3 linear-array transducer. Intermittent transabdominal images were acquired in
ultraharmonic mode using send/receive frequencies of 1.3 and 3.6 MHz, respectively. The
mechanical index, a measure of the transducer’s ultrasound output intensity (power), was set at a
relatively high value of 1.6. Probe position, gain settings, and focus (mid-field) were initially
optimized and maintained throughout each experiment. Five ECG-triggered images of the donor
heart in the short axis plane were acquired at baseline (pre-injection), 3 min, and 3 min 20 sec
after injection of a microbubble solution. Images were recorded digitally and analyzed offline
using customized MCE software (Jiri Sklenar, University of Virginia). Images were aligned and
average pixel intensity was measured in regions of interest encompassing the left ventricular
myocardium.

The goal of the ultrasound image analysis was to differentiate between the acoustic signal
due to adhered microbubbles and the signal due to microbubbles still freely circulating in the
bloodstream. Our approach to differentiating between signals from these two microbubble
populations was based on previously described principles of ultrasound-induced microbubble
destruction and replenishment, and our observations of the in vivo bloodstream kinetics of non-
targeted microbubbles [97, 231, 232]. In pilot MCE studies in rats receiving Optison (a
clinically used echocardiography contrast microbubble) in doses equivalent to those used in the
present study, acoustic signal in the myocardium was no longer detectable by approximately 3
min after injection. Based on this observation, we surmised that ultrasound backscatter at 3:00

post-injection of targeted microbubbles would be attributable predominantly to adhered, rather
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than freely circulating, microbubbles. Since high mechanical index ultrasound is known to
destroy microbubbles within the beam [231], the ultrasound pulse given at 3:00 should destroy
these (predominantly adhered) microbubbles in the field. Thus, the acoustic backscatter of the
image taken 20 seconds later, at 3:20, should derive only from the few remaining freely
circulating microbubbles that were able to replenish the field during the 20 second interval.
Based on the above concepts, the difference in myocardial videointensity between the
initial 3:00 frame (adhered + circulating microbubbles) and the initial 3:20 frame (predominantly
circulating microbubbles) was defined as the signal attributable to microbubble adhesion only.
We generated an additional index, Vlargewed, calculated as the mean VI difference for MBicam
injections minus the VI difference for MBcontrol injections in the same rat, resulting in a measure
that reflected only the videointensity due to specific adhesion of targeted microbubbles to

ICAM-1.

Vlargeted = [ VIz:00,1caM — VIz:20.1cam ] — [ VI3.00,control = V13:20,Control ]

7.2.8 Ultrasound Imaging Protocol

Ultrasound imaging of the in vivo transplanted heart was performed on post-op day 5.
Animals were anesthetized, intubated, and ventilated as described above (Section 7.2.5). A 22
gauge catheter was placed in the right jugular vein for administration of saline and microbubble
solutions. Anesthesia was maintained with intravenous pentobarbitol (15 mg/kg, every 15-30
min). The animal was placed in a prone position on a scaffold with an open window cut-out
under the abdomen to allow for placement of the ultrasound probe. Pilot studies were conducted

with Optison to determine a dosing strategy, and revealed that a single intravenous bolus
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injection of 2.5 x 10°® microbubbles was sufficient to generate myocardial opacification that was
reproducible and of adequate videointensity.

Rats were given an initial bolus injection of 2.5 x 10® Optison microbubbles in 0.05 mL
saline, during intermittent MCE imaging, to verify adequate probe position, optimize image
settings, and verify homogeneous perfusion of the donor myocardium. Donor hearts with
obvious myocardial perfusion defects or segmental wall motion abnormalities were excluded
from the study. Such defects were most likely due to infarction secondary to operative
complications such as inadequate tissue preservation, peri-operative coronary artery occlusion, or
embolism.

Following complete washout of the Optison (about 8 min), an intravenous injection of 2.5
x 10° MBjcam or MBcontrol in 0.05 mL saline was administered as a bolus followed by a 0.2 mL
saline flush during simultaneous MCE imaging. Five ECG-triggered frames were captured at
baseline, 3:00, and 3:20 post-injection (see Figure 7-2). Each rat received paired injections of
MBjcam and MBcongrol, in random order. The animals were euthanized, and myocardial tissue

was harvested and prepared for histology as described above.
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Figure 7-2 Protocol for the in vivo ultrasound contrast imaging of transplanted hearts in rats.
Microbubbles (either MBjcam or MBcontrol)) Were injected at time zero. Ultrasound pulses were
given at 3 min and 3 min 20 sec post-injection. The videointensity of the tumor region of
interest at 3:20 was subtracted from the videointensity at 3:00 to achieve the acoustic signal
attributable only to adhered microbubbles.

7.2.9 Statistics

Results are expressed as mean =+ standard deviation. Data were analyzed with two-tailed
Student’s t-tests, and with two-way ANOVA. Between-group regression coefficients were

compared via ANCOVA with dummy variables. Statistical significance was defined as p<0.05.
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7.3 Results

7.3.1 In Vitro Experiments

By flow cytometry, IL-1 activation increased the mean ICAM-1 signal on cultured rat

ECs from a baseline of 20 + 10 up to 180 + 60 intensity units, as seen in Figure 7-3 and Figure

7-4.  Thus the surface expression of ICAM-1 is approximately 8 times higher on the

inflammatory ECs than the normal, resting ECs.
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Figure 7-3 Flow cytometry sample data using cultured rat ECs with fluorescently-labeled
ICAM-1. Inflammatory cultured rat ECs expressed substantially more ICAM-1 than normal

ECs.
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Figure 7-4 Mean fluorescence intensity of ICAM-1-labeled ECs. ICAM-1 expression was
approximately 8 times higher on IL-1B-activated ECs than normal ECs. (Mean = SD).

Data from coverslips of rat ECs perfused with MBjcam or MBconirol are shown in Figure
7-5. Adherence of MBcontror Was minimal to both normal and inflammatory ECs (0.2 + 0.1 and
0.3 + 0.1 MBs/EC). Adherence of MBjcam was significantly greater to IL-1p-activated ECs than
normal ECs (11 £ 3 vs. 3 + 2 microbubbles/EC, p<0.005). Figure 7-6 shows brightfield
micrographs of coverslips of inflammatory and normal ECs perfused with both species of
microbubbles. ICAM-I-targeted microbubbles clearly adhere preferentially to inflamed (left
upper panel) versus normal (right upper panel) endothelium. Isotype control microbubbles

adhered only minimally to both cell types (lower panels).
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Figure 7-5 In vitro adherence of targeted microbubbles to cultured rat endothelial cells.
Adherence of control microbubbles (MBconirol) Was minimal to both cell types, whereas adhesion
of ICAM-1-targeted microbubbles (MBjcam) was significantly higher to interleukin-activated
cells than normal cells (Mean + SD).
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Figure 7-6 Brightfield micrographs of IL-1B-activated (left panels) and normal (right panels)
cultured rat ECs after exposure to ICAM-1-targeted microbubbles (MBjcam, upper panels) and
isotype control microbubbles (MBcontro, lower panels). Each image shows approximately 6-8
ECs in the background, and adhered microbubbles (arrows). There was significantly greater

adhesion of MBjcaum to activated versus normal ECs. Adhesion of MBconrol to both cell types
was minimal.
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7.3.2 In Vivo Experiments

7.3.2.1 Histology. All 8 allografts (BN—>L) showed histologic evidence of ISHLT grade III or
IV acute rejection, whereas the 7 isograft rats (4 BN>BN and 3 L->L) were all histologically
normal. Figure 7-7 shows typical micrographs from isograft (panel A) and allograft (panel B)
myocardium. Whereas panel A shows normal histology, panel B shows the typical features of

acute rejection including lymphocytic infiltration, edema, fibrosis, and myocyte damage [230].

ICAM-1 expression as a function of post-op day measured on a semi-quantitative scale
for both allograft and isograft donor hearts is shown in Figure 7-8. In both types of tissue,
endothelial ICAM-1 levels increased with post-op time. The slope of the linear fit was
significantly higher for the allografts than the isografts (p<0.01), indicating accelerated ICAM-1
upregulation in rejecting tissue. On post-op day 5, rejecting hearts had a significantly higher
ICAM-1 score compared to the normal hearts (3.7 £ 0.6 vs. 0.7 + 0.6, p<0.005).

Figure 7-9 shows brightfield micrographs of normal (panel A) and rejecting (panel B) rat
myocardium on post-op day 5, stained for ICAM-1, indicating intense ICAM-1 staining (red-

brown) in the microcirculation of the rejecting tissue.
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Figure 7-7 Brightfield micrographs of examples of isograft (panel A) and allograft (panel B) rat
myocardium stained with hematoxylin and eosin. The isograft tissue was histologically normal,
while the allograft tissue was characterized by indicators of acute rejection including edema,
lymphocytic infiltration, and myocyte damage. The color version of this figure is shown in
Appendix K-7.
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Figure 7-8 Endothelial ICAM-1 expression in BN—>L allograft and L->L isograft rat hearts
versus post-op day. ICAM-1 expression was scored by blinded observers on a scale of 0
(constitutive [ICAM-1 only) to 4 (most positive). The qualitative ICAM-1 score increased more
quickly in the allografts than isografts (p<0.01), and at post-op day 5 was significantly higher for
allograft than isograft rats (p<0.005). (Mean + SD).
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Figure 7-9 Brightfield micrographs of isograft (panel A) and allograft (panel B) rat myocardium
stained for ICAM-1 (reddish-brown). The isograft tissue showed only a small amount of
constitutively expressed vascular ICAM-1, whereas the rejecting allograft tissue showed
dramatic upregulation of endothelial ICAM-1 expression in the microcirculation. (Same as
Figure 2-4). The color version of this figure is shown in Appendix K-8.
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7.3.2.2 Myocardial Contrast Echocardiography. Of the 23 recipient rats used, 1 died during

transplantation surgery, and 4 died on post-op day 5 from anesthetic complications prior to
complete data collection. Three rats were excluded from the study due to poor perfusion of the

donor myocardium as qualitatively visualized by MCE during the initial Optison injection.

Figure 7-10 shows representative in vivo ultrasound images obtained at 3:00 (left panels)
and 3:20 (right panels) after injection of MBjcam in a rejecting BN-L rat (upper panels) or
control L-L rat (lower panels). Figure 7-11 shows the corresponding images obtained with
MBcontrol 1n the same rejecting and control rats as Figure 7-10. At 3 min after MBjcam injection
there was intense myocardial opacification (high acoustic signal) in the rejecting rat (Figure
7-10-A) that was not seen in the control rat (Figure 7-10-C). The corresponding images at 3 min
for MBcontror Showed only mild myocardial contrast in the rejecting rat (Figure 7-11-A), of an
intensity much lower than that seen after MBjcam injection in this same rat (Figure 7-10-A).
There was no significant myocardial opacification 20 seconds later in any of the injections
(Figure 7-10-B and D, Figure 7-11-B and D), confirming that there were few remaining freely
circulating microbubbles by this time, and thus any acoustic signal acquired at 3:00 was due

predominantly to adhered, rather than circulating microbubbles.
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Figure 7-10 Background-subtracted, color-coded ultraharmonic ultrasound images acquired
after injection of ICAM-1-targeted microbubbles (MBjcam) in the donor myocardium of a
rejecting allograft rat (upper panels) and control isograft rat (lower panels). Gradations from red
—> orange > yellow = white denote increasing opacification. Ultrasound contrast enhancement
by MBijcam in the rejecting myocardium (panel A) was greater than in the control myocardium
(panel C). There was minimal contrast in both hearts at 3:20. The color version of this figure is
shown in Appendix K-9.

Rejecting
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Figure 7-11 Corresponding ultrasound images acquired after injection of isotype control
microbubbles (MBcontrol) 1n the donor myocardium of the same rejecting (upper panels) and
control (lower panels) rats as in Figure 7-10. Gradations from red = orange = yellow = white
denote increasing opacification. Ultrasound contrast enhancement by MBconiror Was minimal in
both rejecting and normal myocardium. The color version of this figure is shown in Appendix K-
10.
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Table 7-2

Graft myocardial videointensity (VI) measurements for ICAM-1-targeted

microbubbles (MBjcam) and isotype control microbubbles (MBconol)) for each of the 15
completely analyzed rats. Mean VI’s were calculated as the average pixel intensity within the
left ventricular region of interest in the first frame at 3:00 minus the average intensity in the first
frame at 3:20. The Vlrgered index is defined in the text.

MBICAM MBControl
Rat # Transplant VI Mean
Type Mean VI Mean VI argeted | VT rgeted
(3:00 — 3:20) (3:00 — 3:20)
Cl BN-BN 17.5 11.3 6.2
C2 BN-BN 1.0 0.0 1.0
C3 BN-BN 12.5 19.0 -6.5 1+4
C4 BN-BN 13.6 9.3 4.3 (Control)
C5 L-L 15.3 14.7 0.6
Cé6 L-L 10.4 8.9 1.5
Cc7 L-L 19.5 20.6 -1.1
R1 BN-L 9.2 4.0 5.2
R2 BN-L 40.6 25.7 14.9
R3 BN-L 31.2 213 9.9
-
R4 BN-L 25.1 12.9 12.2 104
RS BN-L 25.3 15.4 99 | (Rejecting)
R6 BN-L 28.0 24.5 3.5
R7 BN-L 28.1 12.5 15.6
R8 BN-L 214 14.8 6.6
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Table 7-2 lists the quantitative videointensity (VI) data for each of the 15 completely
analyzed rats. The VI was measured over the left ventricular myocardium for each image, and
the VI difference between the 3:20 image and the 3:00 image for each injection in each rat was

calculated.

16 -

VItargeted

Control Rejecting

Figure 7-12 Mean Vlieeieq for control (isograft) vs. rejecting (allograft) donor hearts (n = 7 and
8, respectively). The Vlageetea compares the signal due to adhered MBjcam with the signal due to
adhered MBconiro to give a measure of the signal attributable to specific microbubble adhesion to
vascular ICAM-1. The Vlrgetea for allograft rats was significantly higher than the Vlrgerea for
isograft rats. (Mean = SD).
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Figure 7-12 summarizes the data for all 15 rats in terms of the Vlrgered index. The mean
Vlargeted for the 7 control isograft transplants was 1 + 4 intensity units, which was not
significantly different from zero. The mean Vlagerea for the 8 rejecting allograft transplants was
10 + 4 intensity units, which was both significantly higher than zero (p<0.01) and significantly

higher than the isograft Vlrgeied (p<0.01).

7.4 Discussion

The main finding of the work in this chapter is that ultrasound using contrast
microbubbles targeted to ICAM-1 can non-invasively detect acute cardiac allograft rejection.
The in vitro data demonstrate that I[CAM-1-targeted MBs preferentially adhere to inflammatory
versus normal cultured rat endothelial cells, and the in vivo data show that this phenomenon
results in increased opacification during myocardial contrast echocardiography. These studies
uniquely investigate targeted acoustic agents in cardiac tissue, and are the first to demonstrate the
noninvasive assessment of acute organ transplant rejection using ultrasound. These findings
advance the development of targeted ultrasound contrast agents for the assessment of endothelial
dysfunction, which has applications for the diagnosis of acute cardiac allograft rejection in

particular, and all inflammation-linked disease processes in general.

7.4.1 Targeted Adhesion to Cultured Rat Endothelium

In vitro experiments utilized the parallel plate perfusion apparatus, allowing us to
establish that microbubbles targeted via conjugation with anti-rat-ICAM-1 antibody are capable

of binding to rat endothelium. This was a necessary first step towards the in vivo experiments, as
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all of our previous in vitro studies had been accomplished using anti-human antibodies on the
microbubble shell, and studied adhesion to human cells.

Flow cytometric measurements verified that our cell culture model of inflammation did in
fact overexpress the inflammatory marker of interest, ICAM-1, increasing its expression
approximately 8-fold in response to interleukin stimulation. A positive relationship was found
between ICAM-1 expression and MBjcam adhesion. The observed adherence of MBjcam to
normal cells is likely due to the constitutive expression of ICAM-1 even on resting ECs (as
described in chapter 4). MBs conjugated to a nonspecific isotype control antibody (MBcontror)
showed minimal adherence to both cell types, suggesting that neither the presence of
immunoglobulin on the MB surface nor the lipid components of the microbubble shell were
responsible for the observed adhesion.

These in vitro tests demonstrated that (1) the adhesion of MBs targeted to rat ICAM-1
depends on the level of ICAM-1 expression on the rat endothelial cell surface, (2) targeted MBs
are capable of binding to ICAM-1 on rat endothelium under physiologically relevant shear
conditions, and (3) the adhesion of these targeted MBs is due to specific binding interactions of
the antibody with ICAM-1. These points concerning targeted MB adhesion were a necessary
prelude to the in vivo experiments, and allowed us to interpret the in vivo findings in terms of

specific adhesion to ICAM-1.

7.4.2 Ultrasound Detection of Allograft Rejection

Abdominal rat heterotopic heart transplantation was shown to be a valid model of acute
allograft rejection. By post-op day 5, hetero-strain (BN->L) allografts reliably demonstrated the

signs of high-grade acute rejection, while homo-strain (BN->BN or L->L) isografts showed
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substantially normal histology, as shown in Figure 7-7. This difference in rejection status was
reflected in the level of ICAM-1 expression by the endothelium of the coronary microcirculation,
as determined via immunohistochemistry. As seen in Figure 7-8 and Figure 7-9, microvessels of
the allograft myocardium strongly expressed ICAM-1, while those in isograft tissue expressed
only low, constitutive levels of the marker. Thus, our chosen target is more prevalent in
rejecting than non-rejecting myocardium, and we could reasonably hypothesize that ICAM-1-
targeted MBs would adhere preferentially to the rejecting tissue.

Having established that the rejection status of the donor heart could be predicted and that
our chosen target molecule, ICAM-1, is indeed more prevalent in rejecting myocardium, we
performed ultrasound imaging of the in vivo donor hearts using our two acoustically active MB
species, MBjcam and MBconirol.  The particular ultrasound machine and probe were chosen
because they have ultraharmonic capability, which offers excellent contrast sensitivity, although
at the cost of lower spatial resolution. The high sensitivity of ultraharmonics ensured that we
could adequately visualize the contrast agent in the myocardium even at relatively low
concentrations. A high-MI, destructive imaging technique was chosen because it is the most
sensitive method for detecting small numbers of bubbles adhering as a result of our necessarily
small volumes of injection into our rats.

The enhanced myocardial contrast seen with MBjcam in rejecting myocardium
demonstrates preferential adhesion of the targeted microbubbles to the inflammatory tissue. The
upregulated ICAM-1 expression in these hearts allows for preferential binding of MBjcam versus
MBcontrol, manifested as a high Vlgreered. Conversely, the control myocardium shows little
difference between MBjcam and MBcenror adhesion, as expected due to the low ICAM-1

expression in these isograft transplants. Additionally, from the ultrasound images in Figure 7-10
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and from the Vlreered results, it is apparent that there was also at least some MBjcam adherence
to non-rejecting control myocardium; this is likely due to low levels of constitutive ICAM-1
expression, as seen in the in vitro studies. There may also have been some adhesion of MBcontrol
to rejecting myocardium, as seen in Figure 7-11. This (minimal) attachment of control
microbubbles likely represents binding to activated leukocytes adhered to endothelium, as has
been previously shown in models of acute inflammation [83]. The magnitude of the contrast
enhancement resulting from such attachment, however, is much lower than that caused by
MBjcam attachment to ICAM-1 on the same rejecting tissue (Figure 7-10). This difference
perhaps indicates either greater quantity of ICAM-1 sites compared to leukocytes available for
binding microbubbles, and/or greater retention of microbubbles bound via specific
antibody/antigen interaction (as in the case of MBjcanm) versus nonspecific interactions (as with
MBcontrol).  Our data thus suggest that a targeted microbubble system is superior to a non-
specific, non-targeted microbubble system for detecting acute rejection.

The pattern of microbubble adhesion in some cases appeared patchy, as seen in Figure
7-10. This observed patchiness of opacification is possibly due to two phenomena. First, the
endothelial expression of ICAM-1 in the myocardium may be patchy, i.e. the inflammatory
process of acute rejection may be inhomogeneous. Second, there could be regional variations in
capillary volume within the myocardium, causing heterogeneous perfusion and thus differences
in the regional concentration of MBjcam. We were not able to quantify capillary volume, as
doing so would have required continuous non-targeted microbubble infusion, potentially
volume-overloading the animal. In addition, the high sensitivity of our ultraharmonic ultrasound
technique was achieved at the expense of decreased spatial resolution, rendering us unable to

precisely localize the regional distribution of contrast enhancement.

131



Our data demonstrate a correlation between tissue rejection status, microcirculatory
ICAM-1 expression, and targeted ultrasound signal, indicating that MCE using our ICAM-1-

targeted microbubbles can successfully detect acute cardiac transplant rejection.

7.4.3 Comparison with Previous Studies

This is the first study to use targeted ultrasound to assess the expression of adhesion
molecules in the myocardium, and the first to detect organ transplant rejection. As discussed in
Section 1.6, others have demonstrated the specific adhesion of ultrasound agents to various
markers of disease. Thrombi have been imaged ultrasonically using a biotinylated microbubble
injected after pre-coating of the thrombus with avidin [90], and with a microbubble targeted to
fibrinogen [87-89].

Inflammation in particular has been imaged using microbubbles targeted to activated
leukocytes in a mouse cremaster model [97] and a canine myocardial reperfusion (post-ischemic)
model [98], and microbubbles targeted to p-selectin in a mouse kidney model [96].

Acute transplant rejection has been imaged using a variety of techniques. Scintigraphic
approaches include radiolabeled agents targeting apoptosis [129], major histocompatibility
complex antigens [133], and ICAM-1 [134, 135]. Such scintigraphic techniques are encumbered
by the disadvantages the requirement for radioactive isotopes and poor spatial resolution. Other
non-targeted, radiologic approaches include the use of MRI to measure morphologic changes
[121] and PET to measure metabolic changes [125, 126] associated with organ transplant
rejection. These imaging techniques are limited by the requirement for equipment that is

generally available only in tertiary care centers.
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Our work advances beyond these previous reports, by making several unique
demonstrations. This is the first study to target cell adhesion molecules in the coronary
microcirculation, and the first to use ultrasound to detect the presence of ICAM-1 in vivo.
Combining these with our in vitro and histologic findings allowed us to make the first
demonstration of the in vivo detection of acute cardiac allograft rejection using targeted

ultrasound.

7.4.4 Limitations

Our data demonstrate the targeted ultrasonic detection of cardiac allograft rejection using
a fulminant model. It is unknown if similar differential adhesion of targeted microbubbles would
occur with lesser degrees of inflammation, as seen in lower grade rejection. The in vitro data
presented in Chapter 6 explored the range of inflammation (as measured by ICAM-1 expression)
between normal and peak (fulminant) inflammation, and suggest that the adhesion strength of
targeted microbubbles depends linearly on the level of inflammation. Thus, even with lesser
degrees of transplant rejection, which express lower amounts of ICAM-1, we would still expect
to see increased ICAM-bubble adhesion as compared to normal tissue. However, we need to
further investigate this relationship between ICAM-1 expression and targeted microbubble
adhesion in vivo, to determine if our ultrasound imaging technique can differentiate inflamed
versus normal tissue at moderate ICAM-1 levels, such as would be important in monitoring
inflammation in response to therapy.

The acoustic signals acquired at 3 min after MBjcay injection may not have been solely
attributable to microbubble adhesion to endothelium, for two reasons. First, it is possible that

ICAM-1-targeted microbubbles did not adhere exclusively to endothelium, but rather to other
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cells that can express low levels of ICAM-1, including erythrocytes, activated leukocytes,
eosinophils, and macrophages [6, 34]. However, had there been significant microbubble
adhesion to blood cells, the myocardial opacification at 3:20 after microbubble injection would
have been more intense, due to replenishment of the ultrasound imaging field by blood cells
carrying adhered microbubbles. Furthermore, the finding that the Vlrgeied Was high in rejecting
allograft rats and very low in non-rejecting isograft rats suggests that microbubble interaction
with blood cells was minimal compared to targeted microbubble adhesion to vascular ICAM-1.
Second, a portion of the signal at 3:00 may have been due to persistently circulating free
microbubbles. This possibility is also unlikely, as there was minimal signal 20 seconds later at
3:20, when freely circulating microbubbles would have been expected to replenish the beam.
Also, our preliminary experiments using Optison demonstrated that the contrast agent was
cleared from the myocardium by 3:00, suggesting that this time frame is adequate to allow
washout of non-adherent microbubbles.

As mentioned previously, we were unable to measure myocardial perfusion, which could
affect microbubble delivery. The rejecting heart could be hypoperfused compared to normal
hearts due to fibrosis and myocyte death, or could be hyperemic due to inflammation. Standard
radiolabeled microsphere technologies could not be used to measure regional flow in small
specimens such as the rat heart. Continuous ultrasound imaging using continuous infusions of a
contrast agent such as Optison could have been used to measure perfusion, but the infusion
volume required for such quantification would likely have been so high as to physiologically
destabilize the animal preparation. The bolus injection of Optison given at the beginning of each
experiment should have been adequate to rule out gross areas of hypoperfusion or infarction,

which appeared as myocardial contrast defects, and did in fact result in the exclusion of 3 rats
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from the study. Additionally, our use of the Vlrgeied index in the current study should minimize
the dependence of measured microbubble adhesion on myocardial blood flow, by making direct
comparisons between the videointensity due to the two different microbubble species, MBjcam
and MBcontrol, 1n the same rat.

Our destructive imaging protocol, which included a 3 min delay between contrast
injection and the first ultrasound pulses, may be difficult to translate into clinical application, as
precisely locating the heart prior to delivery of the first imaging (destructive) pulse may be a
challenge. In the current clinical application of myocardial perfusion imaging using intermittent
bubble destruction, there is minimal real-time feedback to allow adjustment of transducer
position. However, sonographers in the clinic have already been trained to initially locate an
image (in real time) and with the patient lying still, fix the transducer on the chest such that, after
a period of “blinded” waiting, the next image can still be accurately registered. Such an
approach does present a challenge, though, and equipment manufacturers have begun designing
methods to address precisely this issue. For example, ultrasound equipment has been developed
that offers high-mechanical index (destructive) triggered imaging along with simultaneous real-
time, low-MI (non-destructive) imaging. Such constant low-MI imaging would allow
maintenance of an adequate imaging window to allow for transducer adjustments during the
microbubble injection protocol. This type of low-MI monitoring could possibly be accomplished
even with standard ultrasound equipment, by manually manipulating the MI and pulsing
intervals during the imaging protocol.

Further study of the adhesive characteristics of targeted microbubbles is needed to
improve their potential utility for in vivo imaging, including optimization of shell parameters

such as composition, size, and flexibility, and optimization of the imaging protocol.
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Experiments similar to those in the current study performed in a larger animal model, either

porcine or canine, may lead to even stronger results.

7.4.5 Summary

The data in this chapter have demonstrated for the first time the ability of targeted
ultrasound to non-invasively detect acute cardiac allograft rejection in vivo. Contrast
microbubbles targeted to the inflammatory cell surface marker ICAM-1 were shown to
preferentially bind to interleukin-activated cultured rat endothelium.  Furthermore, this
phenomenon of selective adherence to tissue overexpressing ICAM-1 was exploited to
demonstrate the non-invasive ultrasonic detection of acutely rejecting myocardium in a rat
heterotopic transplant model.

Such ultrasonic detection of acute rejection could offer an improvement over the current
clinical gold standard of endomyocardial biopsy. Additionally, such an ultrasound technique that
is able to detect molecular markers of disease in the vasculature may offer promise in other

fields, including ischemic heart disease, targeted drug delivery, and oncology.
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8.0 APPLICATIONS IN TUMOR ANGIOGENESIS

8.1 Introduction

A unique opportunity was available during the time this dissertation research took place,
to investigate the potential of targeted ultrasound contrast agents to offer molecular imaging of
tumor angiogenesis. The laboratory of Dr. Michael Wong at the University of Pittsburgh Cancer
Institute had recently isolated a series of tumor vasculature-binding peptides, and was interested
in translating this finding into an angiogenesis imaging technique. Concurrently, our group was
interested in pursuing our targeted ultrasound studies in additional in vivo models of endothelial
dysfunction. We felt that a collaboration combining the expertise of the two laboratories could
yield results that would contribute toward the development of a noninvasive, ultrasonic
molecular imaging tool for the assessment of tumor angiogenesis.

As discussed in Section 1.4, angiogenesis is a requirement for the progression of solid
tumors to a malignant, metastatically-competent state [138, 141]. Without an adequate vascular
supply, the tumor tissue remains restricted to a small volume. In addition, endothelial molecular
markers of angiogenesis have been correlated with such prognostic indicators as tumor size and
metastatic potential [152, 153]. Thus an imaging technique that can assess the functional status
of the tumor endothelium may be valuable for the diagnosis and characterization of solid tumors,
and the monitoring of tumor response to therapy.

The work presented in Chapter 7 demonstrated proof-of-principle for the in vivo

identification of acute cardiac allograft rejection using noninvasive targeted contrast
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echocardiography. Based on those previous results, we hypothesized in the current study that
contrast microbubbles targeted to tumor angiogenic-specific endothelial markers would
preferentially adhere to tumor versus normal endothelium, and that this selective binding
phenomenon would result in increased contrast enhancement during ultrasound imaging. These
hypotheses were tested by conjugating our lipid-based microbubble to a tumor endothelium-
specific binding peptide, and investigating the adhesion properties of this agent to cultured

endothelium as well as in a mouse solid tumor model.

8.1.1 MW3 Tumor-Binding Peptide

The tripeptide sequence arginine-arginine-leucine (RRL), designated MW3, is a tumor
EC-specific binding peptide that was identified in Dr. Michael Wong’s laboratory by using an in
vitro bacterial peptide display library [233]. Briefly, two different endothelial cell types were
used for panning: Matrigel-invading cells, comprised of cells that infiltrate an FGF-doped
Matrigel plug, and tumor-derived endothelial cells (TDEC), which were harvested by
collagenase digestion from subcutaneous SCC VII squamous cell carcinomas grown in C3H/Hel
mice and isolated using fluorescent cell sorting with an antibody against platelet-endothelial cell
adhesion molecule (PECAM, CD31) [234]. These Matrigel-invading cells represent non-tumor
angiogenic ECs, while the TDECs represent ECs from a tumor xenograft, and contain tumor-
specific markers. A bacterial peptide display library was panned across the Matrigel-invading
cells to remove clones with peptides that bind to non-tumor EC markers, and then panned across
the TDECs to identify clones that do bind specifically to tumor markers. This negative and

positive panning sequence was cycled repeatedly, and those clones that survived the selection
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were expanded, and had their peptides isolated. One of the identified recurring sequences was
MW3.

Characterization performed by Dr. Wong’s group included in vitro binding experiments
conducted by incubating fluorescently tagged MW3 with either cultured murine TDECs, or
murine NIH3T3 cells as a negative cell control. A peptide consisting of only glycines served as
a negative peptide control. As seen in Figure 8-, MW3 binds much more strongly to tumor-
derived ECs (left upper panel) than control cells (left lower panel), while the glycine control
peptide binds minimally to both cell types, thus demonstrating that the MW3 peptide sequence

binds specifically to tumor-derived endothelium.
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NIH3T3

Figure 8-1 Fluorescent micrographs showing that the peptide MW3 (left panels) binds strongly
to cultured angiogenic tumor-derived endothelial cells (TDEC, upper panels), but not to control
cells (NIH3T3, lower panels). A control peptide composed only of glycines (right panels) shows
only minimal binding to both cell types. Courtesy of Dr. Michael K. K. Wong.
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In vivo binding characterization utilized mice bearing two types of solid tumors, Clone C
and PC3. Clone C cells are derived from NIH3T3 mesenchymal mouse cells, transfected to
secrete high levels of FGF. These cells are engineered to grow tumors that are highly
vascularized, i.e. very angiogenic. PC3 cells are derived from human prostate tumor.
Fluorescently tagged MW3 or glycine control peptides were injected intravenously into these
tumor-bearing mice, and the tumors were later harvested, sectioned, and imaged microscopically.
Sample fluorescent micrographs are shown in Figure 8-1, demonstrating that MW3 peptide
adherence is substantially greater than glycine control peptide adherence to both tumor types.

To summarize, the above previous work from Dr. Wong’s laboratory identified a short
peptide sequence, MW3, that specifically binds tumor endothelium both in vitro and in vivo. In
the remainder of this chapter will be presented our work investigating the binding properties of
acoustically active microbubbles targeted to tumor angiogenesis via conjugation with the MW3
peptide. Such an agent may offer noninvasive functional imaging of tumor angiogenesis,
allowing for the assessment of the malignancy potential of solid tumors, and the monitoring of

tumor therapy.
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MW3 Glycine

PC3

Clone C

Figure 8-1 Fluorescent micrographs of PC3 (upper panels) and Clone C (lower panels) tumors
harvested from mice following in vivo intravenous injection of fluorescently-labeled MW3 (left

panels) or glycine control peptide (right panels). In comparison to the glycine control, MW3
binds strongly to the tumor vasculature. Courtesy of Dr. Michael K. K. Wong.
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8.2 Methods

8.2.1 Targeted Microbubbles

Biotinylated lipid-based microbubbles (MP1950) were conjugated to 9-mer cyclic
peptides containing either the MW3 sequence (see Figure 8-2) or a control glycine peptide (see
Figure 8-3). The MW3-targeted cyclic peptide comprised the RRL sequence bracketed by
glycines, and terminated on both ends with cysteine residues (N’-Cys-Gly-Gly-Arg-Arg-Leu-
Gly-Gly-Cys-C’), while the control peptide was identical except with the substitution of glycines
for the Arg-Arg-Leu sequence (Cys-Gly-Gly-Gly-Gly-Gly-Gly-Gly-Cys); both peptides were
biotinylated at the amino-terminal cysteine. Both biotinylated cyclic peptides were custom-
synthesized (Genemed Synthesis, South San Francisco, CA), and were courtesy of Dr. Michael
K. K. Wong. Disulfide bonds form between the two cysteines residues on each peptide,
maintaining the cyclic structure. Biotin is conjugated at one of the cysteines residues, allowing
the cyclic peptides to be linked to our microbubbles via avidin/biotin bridging as previously
described (see chapter 3). Microbubbles linked to the MW3-containing peptide were designated
MBwmws3, and those linked to the glycine control peptide were designated MBgiycine. Microbubble

diameter was 3.2 = 1.0 um.
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Figure 8-2 Schematic of microbubble conjugation to cyclic peptide containing the MW3 tumor-
binding sequence. (Not to scale).
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Figure 8-3 Schematic of microbubble conjugation to cyclic peptide containing a glycine control

sequence. (Not to scale).
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8.2.2 Cell Culture

Mouse tumor-derived ECs (TDECs), originating from a squamous cell carcinoma, (7“‘-8th
passage, courtesy of Dr. Ruth A. Modzelewski) and human coronary artery ECs (HCAEC:s; 3.
5t passage) were grown to confluence on glass coverslips in endothelial basal medium

supplemented with 5% fetal bovine serum.

8.2.3 In Vitro Microbubble Perfusions

The rectangular parallel plate perfusion chamber was used to examine adhesion of
microbubbles to cultured tumor-derived and normal ECs. The general setup was as described in
Chapter 4. Coverslips of ECs (n = 6-8 per condition) were briefly incubated with quinacrine
dihydrochloride (50 uM) as a fluorescent label and mounted in the perfusion chamber. The
vacuum seal was applied, and the chamber was primed with 37°C culture medium. A suspension
of either MBmws or MBgiycine (3.33 X 10° MBs/mL) in culture medium was actively perfused
through the system at a flow rate corresponding to a wall shear rate of 100 s™ for 3 min, followed
by a 3 min MB-free wash at 100 s”. Immediately after each perfusion, 20 randomly selected

microscopic fields were imaged at 1000X and the number adhered microbubbles quantified.
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8.2.4 Mouse Tumor Model

Tumorigenic cells were injected into the flanks of nude mice and allowed to expand into
solid tumors as our model of tumor angiogenesis. Experiments were approved by the
Institutional Animal Care and Use Committee at the University of Pittsburgh.

Approximately two million tumor cells, either PC3 or Clone C, were injected
subcutaneously into the flank of the animal, and allowed to expand for 2 to 6 weeks, until the
tumor size was about 0.5 cm’. A total of 11 mice were injected with tumor cells: 5 with Clone C

tumors and 6 with PC3 tumors.

8.2.5 Contrast Echocardiography

MCE was performed with the ATL HDI 5000 ultrasound system and the broadband L12-
5 transducer. Intermittent transabdominal images were acquired in pulse inversion mode with a
mechanical index (MI) of 0.6. A small plastic bag of water was positioned as a standoff between
the ultrasound probe and the mouse flank. Probe position, gain settings, and mid-field focus
were initially optimized and maintained throughout each experiment. Triggered images of the
tumor were acquired at baseline (pre-injection), 120 sec, and 135 sec after injection of a
microbubble solution. Images were recorded digitally and analyzed offline, and average pixel
intensity was measured in regions of interest encompassing the tumor.

As before, the goal of the ultrasound image analysis was to differentiate between the
acoustic signal due to adhered microbubbles and the signal due to microbubbles still freely
circulating in the bloodstream. As such, we used a similar approach to differentiating between
signals from these two microbubble populations as in the transplant rejection studies. In pilot

MCE studies in mice receiving Optison in doses equivalent to those used in the present study,
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acoustic signal in the tumor was no longer detectable by approximately 120 sec after injection,
and thus 120 sec was chosen as the delay time. Based on concepts of ultrasound-induced
microbubble destruction and image field replenishment described in Chapter 7.2.7, the difference
in tumor videointensity between the 120 sec frame (adhered + circulating microbubbles) and the
135 sec frame (predominantly circulating microbubbles) was defined as the signal attributable to

microbubble adhesion only.

8.2.6 Ultrasound Imaging Protocol

Ultrasound imaging was performed on the in vivo tumor with the mouse in a prone
position. Animals were anesthetized with intraperitoneal sodium pentobarbitol (25 mg/kg),
intubated with a 22-gauge angiocatheter, and ventilated at 0.1 ml x 150 Hz with a Harvard rodent
ventilator. A 24-gauge catheter was placed in the right jugular vein for administration of saline
and microbubble solutions. Anesthesia was maintained with intravenous pentobarbitol (25
mg/kg, every 15 min as needed). Pilot studies were conducted with Optison to determine a
dosing strategy, and revealed that a single intravenous bolus injection of 5 x 10°® microbubbles
was able to generate opacification of the tumor that was reproducible and of adequate
videointensity.

Mice were given an initial bolus injection of 5 x 10° Optison microbubbles in 0.05 mL
saline, during intermittent MCE imaging, to verify adequate probe position, optimize image
settings, and verify adequate perfusion of the tumor tissue. Mice with tumors that could not be
adequately visualized (poor opacification) were excluded from the study.

Following complete washout of the Optison, an intravenous injection of 5 x 10° MByws

or MBgiycine 1n 0.05 mL saline was administered as a bolus followed by a 0.2 mL saline flush
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during simultaneous MCE imaging. Timer-triggered frames were captured at baseline, 120 sec,
and 135 sec post-injection (see Figure 8-4). Each mouse received paired injections of MByws
and MBgiycine, In random order. The animals were euthanized, and tumor tissue was harvested

for anatomic analysis.
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Figure 8-4 Protocol for the in vivo ultrasound contrast imaging of tumors in mice.
Microbubbles (either MBumws or MBgiyeine) Were injected at time zero. Ultrasound pulses were
given at 120 and 135 sec post-injection. The videointensity of the tumor region of interest at 135
sec was subtracted from the videointensity at 120 sec to achieve the acoustic signal attributable
only to adhered microbubbles.
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8.2.7 Statistics

Results are expressed as mean * standard deviation. Data were analyzed with paired

two-tailed Student’s t-tests, and with two-way ANOVA. Statistical significance was defined as

p<0.05.

8.3 Results

8.3.1 In Vitro Experiments

Figure 8-5 shows brightfield micrographs of coverslips of tumor-derived ECs (TDEC)
and normal ECs (HCAEC) perfused with the two species of microbubbles, MByw3; and
MBgiycine. Microbubbles targeted via the MW3 peptide clearly adhere preferentially to TDEC
(left upper panel) versus normal (left lower panel) endothelium. Glycine control MBs adhered
only minimally to both cell types (right panels). Quantified data from these in vitro perfusions
are shown in Figure 8-6. Adherence of MBgiycine Was minimal to both TDEC and HCAEC (4 +2
and 3 = 1 MBs/field of view). Adherence of MByws; was 3-6 times greater than MBgiycine
(p<0.01), and was significantly greater to TDEC than HCAEC (24 £+ 6 vs. 9 + 1 MBs/field of

view, p<0.01).
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TDEC

HCAEC

Figure 8-5 Brightfield micrographs of cultured tumor derived endothelial cells (TDEC, upper
panels) and normal human coronary artery endothelial cells (HCAEC, lower panels) after
exposure to microbubbles conjugated to MW3 (left panels) or a glycine control peptide (right
panels). More MByw3 adhered to the tumor-derived cells than to the normal cells. Only a few
control microbubbles adhered to either cell type.
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Figure 8-6 In vitro adherence of targeted microbubbles to cultured tumor-derived endothelial
cells (TDEC) and normal human coronary artery endothelial cells (HCAEC). Adherence of
control microbubbles (Glycine) was minimal to both cell types, whereas adhesion of
microbubbles targeted via the tripeptide Arg-Arg-Leu (MW3) was significantly higher to tumor-
derived cells than normal cells (Mean = SD).

8.3.2 In Vivo Experiments

Of the 11 tumor-bearing mice, 4 were excluded from the study due to inadequate
perfusion of the tumor tissue as qualitatively visualized by MCE during the initial Optison
injection.

Figure 8-7 shows representative background-subtracted, in vivo ultrasound images of a
Clone C tumor obtained 120 sec after injection of MBumws (left panel) or MBgiycine (right panel)
into the mouse. Figure 8-8 shows corresponding MByws and MBgiycine images from a different

mouse, with a PC3 tumor. There was intense contrast enhancement (acoustic signal) in both
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tumors after injection with MByws. The corresponding images for MBgiycine showed only mild
contrast enhancement. There was no significant tumor opacification 15 seconds later in any of
the injections (images not shown), confirming that there were few remaining freely circulating
microbubbles by this time, and thus any acoustic signal acquired at 120 sec was due
predominantly to adhered, rather than circulating microbubbles. It was observed that in the PC3
tumor example, the opacification due to MByw; (Figure 8-8, left panel) was concentrated in the

periphery of the tumor; the central core of the tumor did not appear to be enhanced by the

targeted contrast.

Figure 8-7 Background-subtracted, color-coded ultrasound images taken 120 seconds after
injection of microbubbles conjugated to MW3 (left image) or glycine control peptide (right
image) into a mouse bearing a Clone C tumor. The region within the tumor has been color-
coded. Gradations from red = orange > yellow = white denote increasing opacification.
MBwmw; resulted in greater contrast enhancement. The color version of this figure is shown in
Appendix K-11.
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Figure 8-8 Background-subtracted, color-coded ultrasound images taken 120 seconds after
injection of microbubbles conjugated to MW3 (left image) or glycine control peptide (right
image) into a mouse bearing a PC3 tumor. The region within the tumor has been color-coded.
Gradations from red = orange > yellow = white denote increasing opacification. MByws
resulted in greater contrast enhancement. The color version of this figure is shown in Appendix
K-12.

Table 8-1 lists the quantitative videointensity (VI) data for each of the 7 completely
analyzed mice. The VI was measured in a region of interest encompassing the entire tumor for
each image, and the VI difference between the 120 sec image and the 135 sec image for each

injection in each mouse was calculated.
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Table 8-1 Tumor videointensity (VI) measurements for microbubbles targeted via the tumor-
binding peptide MW3 (MBmws) and glycine control microbubbles (MBgiycine) for each of the 7
completely analyzed mice. Mean VI Differences were calculated as the average pixel intensity
within the region of interest encompassing the tumor in the 120 sec frame minus the average
intensity in the 135 sec frame.

MByiws3 MBGlycine
Mouse # | Tumor Type | v Difference | VI Difference
(120 —135 sec) (120 —135 sec)
A Clone C 7.4 4.6
B Clone C 4.3 0.0
C Clone C 6.4 1.3
D PC3 6.2 0.3
E PC3 9.6 3.7
F PC3 11.3 0.1
G PC3 0.6 2.1
Mean Intensity Units £ SD 7+3 2+£2

Figure 8-9 summarizes the data for all 7 mice in terms of the VI difference between the
images acquired at 120 and 135 sec. The mean VI difference for all tumors using MBgiycine Was
2 + 2 intensity units, which was not significantly different from zero, suggesting that there was
little or no MBgiycine adhesion. The mean VI difference using MByws was 7 + 3 intensity units,
which was both significantly higher than zero (p<0.005) and significantly higher than that found

with MBGgiyeine (p<0.02).
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Figure 8-9 Videointensity due to adhered microbubbles (120 sec signal — 135 sec signal).
Intensity due to adhesion of microbubbles targeted via MW3 was significantly greater than that
due to adhesion of control glycine microbubbles. (n=7 each). (Mean £ SD).

8.4 Discussion

The main finding of the work in this chapter was that contrast microbubbles targeted via
the tumor-binding tripeptide MW3 can non-invasively identify tumor vasculature. The in vitro
studies demonstrated that MByws preferentially adhere to tumor-derived versus normal
endothelium, while the in vivo studies demonstrated that this selective adherence leads to
differential contrast enhancement under ultrasound. We have investigated the targeting of
acoustic contrast agents to tumor endothelium, and are the first to demonstrate the non-invasive

identification of tumor angiogenic vasculature using targeted ultrasound. These data have
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implications for the development of a technique that may allow for the non-invasive detection
and characterization of tumor angiogenesis, and contribute to the monitoring of anti-tumor

(especially anti-angiogenic) therapy.

8.4.1 Targeted Adhesion to Tumor Endothelium

It was first necessary to establish that microbubbles conjugated to MW3 selectively bind
to tumor versus normal endothelium. Fluorescent histochemistry studies performed in our
collaborator’s lab had previously demonstrated that the MW3 cyclic peptide selectively adheres
to tumor-derived endothelial cells in vitro, and to Clone C and PC3 tumors in vivo. Based on
these data (see Section 8.1.1), as well as our previous findings using ICAM-1-targeted
microbubbles on inflammatory endothelium (see Chapters 4, 5, and 6), it was reasonable to
hypothesize that microbubbles targeted via MW3 would adhere preferentially to tumor-derived
versus normal cultured endothelial cells.

The in vitro experiments again made use of the parallel plate perfusion apparatus. It was
shown that MByws; do in fact demonstrate selective binding to cultured tumor-derived ECs.
MBs conjugated to a control glycine peptide (MBgiycine) showed only minimal adherence to both
cell types, suggesting that neither the presence of the cyclic peptide on the MB surface nor the
lipid components of the microbubble shell were largely responsible for the observed adhesion.
However, the adhesion level of MBgiycine Was higher, relative to MByws3 adhesion, than was the
adhesion of isotype control antibody microbubbles (MBconto) relative to MBjcam on
inflammatory ECs (see Figure 7-5; MBcontror adhesion is close to zero). This may imply some
non-specific adhesion due to the presence of the cyclic peptide. The magnitude of this effect,

however, is small compared to the specific MW3 adhesive interaction.
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These in vitro data showed that the adhesion of MBs targeted to tumor angiogenesis via
the tumor-binding peptide MW3 selectively adhere to tumor endothelium under physiologically
relevant shear conditions, and that the adhesion of these targeted MBs is due to specific binding
interactions between the MW3 sequence and its ligand on the endothelial surface. These
findings allowed us to proceed to the in vivo experiments, by offering a basis by which our
ultrasound imaging data could be interpreted in terms of specific microbubble-endothelium

interactions.

8.4.2 Ultrasound Imaging of Tumor Angiogenesis

Prior studies by our collaborator’s group had established that the MW3 peptide
specifically binds to epitopes on the endothelium of two different types of tumors, Clone C and
PC3, implanted subcutaneously in mice (see section 8.1.1). We thus chose these two tumor
models upon which to perform in vivo targeted ultrasound imaging. The two cyclic peptides
conjugated to our microbubbles, one containing the MW3 sequence and the other containing a
glycine control sequence, likewise were chosen based on their use in previous studies. Two
acoustically active MB species, MByws and MBgiycine, Were produced using the avidin/biotin
bridging technique introduced in Chapter 3. The particular ultrasound machine and probe were
chosen because they have pulse inversion capability, which offers good contrast sensitivity, as
well as spatial resolution superior to that available with the ultraharmonics system used in the
allograft rejection studies. The high spatial resolution ensured that we could adequately visualize
the small subcutaneous tumors. A destructive (high-MI) imaging technique was again chosen
because it is the most sensitive method for detecting small numbers of microbubbles adhering as

a result of our necessarily small volumes of injection into the mice.
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Microbubbles targeted via MW3 demonstrated specific adherence to the tumor
vasculature, generating enhanced opacification of the tumor region of interest on MByw3; images
as compared to the MBgiycine Images. The presence of tumor-specific markers on the tumor
endothelium allows for preferential binding of MByws versus MBgiycine. There was some (low)
adhesion of MBgiycine to the tumor tissue, as seen in Figure 8-7 and Figure 8-8, which agrees with
our in vitro finding that some MBgiycine do adhere to tumor endothelium (see Figure 8-6). This
may be due to non-specific interactions between the control peptide and the endothelium, as
discussed in Section 8.4.1. Alternatively, this attachment of control microbubbles may
represents microbubble binding to activated leukocytes adhered to the endothelium, as
mentioned in Section 7.4.2. Regardless of the mechanism, the magnitude of the contrast
enhancement resulting from such non-specific attachment is much lower than that generated by
MBwmw; attachment (Figure 8-9).

As seen in Figure 8-7 and especially Figure 8-8, the pattern of tumor opacification often
showed high contrast enhancement in the peripheral zones of the tumor, but little enhancement in
the tumor core. This observation was also often noted to some degree during the initial Optison
imaging. Such spatial distribution of MByw3 contrast enhancement may be interpreted to
indicate that the tumor periphery is more angiogenic, expressing a higher density of the tumor-
specific ligand for MW3, than is the tumor core. However, since the same phenomenon was
often noted using the non-targeted contrast agent Optison, we believe that the opacification
pattern is simply matching the anatomic pattern of the tumor vasculature, i.e. the tumor periphery
is highly vascularized, while the tumor core is not. This would agree with previous histologic
observations that these tumors usually have necrotic cores. Thus the observed pattern of contrast

enhancement was likely due to the lack of vascularity in the necrotic tumor center.
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8.4.3 Comparison to Previous Studies

This is the first report of the noninvasive imaging of tumor vasculature via an ultrasonic
contrast agent targeted via a tumor-specific peptide. We have uniquely used a tumor
endothelium-specific binding peptide to target acoustically active microbubbles to tumor
angiogenesis. Based on the growing research into anti-angiogenic cancer therapies, we feel that
these data have strong implications for the development of a uniquely benign and inexpensive
imaging technique for the assessment and monitoring of tumor angiogenesis.

As discussed in Section 1.4, a number of reports have been published describing methods
for the non-invasive imaging of tumor angiogenesis. Some of these techniques rely on anatomic
measurements of tumor size, blood flow, and vascular permeability, while a smaller number have
used various molecular imaging techniques to assess the functional status of the tumor
vasculature in terms of endothelial molecular markers. These functional molecular imaging
techniques most often utilize ligands (usually peptides) that bind to tumor- or angiogenesis-
specific endothelial markers (“vascular addressing). These targeting ligands or peptides are
visualized by radiolabeling, or conjugation to a contrast agent relevant for the imaging modality.
Examples include MRI imaging of tumor angiogenesis using magnetic contrast agents
conjugated to anti-a.B8; antibodies [160], PET scanning using '18-labeled glycopeptides
containing the RGD adhesion sequence [170], and **"technetium-labeled RGD peptide [172].

Most recently, in 2003 Dr. Jonathan Lindner’s group demonstrated that echogenic
microbubbles targeted to a, integrins via conjugation to antibodies adhere to FGF-stimulated
vessels overexpressing o, integrins in vivo [162]. This adhesion phenomenon resulted in

increased contrast enhancement on ultrasound. This study adequately demonstrated the
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feasibility of ultrasonic imaging of angiogenesis, but does have limitations and differences from
our work. First, no non-angiogenic tissue control was included in the in vivo tests; specific
adhesion was demonstrated, in that MBs conjugated to the anti-integrin antibody showed more
binding than control MBs, but it was not proven that the targeted MBs selectively adhere to
angiogenic versus normal endothelium. Second, these MBs were targeted via an antibody,
whereas in our studies the MBs were targeted via a short cyclic peptide. Third, in the report from
Dr. Lindner’s laboratory, MBs are targeted to angiogenesis in general, and adhesion was
investigated using FGF-stimulation of angiogenesis in the cremaster muscle and angiogenic
invasion into Matrigel plugs. Our studies target MBs to fumor angiogenesis, and utilize an in
vivo tumor model and a targeting agent (MW3) that is specific for tumor angiogenic
endothelium.

We believe that targeted contrast ultrasound has advantages over other imaging
modalities for the in vivo functional assessment of vascular beds. Optical methods using
fluorescent-tagged proteins or peptides are generally limited to small animal models, due to high
tissue absorption and autofluorescence [235]. MRI generally offers good spatial resolution, but
has a poor signal-to-noise ratio, i.e. low sensitivity [235]. Scintigraphic methods generally yield
high sensitivity, but poor spatial resolution [146]. Non-contrast ultrasound images only the
larger vessels, having limited utility for assessing angiogenesis in the tumor microvasculature

[146].

8.4.4 Limitations

These tumor imaging studies have some of the same limitations discussed for the

transplant rejection studies in Section 7.4.4. Specifically, these include the limitations
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concerning the ability of our ultrasound imaging system to resolve small differences in targeted
MB adhesion, the use of a destructive imaging protocol, and the use of a 2 min delay between
contrast injection and image acquisition. Additional limitations include the following:

For the in vitro adhesion experiments comparing MByws3 binding to tumor-derived versus
normal endothelium, the two cell types were of different species origin. The TDECs were
murine, while the normal ECs were human. This was a necessary concession, due to the
difficulty in acquiring either human tumor ECs or completely normal mouse ECs. Since the
MW?3 peptide was identified using positive panning against mouse tumor-derived cells, the lower
adhesion of MByw3 to the normal human ECs may have been due to the species difference.
However, it has been demonstrated that MW3 does species cross-react with some human tumors,
including sarcomas and prostate tumors (unpublished data from Dr. Michael K. Wong).

The in vitro panning technique used to identify MW3 utilizes cultured TDECs, which
may not accurately represent their original in vivo tumor EC phenotype. Specifically, due to a
lack of continued interaction with the tumor, the cultured TDECs may fail to maintain tumor-
specific cell surface markers. To minimize differences between in vivo tumor ECs and the
TDECs, only low passage (< fifth) TDECs were used during the peptide display library panning
process [233]. However, to convincingly demonstrate that microbubbles targeted via MW3
adhere selectively to tumor angiogenic endothelium versus other angiogenic endothelium, further
control experiments need to be undertaken using a non-tumor model such as retinal
neovascularization [236] or post-ischemic myocardial angiogenesis.

Currently, the in vivo tumor imaging experiments have been limited to the Clone C and
PC3 tumors grown subcutaneously in mice. We have not yet performed imaging in negative

tissue controls, i.e. non-tumor tissues. We have demonstrated that MByws specifically adheres
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to tumor vasculature in vivo (MBmws adhesion > MBgiycine adhesion), and we have shown that
MBwmw; selectively adheres to tumor-derived versus normal endothelium in vitro, but we have
yet to demonstrate this selective adherence in vivo. Experiments are currently planned to supply
these missing data, by imaging MByws and MBgiycine adhesion in mouse kidneys, spleen, or

heart. We expect that these non-neoplastic tissues will show minimal MByw3; adhesion.

8.4.5 Summary

The data in this chapter have demonstrated for the first time the ability of targeted
ultrasound to non-invasively detect tumor angiogenesis in vivo. Contrast microbubbles targeted
to tumor endothelium via conjugation with the tumor-binding peptide MW3 were shown to
preferentially bind to tumor-derived cultured endothelium. Furthermore, we demonstrated the
non-invasive, in vivo ultrasonic detection of tumor vasculature in a tumor-bearing mouse model.
Such ultrasonic molecular imaging of tumor angiogenesis may offer improved assessment of

malignant potential, and improved monitoring of tumor response to anti-angiogenic therapies.
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9.0 FUTURE WORK

9.1 Planned Future Work

9.1.1 Multi-targeted MBs

In the multistep model of leukocyte adhesion, described in Section 1.1, different binding
interactions occur between different sets of adhesion receptors. Initial leukocyte binding and
rolling is mediated by endothelial selectins, while firm adhesion and subsequent migration
through the endothelial layer is mediated by interactions between immunoglobulin superfamily
receptors and leukocyte integrins. These two types of binding work synergistically to achieve
leukocyte capture. Since our LAM-targeted MBs can be interpreted as an attempt to mimic the
adherence characteristics of natural leukocytes, it is reasonable to study the potential for
targeting multiple ligands simultaneously with a single contrast agent, in an effort to take
advantage of possible synergistic effects.

We briefly investigated MBs that were multi-targeted to both ICAM-1 and VCAM-1, by
conjugating them to a 50/50 mixture of antibodies against the two LAMs. Hypothesizing that the
dual-targeted MBs may achieve greater adhesion strength than their mono-targeted counterparts,
we perfused three different species of MBs through the radial flow chamber to measure critical
shear rate: 100% anti-ICAM-1 MBs, 100% anti-VCAM-1 MBs, and 50%-anti-ICAM-1 / 50%-
anti-VCAM-1 MBs. As seen in Figure 9-1, the adhesion strength of the dual-targeted MB was
not greater than that of either of the singly-targeted species, and, in fact, was close to the average

of the two singly -targeted species. Flow cytometric Scatchard-type analysis of the two
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antibodies used revealed that their affinities were both on the order of 10™® mol/L, differing only
by a factor of approximately 5, perhaps explaining the lack of any synergistic adhesion effects.
Additionally, in these tests the two binding interactions are antibody/antigen in character, rather
than receptor/ligand as in the case of leukocyte/endothelium adhesion.

Future work is planned to investigate dual-targeting against ICAM-1 and selectins, with
MBs simultaneously conjugated to anti-ICAM-1 antibodies and sialyl Lewis-x, the selectin
ligand. This pairing should more closely resemble the weak versus strong interactions
characteristic of natural leukocyte/endothelial binding. Selectin-mediated adhesion of sialyl
Lewis-x-coated microspheres has been investigated by Dr. Daniel Hammer’s group [237], but a
multi-targeted system using both an antibody and the sialyl Lewis-x interactions has yet to be

reported, and may prove to be of great interest.
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Figure 9-1 Adhesion strength of microbubbles targeted via conjugation with anti-ICAM-1
antibodies only, a 50/50 mix of anti-ICAM-1 and anti-VCAM-1 antibodies, or anti-VCAM-1
antibodies only, respectively.

165



9.1.2 Tissue Controls for In Vivo Tumor Imaging

As discussed in Section 8.4.4, our in vivo investigations of targeted tumor imaging had
the limitation that negative tissue controls were not performed. MByws3 and MBgiycine Were used
for contrast-enhanced ultrasound imaging in subcutaneous tumors with vasculatures that are
known to bind the MW3 peptide. We demonstrated that MByws; imaging can detect tumor
vasculature, but we have not yet shown that this agent can successfully distinguish normal tissue
from tumor endothelium.

Imaging experiments in normal tissue controls are currently planned, visualizing contrast
in either the mouse kidney or mouse heart. The previous data from Dr. Michael Wong’s lab
presented in Section 8.1.1 demonstrated that MW3 does not adhere to non-tumor tissues, so we

expect that the non-neoplastic kidney and heart will show minimal MByw3; adhesion.

9.1.3 Additional Angiogenesis Imaging

Experiments have been planned to investigate microbubbles targeted to angiogenesis via
conjugation with angiogenic endothelium-specific binding peptides identified by Dr. Erkki
Ruoslahti’s group [165]. These peptides have been identified in angiogenic tissues other than
tumors, so they may be capable of targeting angiogenic endothelium such as that found in or
around ischemic cardiac tissue. Additionally, the endothelial ligand for these peptides has been
identified, allowing characterization of candidate angiogenic tissues, as well as detailed studies

of ligand density and receptor/ligand interaction kinetics.
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9.2 Recommendations for Additional Future Work

LAMs other than ICAM-1 should be investigated as potential targets for our contrast
agents. Brief in vitro preliminary studies investigating microbubbles targeted to VCAM-1 (not
presented in this dissertation) indicated that absolute MB adhesion to endothelial VCAM-1 may
be greater than with ICAM-1. Additionally, VCAM-1 may serve as a better molecular target
because it has lower constitutive expression in the coronary microcirculation than does ICAM-1,
and may be a more specific marker of endothelial dysfunction [101]. Other potential targets
include PECAM and the receptors in the selectin family.

The effect of MB size on adhesion should be evaluated. The mathematical model by
Cozens-Roberts et al includes particle radius as a parameter that affects adhesion strength (see
Section 4.2.7), and others have shown that particle size is a key design feature [238]. In parallel,
ultrasound studies of differently sized MBs would need to be conducted, because MB diameter
can dramatically affect acoustic properties [184].

Another MB design parameter that should be investigated is the tether length between the
MB shell and the targeting molecule, in our case an antibody. Tether length can be controlled by
choosing longer or shorter PEG spacer molecules for the biotin-PEG-DSPE reagent used in MB
synthesis (see Appendix F). The length of the tether by which the targeting molecule is attached
has been shown to be an important parameter in microsphere and cell adhesion [239, 240]. An
interesting recent report by Jeppesen et al demonstrated that, in a receptor/ligand binding system
in which the ligand molecules are anchored on flexible polymer tethers, efficiency of the
interaction depends not on the equilibrium configuration (length) of the tether molecule, but
rather on the length of its rare high-energy excursions [240]. Such findings may impact the

adhesion strength, and thus the design, of our targeted contrast agent.
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Lastly, in regards to imaging studies utilizing in vivo transplant rejection models, I would
recommend that, in protocols in which LAM-targeted MBs are administered intravenously, other
tissues in the animal (besides the graft) be assessed for targeted MB adhesion. Evidence of
upregulation of ICAM-1 in organs remote from the transplanted graft during rejection has been
reported [241]. Accordingly, non-graft tissues in the transplant model, particularly the lung, may
capture more of the targeted agent in rejecting than non-rejecting animals, reducing the amount
of microbubbles available to circulate to the graft organ, thus reducing the potential acoustic

signal from the graft.
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10.0 CONCLUSIONS

Endothelial dysfunction is characterized by the upregulation of cell surface markers
including intercellular adhesion molecule-1, and is characteristic of numerous disease processes
including inflammation, atherosclerosis, and transplant rejection. A molecular imaging
technique utilizing ultrasound contrast microbubbles specifically targeted to cell surface markers
of endothelial dysfunction may offer non-invasive assessment of associated disease processes.

Immunohistochemistry demonstrated that our chosen molecular target, ICAM-1, was
upregulated on the microvascular endothelium in animal models of inflammation and acute
allograft rejection. We were not able to identify relative overexpression of ICAM-1 on samples
of human ischemic versus normal myocardium, perhaps due to inadequacy of the normal
specimens.

The adhesion characteristics of lipid-based microbubbles targeted to ICAM-1 via
conjugation with anti-ICAM-1 antibodies were studied in vitro. We were able to quantify the
antibody density on the microbubble surface, and demonstrate control over this parameter.
Using a parallel plate perfusion chamber, targeted microbubble to cultured endothelium was
shown to be dependent on microbubble antibody density, in a relationship that agreed with
theoretical predictions. We demonstrated ICAM-1-targeted microbubble adhesion under shear
conditions, and showed that the level of adherence was dependent on the wall shear rate.

Using a radial flow chamber, we determined that targeted microbubble adhesion to

cultured endothelium was linearly dependent on the level of ICAM-1 expression, which has
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important implications for the ability of our targeted ultrasound technique to distinguish not only
the presence, but also the severity of endothelial dysfunction-associated disease.

Each of these in vitro studies provided results that contribute to the quantitative
understanding of targeted microbubble adhesion. Together, they significantly advance the
targeted contrast agent literature, which has previously been largely qualitative, in the direction
of quantitative analysis.

Ultrasonic detection of adhered targeted microbubbles was investigated using an in vivo
rat model of cardiac transplant rejection. ICAM-1-targeted microbubbles injected intravenously
into rats bearing heterotopic transplants selectively adhered to rejecting versus non-rejecting
grafts, successfully demonstrating for the first time a targeted ultrasound imaging technique for
the non-invasive detection of acute cardiac allograft rejection.

To study the potential application of our targeted imaging system in oncology,
microbubbles were targeted via conjugation with a tumor endothelium-specific binding peptide.
Ultrasound imaging of mice bearing subcutaneous solid tumors demonstrated specific adherence
of the targeted microbubble to the tumor vasculature, thus showing the feasibility of targeted
acoustic contrast agents for the detection of tumor angiogenesis.

These data make substantial contributions towards the development of a targeted,
ultrasound-based molecular imaging technique for the non-invasive, functional assessment of

endothelial dysfunction.
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APPENDIX A

Protocol for preparation of 1% paraformaldehyde

* Paraformaldehyde is toxic - Use gloves & chemical fume hood

Materials:
Powdered paraformaldehyde
Phosphate-buffered saline (PBS)
Flasks
Heating/stirring plate
pH meter and buffer solutions

0.2 micron sterile filter

1.  Weigh out powdered paraformaldehyde (e.g. 1 g for 100 mL of 1% solution).

2. Place paraformaldehyde in Erlenmeyer flask containing desired amount of PBS.

3. Add stirring rod, seal the top of the flask with parafilm.

4.  Stir the flask on heat/stir plate, using gentle heat (below 60 °C).

5. If paraformaldehyde has not fully dissolved after 1 hour, add a small amount of NaOH to

increase pH.
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6.  After all paraformaldehyde has dissolved, allow to cool to room temperature.

7. Using pH meter, adjust pH of solution to 7.4.

8.  Filter the solution using a 0.2 micron sterile filter.

9.  Transfer the solution into a glass container and refrigerate (4 °C).

10. Resuspend Check the pH of the solution weekly, if there is any change discard solution into

appropriate container in fume hood.
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APPENDIX B

Protocol for paraffin tissue processing

Materials:
1%-4% paraformaldehyde Xylene
Phosphate-buffered saline (PBS) Water bath
Paraffin molds Slide warmer
Paraffin cassettes Melted paraffin dispenser
EtOH

Day I:

1. Harvest tissue samples, fix in paraformaldehyde overnight.

Day 2:
2. Rinse tissue samples quickly in PBS and cut to size.
3. Place sample in labeled paraffin cassette.
4. Place cassettes in beaker with stir bar, take to fume hood, and add washes as follows, stirring
slowly:
a. 100% EtOH x1 hr

b. 100% EtOH x1 hr
c. 100% EtOH x1 hr
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Xylene x30 min

Xylene x30 min

Melted paraffin x1 hr

Fresh melted paraffin x2 hrs — overnight

© o a

Day 3:

5. Remove cassettes from paraffin.

6. Fill well of mold with hot paraffin.

7. Place on cold surface to cool paraffin.

8. With tweezers, set tissue sample in cooling paraffin.
9. Place cassette on top of mold, fill with hot paraffin.
10. Set on cold surface for 30 min to solidify paraffin.

11. Pop cassette with tissue out of mold, shave off extra paraffin, and refrigerate or freeze.

Day 4:

12. Using microtome with fresh knife, cut Sum sections from paraffin-embedded tissue block.
13. Carefully place sections on water surface in water bath for 5-10 sec.
14. Carefully pick up tissue section with microscope slide.

15. Place slide on slide warmer at 40 °C for 1 hr.

16. Dip slides in sequential washes as follows:

Xylene x 4 min.

Xylene x 4 min.

Xylene x 4 min.

100% EtOH x 2 min.

100% EtOH x 2 min.

. 95% EtOH x 2 min.
dH,0O x 5 min.

B g oRT S

17. Proceed with chosen staining protocol.
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* This procedure must be performed under sterile conditions (sterile biologic hood)

APPENDIX C

Endothelial Cell Subculturing Procedure

Materials:

—

A S I AT L S

—_
_ O

25 mL and 10 mL serological pipettes

75 cm? culture flasks, multi-well plates, and/or glass coverslips
Endothelial Basal Medium-2 (EBM-2, Clonetics Corp.)

Hepes-buffered saline solution (HBSS)

Trypsin/EDTA (T-E) (Clonetics ReagentPack)
Trypsin neutralizing solution (TNS)

15 mL plastic Falcon tube

Preheat EBM-2 to 37 °C.

Remove old media from culture flask.

Add 5 mL HBSS to flask for ~30 sec, then remove.

Add 5 mL T-E to flask, place in 37 °C incubator for 3-6 min.

Add 5mL TNS to flask.

Using microscope, confirm that cells have been lifted into solution.
Transfer 10 mL contents of flask to 15 mL Falcon tube.

Centrifuge 6 min at 250 x g

Remove supernatant

Resuspend cell pellet in 10 mL EBM-2

Split onto new coverslips, wells, or flasks at 1:3 or 1:4 ratio
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APPENDIX D

Parallel Perfusion Chamber Calculations

A fluid dynamic analysis of flow in the parallel perfusion chamber based on the Navier-
Stokes equation results in an equation that calculates the wall shear rate for each experiment.

The wall shear rate is constant over the entire experimental surface area.

Flow is constrained between two parallel surfaces at z=0 and z=h in the x,y plane. We
begin with the continuity equation (D-1) in rectangular coordinates for an incompressible
(constant p) fluid.

v, IV, ov,
+ +

X

ox dy Oz

=0 (D-1)
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where x = direction of flow, y = height, z = width.

Assuming that the velocities in the y and z directions are zero, equation (D-1) reduces to:

J
—V, =0 D-2
e (D-2)

Assuming that the culture medium perfusate acts in a Newtonian manner, is an
incompressible fluid, and has a constant viscosity, the Navier-Stokes equation (D-3) can be

employed:

p[%—lt/ +(VeV)V]=-VP+uV*V+pg (D-3)

We treat the flow as between infinitely wide flat plates, such that flow velocity in the x-direction
is a function only of y. Assuming steady flow (no unsteady acceleration) and low Reynolds
number (no convective acceleration), and neglecting the effects of gravity, the Navier-Stokes

equation (D-3) reduces to the x-component:

0:_8P+,u i(iij+i 9y +i(iij (D-4)
ox ox \ ox dy \ dy 0z \ 0z

Substituting equation (D-2) into (D-4) neglecting variation of Vy with z gives:

—oP 9V
0= o + U ay; (D-5)
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Since Vy is a function of y:

Vi=1() (D-6)
9’ 9’
— yV =—"_ D-7
YA S (D-7)
Substitute (D-7) into (D-5):
—oP o
0= D-8
™ ay —/ (D-8)
0’ P
ay—zf = g =const = ¢, (D-9)
0
gfzclwac2 (D-10)
f=%y2+czy+c3 (D-11)

Evaluate using no-slip boundary conditions at the walls (Vx = 0 at y = 0 and h) and then
substitute Vi for f:

_LoP e i
Vo= (D-12)

Volumetric flow rate is defined in rectangular coordinates as:

0= V. dedy (D-13)

X

O e =

Substitute (D-12) into (D-13) and integrate over the gap (0 to h):
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3
0= w oP h” (D-14)
2u 0x 6
oP . . . .
Solve (D-14) for ™ and combine with (D-12) to get an expression for the perfusate velocity in
X
the x-direction:

60
wh’

V,=—=(hy-y%) (D-15)

Of greatest interest is the shear component acting on the y-surface (the coverslip) in the

x-direction, hence we start with the shear stress 7, (under laminar flow conditions) given by

Newton’s law of viscosity:

Tyx = ﬂg (D-16)
Substitute (D-15) into (D-16):
d| 6
Ty =ﬂ${w§3 (hy—yz)} (D-17)

and differentiate with respect to y and evaluate at the coverslip surface (y=0):

6uQ
x = W (D-l 8)
Shear rate is defined as:
y=— (D-19)
Y7,
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Substituting (D-18) into (D-19) gives the shear rate equation for the parallel flow chamber:

o 6Q
= D-20
r= (D-20)

Equation (D-20) gives the wall shear rate as a function of volumetric flow rate Q, gap

height h, and chamber width w. Thus, at a given flow rate, the wall shear rate is constant over

the test area of the coverslip, and can be easily calculated.
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APPENDIX E

Radial Flow Chamber Calculations

A fluid dynamic analysis of flow in the radial perfusion chamber based on the Navier-
Stokes equation results in an equation that calculates the wall shear rate at any radial position on

the coverslip.

" > >,

Flow is constrained between two parallel surfaces at z=0 and z=h in the r,0 plane, where
r is the radial position, 0 is the angle, z is the axial position. We begin with the continuity

equation (E-1) in cylindrical coordinates for an incompressible fluid.

li(rV,)+laV” + v, =0 (E-1)
r or r 08 oz
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Assuming that the velocities in the circumferential (0) and axial (z) directions are zero, equation
(E-1) reduces to:

}%(ﬂc) -0 (E-2)

Assuming that the culture medium perfusate acts in a Newtonian manner, is an
incompressible fluid, and has a constant viscosity, the Navier-Stokes equation (E-3) can be

employed:
p[g +VeV)V=-VP+uV-V+pg (E-3)
Assuming steady flow (no unsteady acceleration) and low Reynolds number (no convective

acceleration), and neglecting the effects of gravity, the Navier-Stokes equation (E-3) reduces to

the r-component:

—oP d(129 %V,
0= A : E-4
or +'L{ar(7f ar(r r)}L oz’ } E4)

Substituting equation (E-2) into (E-4) removes a term and gives:

—-oP 9%V
0= + : E-5
or H 0z* (E-5)
Since rV, is a function of z:
"V, = f(2) (E-6)
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2 2
2, _13

—V =—— E-7
ozt " roz’ E7)
Substitute (E-7) into (E-5):
—oP o’
0= e &9
2
aa_z = Lg—P =const =¢, (E-9)
Z M or
0
gf:clm—c2 (E-10)
f:%zz+czz+c3 (E-11)

Evaluate using no-slip boundary conditions at the walls (V.= 0 at z= 0 and h) and then substitute
rV; for £

1 oP ,
V =——(z* =h E-12
"2u or (=" ~hz) (E-12)

Volumetric flow rate is defined in cylindrical coordinates as:

0=[omV,dz (E-13)

Substitute (E-12) into (E-13) and integrate over the gap (0 to h):

0="12 % (E-14)
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Solve (E-14) for aa—P and combine with (E-12) to get an expression for the perfusate velocity in
r

the radial direction:

3
V. = Q3 (hz—z%) (E-15)
rh
Of greatest interest is the shear component acting on the z-surface (the coverslip) in the r-
direction, hence we start with the shear stress 7, (under laminar flow conditions) given by

Newton’s law of viscosity:

7, =u (E-16)
0z
Substitute (E-15) into (E-16):
d | 30 >
=U— hz — E-17
Tzr ll'l aZ l:m’h3 ( zZ—Zz ):| ( )

and differentiate with respect to z and evaluate at the coverslip surface (z=0):

3uQ
= E-18
ey (E-18)
Shear rate is defined as:
y=" (E-19)
y7,

Substituting (E-18) into (E-19) gives the shear rate equation for the radial flow chamber:

o 3Q
= E-20
4 7rh? (E-20)
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Equation (E-20) gives the wall shear rate as a function of volumetric flow rate Q, gap
height h, and radial position r. Thus, at a given flow rate, the wall shear rate varies inversely

with radial position on the test area of the coverslip, and this shear rate can be easily calculated.
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APPENDIX F

Preparation of Biotinylated Microbubbles

Materials:
Phospholipid DSPC (distearoylphosphatidylcholine), 50 mg
PEG (polyethyleneglycol) stearate as a surfactant, 25 mg
Biotin-PEG-DSPE
(biotinamidocaproyl PEG-distearoylphosphatidylethanolamine), 21.3 mg

Decafluorobutane (perfluorobutane; C4F ()

* Microbubbles must be prepared at or above the phase transition temperature of the lipids

before cooling.

Mix DSPC, biotin-PEG-PE, and PEG stearate in chloroform/EtOH.
Evaporate.

Repeat steps 1 and 2 twice.

Lyophilize 1 hour.

A

Add 10 mL buffer saline and blend by sonication for 30 sec in the presence of
decafluorobutane gas.
6. Separate by flotation or centrifugation at 100 x g for 2 min using buffer saline total of 5

times.
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APPENDIX G

Hematoxylin & Eosin Staining Protocol

Materials:
Xylene
Ethanol (100%, 95%, and 30%)
Distilled water (dH,O)
Harris Hematoxylin
Acid Alcohol
Scott’s Solution
Eosin

Permount

* This procedure should be performed in a chemical fume hood.

1. Prepare slides with either frozen or paraffin-embedded tissue samples.
2. Load slides into slide cassette, and dip into the following solutions for the following

durations (min:sec):

Xylene (4:00)
Xylene (4:00)
Xylene (4:00)

100% Ethanol (1:00)
100% Ethanol (1:00)
95% Ethanol (1:00)
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Harris Hematoxylin (4:00)
dH,O0 (1:00)
Acid Alcohol (0:50)
dH,O0 (1:00)
Scott’s Solution (0:50)
dH,0 (1:00)

. Eosin (1:30)
30% Ethanol (1:00)
95% Ethanol (1:00)
100% Ethanol (1:00)
100% Ethanol (1:00)
Xylene (4:00)
Xylene (4:00)
Xylene (4:00)

FeSNOoBOBE AT ER

Coverslip the slides using Permount, then refrigerate for at least 2 hours before

examining on microscope.
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APPENDIX H

Conjugation of Phycoerythrin to Antibodies

Materials:

Microcentrifuge tubes
PhycoLink R-PE conjugation kit (Prozyme Inc., San Leandro, CA)
Antibody

Antibody Ultrafiltration (to increase Ab concentration):

1. Add 500 pL antibody solution from vial to ultrafilter (Microcon Millipore)

2. Spin in microcentrifuge at 8,000 rpm for 1-5 min

3. Stop when approximately 50 uL volume remains (i.e. Ab is now 10x concentrated)

Antibody Reduction:

4. Transfer 50 UL Ab to microcentrifuge tube

5. Add 1 uL DTT solution (from kit) for 30 min at room temperature. (This exposes free
sulthydryls).

6. Equilibrate spin column (from kit) with exchange buffer (from kit):

a. Drain packing buffer into wash tube (from kit), discard buffer

b. Add exchange buffer, spin at 1000g for 4 min, discard buffer
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c. Repeat (b) above, spinning to remove all fluid
7. Set spin column into its collection tube (from kit)
8. Add the Antibody/DTT solution to column

9. Spin at 8,000 rpm for 4 min

Fluorochrome Conjugation:

10. In microcentrifuge tube, add 320 uL activated RPE (from kit) per mg of Ab for 60 min, at
room temperature, wrapped in foil to keep light out, on a slow mixer

11. Thaw NEM solution (from kit) to room temperature

12. Add 34 uL NEM solution per mg of Ab for 20 min, at room temperature, wrapped in foil

to keep light out, on a slow mixer. (This blocks unreacted free sulthydryls).

Finishing:
13. Spin above solution 1000g for 30 sec to pellet out insoluble conjugates
14. Equilibrate spin column with storage buffer (from kit)
a. Drain any buffer into wash tube, discard buffer
b. Add storage buffer, spin 1000g for 4 min, discard buffer
c. Repeat (b) above, spinning to remove all fluid
15.  Add 100 puL supernatant to spin column, spin 1000g for x 4min

16. Store at 4° C
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APPENDIX 1

Vectastain Immunoperoxidase Staining Protocol

Materials:

A

Vectastain Elite ABC kit

PBS

Hydrogen peroxide

Acetone

5% bovine serum albumin (BSA) in PBS
Distilled water (dH,0O)

Gelvatol

Prepare slides with 5 um-thick frozen tissue samples.

Fix with 100% acetone (@ -20° C) for 5 min, and wash with PBS.

Add 3% hydrogen peroxide for 20 min, wash with PBS, and wash with BSA twice

Add blocking antibody from kit for 30 min, and wash with BSA twice.

Add primary antibody for 2 hours, and wash with BSA three times.

Add biotinylated secondary antibody from kit for 1 hour, wash with BSA, and wash with
PBS twice.

Add ABC (avidin-biotin complex) reagent for 30 min, and wash with PBS twice.

Add AEC (3-amino-9-ethylcarbazole) for 8 min, and wash with dH,0 twice.

Coverslip with Gelvatol, and refrigerate.
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APPENDIX J

Dako Immunoperoxidase Staining Protocol

Materials:

© N kWD

10.
11.

Dako Envision kit K-1390
PBS

Acetone

Distilled water (dH,O)

Hematoxylin

Prepare slides with 5 um-thick frozen tissue samples.

Air dry at room temperature for 45 min.

Fix with 100% acetone (@ -20° C) for 10 min.

Air dry at room temperature for 45 min, and wash with PBS three times.

Add blocking antibody from kit for 5 min, and wash with PBS twice.

Add primary antibody for 10 min, and wash with PBS twice.

Add the secondary polymer from kit for 10 min, and wash with PBS twice.

Add the substrate DAB (3,3’-diaminobenzidine) for 5 min, to react with the peroxidase
on the polymer bound to the primary antibody, forming reddish-brown precipitate.

Wash with dH,0 twice.

Counterstain with hematoxylin.

Coverslip and refrigerate.
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APPENDIX K

Color Figures

In this appendix, color versions of the following figures,

shown in the preceding chapters, are given.

Figure Number in Figure Number in
Preceding Chapters this Appendix
Figure 1-4 Appendix K-1
Figure 2-1 Appendix K-2
Figure 2-2 Appendix K-3
Figure 2-3 Appendix K-4
Figure 2-4 Appendix K-5
Figure 6-3 Appendix K-6
Figure 7-7 Appendix K-7
Figure 7-9 Appendix K-8
Figure 7-10 Appendix K-9
Figure 7-11 Appendix K-10
Figure 8-7 Appendix K-11
Figure 8-8 Appendix K-12
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Appendix K-1 Color version of Figure 1-4.
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Appendix K-3 Color version of Figure 2-2.
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Appendix K-4 Color version of Figure 2-3.
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Appendix K-6 Color version of Figure 6-3.
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Appendix K-7 Color version of Figure 7-7.
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Appendix K-9 Color version of Figure 7-10.
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Appendix K-10 Color version of Figure 7-11.
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Appendix K-11 Color version of Figure 8-7.

Appendix K-12 Color version of Figure 8-8.
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