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ABSTRACT
In order for cancer metastasis to occur, tumor cells must separate from the primary tumor
and enter the circulatory system, and then extravasate through the vascular endothelial cells in
order to form a secondary tumor at a distant site. This work focuses on the adhesion of melanoma
cells to the endothelium in response to various conditions.
Soluble fibrin serves as a cross-linker between endothelial cells and melanoma cells. We
used an aptamer, a small oligonucleic acid sequence with a distinct tertiary structure, to inhibit
thrombin activity, and therefore formation of soluble fibrin. The apparatus used, a parallel-plate
flow chamber, allows for the perfusion of cells over a confluent monolayer, therefore modeling
physiological flow conditions over the endothelium in vitro. The results indicated that the
aptamer was able to effectively inhibit thrombin activity and subsequent melanoma adhesions
decreased after addition of the aptamer.
Melanoma interactions involving the effects of activation and sequestration of
polymorphic neutrophils (PMNs) were also investigated. PMN activation and sequestration has
been associated with inflammation of the pulmonary microcirculation. It was found that
activation, which triggers changes in PMN deformability, has a significant effect on the
aggregation of melanoma cells on the endothelium whereas environments with high
concentrations of PMNs did not yield significant changes. The results suggested that activation
plays a key role in aiding metastatic melanoma cells in adhering to the endothelium due to a
decrease in neutrophil deformability. This effect was reversed by the addition of cytochalasin B, a
mycotoxin that disrupts actin filaments and increases deformability of PMNs, and a decrease in
melanoma aggregations on the endothelium was observed. Thus, these results suggest that
deformability plays a larger role than accumulation of PMNs in aiding melanoma cells to adhere
to the endothelium.
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Chapter 1
Introduction
Metastasis, the migration of tumor cells from a primary tumor to a distant location, is
responsible for 90% of cancer-related deaths.1 Therefore, in order to target metastasis, it is
necessary to understand the mechanism by which cells travel through the body's circulatory
system, adhere to the endothelium, and migrate to a new location. This work focuses on the
adhesion of tumor cells to the endothelium in response to various conditions.
Soluble fibrin is formed from fibrinogen after cleavage by thrombin, a serine protease
(that can be generated through tissue factor by tumor cells even in the absence of any vascular
injury or inflammation).2 High soluble fibrin levels have been linked to interactions between
melanoma cells and the native endothelial cells, leading to the migration of these melanoma cells
through tissues.3 Previous research in Dr. Cheng Dong’s laboratory has indicated that soluble
fibrin specifically aids in tumor cell adhesion by acting as a cross linker between ICAM-1 and
alphaVbeta3 receptors on the tumor cell's surface, and ICAM-1 receptors on endothelial cells.4
Additionally, polymorphonuclear neutrophils (PMNs) have been shown to promote the adhesions
of tumor cells to the endothelium.5 Previous work has shown that PMNs, through soluble fibrin
cross linkages, stabilize tumor cell adhesions potentially providing these tumor cells with a stable
environment for migration.4 Thus far, however, immune cells responses to tumor
microenvironments still have many areas for further research. We present an original study that
explores various tumor microenvironments and how such immune-editing affects tumor cell
adhesion in the circulation during metastasis.
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Cancer
Cancer is a broad group of diseases that result from abnormal cell growth that often has
the potential to spread to other parts of the body. Cancers are among the leading causes of
morbidity and mortality worldwide, with approximately 14 million new cases and 8.2 million
cancer related deaths in 2012, and the number of new cases is expected to rise by about 70% over
the next two decades.6 Also referred to as malignant tumors and neoplasms, cancer is defined by
the rapid creation of abnormal cells that grow beyond their usual boundaries and can then invade
other parts of the body and spread to other organs. This process, known as metastasis, is
responsible for 90% of cancer-related deaths worldwide.1
Metastatic cancer consists of the same type of cancer cells as the primary, or original,
cancer. Nearly all cancers can form metastatic tumors.7 Cancer cells spread through the following
steps: local invasion, intravasation, circulation, arrest and extravasation, proliferation, and
angeiogenesis.7 Local invasion refers to when cancer cells will invade the cells that are closest to
them in nearby tissues. Intravasation refers to the process by which cancer cells invade and move
through the walls of nearby lymph vessels or blood vessels. Circulation involves cancer cells
moving through the lymphatic system and the blood stream in order to travel to other parts of the
body. Arrest and extravasation are the process by which cancer cells stop circulating in the
capillaries and invade the walls of the capillaries and migrate to surrounding tissues. Proliferation
occurs when the cancer cells multiply at the new distant location to form secondary tumors.
Angiogenesis refers to the process by which the new secondary tumors stimulate the growth of
new blood vessels in order to obtain a blood supply, which is necessary for continued tumor
growth.1 This process is illustrated in figure 1-1, depicting a basic schematic of the formation of a
secondary tumor from a primary tumor.
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Figure 1-1 Schematic diagram depicting the process of local invasion, intravasation, circulation,
arrest and extravasation, proliferation, and angiogenesis

Since metastasis is responsible for 90% of cancer-related deaths, finding methods of
treatment that target the mechanisms by which tumor cells are able to travel through the body
offers a promising area for study that could potentially help save millions of lives. Previous
research has shown that various types of tumor cells are able to release chemical signals that
allow them to travel through the endothelium to blood vessels.8 This work focuses on the
extravasation of melanoma cells through the endothelium.
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Melanoma is a type of skin cancer that forms from melanocytes.9 Melanocytes produce
melanin, the pigment responsible for skin color, and predominantly occur in the skin but can also
be found in other regions of the body.10 Visual diagnosis is still the most common method
employed by doctors – the signs include moles that are irregular in color or shape. A common
diagnostic tool employed by medical professionals to identify melanoma uses the mnemonic
“ABCDE”: Asymmetrical skin lesion, Border of the lesion is irregular, has multiple Colors, the
Diameter is greater than 6 mm, and the mole is Enlarging. This mnemonic and its meanings are
depicted in figure 1-2, which illustrates the characteristics referred to by each individual subphrase.
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Figure 1-2. The following images show the what ABCDE mnemonic stands for: asymmetrical
skin lesion, border of the lesion is irregular, has multiple colors, the diameter is greater than 6
mm, and the mole is enlarging.

Treatments for melanoma include surgical removal of the tumor, and for persistent
tumors treatments also include chemo and immunotherapy or radiation therapy. Fortunately, fiveyear survival rates in the US are on average 91%. However, melanoma still remains a major
public health issue, with over 9,000 deaths due to melanoma in recorded in 2011.11 Prevention
methods involve minimizing all exposure to the sun – sun protective clothing, sunscreen, and
sunglasses are all common methods for preventing lasting UV damage from the sun’s rays.
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Thrombin, Fibrinogen, and Fibrin
Previous research has shown that melanoma cells are able to use fibrin, a soluble
monomer, as a cross-linking protein to aid their adhesion to the endothelium in physiological
flow conditions.4 Thrombin is a serine protease that regulates many important homeostatic
functions such as platelet aggregation, endothelial cell activation, and various responses in the
vascular system.12 It is the main effector protease in the coagulation cascade – a series of
zymogen conversions triggered by the interaction of coagulation factors and tissue factor.12
Thrombin is immediately produced at the sites of vascular injuries and elicits a wide range of
responses, including shape and permeability changes in the vascular endothelium and
mobilization of adhesive molecules to the endothelial surface (Fig 1-3).13

Figure 1-3 Schematic depicting thrombin's direct actions on cells at the sites of vascular injuries
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Fibrinogen (sFg) is a soluble glycoprotein that aids in the formation of blood clots.14
Thrombin cleaves the bonds Aα16Arg-17Gly and Bβ14Arg-15Gly in human fibrinogen to form
soluble fibrin (sFn).15 Once formed at the sites of vascular injuries, fibrin polymerizes with
nearby platelets to form a hemostatic clot at the wound site.16 Research has shown that tumor
cells are able to generate thrombin through tissue factor in the absence of any vascular injury or
inflammation.17

Cellular Adhesions
Cell rolling and cell-cell adhesions in physiological flow conditions are a process
involving a complex balance of forces arising from hydrodynamic shearing effect and the
strength of the adhesive interactions. Specific molecular interactions differ between types of cells
– for example, colon carcinoma cell adhesion to the endothelium involves sialylated molecules
and integrins, whereas melanoma cell interactions with the endothelium involve ICAM-1 and Eselectin.18
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Figure 1-4. 2-D cell model under conditions of shear stress. τw is the inlet wall shear stress; LC
and HC are cell contact length and height, respectively; vc is the cell rolling velocity (i.e. cell
center velocity); μc is the cytoplasmic viscosity; Ėf, Ėd, and Ėa are the rates of energy for fluid,
viscous cytoplasm, and adhesion bonds, respectively.
In order to understand the nature of these cellular interactions in a physiological flow
system, a 2-dimensional model can be used to show how a basic cell rolls on the endothelium
(Fig. 1-4).19 This model assumes that both the fluid surrounding the cell membrane and the fluid
enclosed by the cell membrane are homogeneous and incompressible Newtonian fluids with
different viscosities. These assumptions give rise to a two-dimensional steady-state Navier-Stokes
equation, which is solved using finite elements methods (no-slip and no-penetration conditions
were assumed at the surface of the upper and lower boundaries).19
Cellular adhesions can be assessed in terms of kinetics and adhesion frequency. Previous
analysis in Dr. Cheng Dong’s lab examined the respective kinetics of soluble fibrin using single
bond cell tethering assays, and indicated that ICAM-1 and αvβ3 are responsible for the initial
capture and firm adhesion of melanoma cells.4 These kinetics can be described using the
following equation:
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where A represents endothelial cell receptors such as ICAM-1 and B represents receptors on
melanoma cells.4 This interaction can be visualized using Figure 1-5, which shows the molecular
interactions between ICAM-1 (expressed on the endothelium) and the tumor cell, soluble fibrin,
and circulating tumor cells. Two types of bonds are formed: bond 1, which is ICAM-1 to fibrin to
ICAM-1, and bond 2, which is αvβ3 to fibrin to ICAM-1. Fibrin acts as a cross-linker for both
ICAM-1 and αvβ3.

Figure 1-5. Schematic diagram showing how fibrin acts as a cross-linking molecule in
interactions between melanoma cells and the endothelium.
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Nucleic Acid Aptamers
Aptamers are short, single-stranded oligonucleic acid sequences that have a distinct
tertiary structure. Aptamers bind to their target molecule with a similar binding strength as
antibodies. Due to their small size, ease of fabrication, low immunogenicity, and low batch-tobatch variability, aptamers are a simple and convenient tool to selectively bind molecules.20 When
compared to antibodies, aptamers are superior as molecular recognition elements in several
respects. First, the aptamers are generated in in vitro settings, in contrast with antibodies, which
have to be generated in vivo. In vitro selection allows oligomers to be screened against molecules
that have weak immunogenicity or high toxicity.20 Additionally, nonphysiological and/or harsh
conditions can be applied to aptamer selection and cannot be applied to antibody settings and
production. Second, since the method for the synthesis and purification of oligonucleotides has
been extensively researched and well developed, the batch-to-batch variability of aptamers is
much lower than that of antibodies. Finally, aptamers can be chemically modified with a
functional group and fluorophores without any loss of binding functionality.20
Aptamers can be classified as DNA, RNA, XNA, or peptide aptamers. DNA, RNA, and
XNA aptamers consist of short strands of oligonucleotides, whereas peptide aptamers consist of a
short variable peptide domain, attached at both ends to a protein scaffold.21 This work focuses on
the use of nucleic acid aptamers and their potential for inhibiting enzyme behavior. Nucleic acid
aptamers are engineered through repeated rounds of in vitro selection – a process also known as
SELEX (systematic evolution of ligands by exponential enrichment) – to bind target molecules.22
This process, as illustrated in Figure 6, allows for the selection of various molecules such as
proteins, nucleic acids, and even cells, tissues, and organisms, which presents the potential for
treatments and biological targeting in many different areas.
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Figure 1-6. Schematic of Systematic Evolution of Ligands by Exponential Environment
(SELEX).22
Nucleic acid aptamers are appealing tools for molecular recognition due to several
characteristics that make them easier to work with than antibodies. However, challenges have
become apparent which require further examination. Recent studies have shown that aptamer
selection is a challenge, the synthesis and modification of aptamers to achieve multivalent
molecules is also problematic, as the inherent challenges associated with all in vivo tools due to
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the complexity of the human body.20 Once these challenges are overcome, aptamers could be
used in potential treatments for various diseases, including cancer.

Polymorphic Neutrophils
Polymorphic neutrophils (PMNs) are the most abundant (40% to 75%) type of white
blood cells in most mammals and form an important part of the immune system. Previous work in
this laboratory has shown that human neutrophils promote melanoma adhesion and
transendothelial migration in certain circumstances.23 This mechanism is similar to the
interactions between melanoma cells and fibrinogen. However, in contrast to thrombin mediated
fibrin interactions, PMNs also utilize their β2 integrins to crosslink between ICAM-1 on
melanoma cells and the endothelium. Previous research shows that melanoma cells constitutively
secrete interleukin 8 (IL-8), which triggers the functional up-regulation of the ligand binding
activity of the β2 integrins on PMNs.24 These melanoma cell-PMN interactions are found to be
mediated by the binding between intercellular adhesion molecule-1 (ICAM-1).25 Figure 1-7
depicts the steps of adhesion and the integrans involved in the tethering process. Previous work in
Dr. Cheng Dong’s laboratory has investigated how PMNs aid in sequestering tumor cells to the
endothelium. Here, I present the results of original research focusing on the use of a parallel plate
flow chamber to study the effects of PMN sequestration and deformability on tumor cell
metastasis, as both have been linked to inflammation in pulmonary microvasculature.
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Figure 1-7. Depiction of "two-step adhesion" mechanism showing how PMNs bring the tumor
cell into closer proximity to the endothelium in shear flow. The PMN tethering to the
endothelium is the first step following by the tumor cells being captured by the PMNs.18
Neutrophil sequestration in the pulmonary microvasculature precedes their migration into
the airspaces of inflamed lungs. Previous research has shown that acute alveolitis results in
increased sequestration in the pulmonary microvasculature of Cr-labeled PMN when compared
with control lungs.26 The pulmonary microvasculature of normal lungs contains a large pool of
non-circulating neutrophils which is in dynamic equilibrium with the circulating PMN pool.27
Neutrophils are the first cells to arrive at sites of infection or inflammation, and are present in the
lungs in increased numbers in many conditions such as acute and chronic lung injury.28 The
pulmonary capillary bed receives all of the circulating neutrophils and also contains a pool of
temporarily non-circulating cells.29 They can be influenced by various stimuli, and can either
rejoin the circulating pool or migrate to an inflammatory site. In the pulmonary capillaries,
neutrophils can interact with endothelial cells. It has been shown that 94% of circulating
neutrophils marginate towards vessel walls in the post-capillary vessels in the systemic
circulation (as opposed to erythrocytes which mostly remain in the central stream of blood).30 The
process of intravascular neutrophil sequestration in the lungs is critical to the subsequent
migration of these cells, because to migrate cells in transit in the circulation must stop if they are
to adhere to the endothelium before diapedesis.31
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Neutrophil deformability and activation have been studied in humans, with chronic
obstructive lung diseases and cigarette smoking being of key interests in terms of applications and
pathological relevance. Deformability depends on the viscoelastic properties of a cell membrane
and the viscoelastic properties of the cell cytoplasm. In general, neutrophils are approximately
700 times less deformable than erythrocytes, although they are similar in size.32Neutrophils
contain a rigid nucleus and a granular cytoplasm that is 1000 times more viscous than the
cytoplasm of an erythrocyte.33 Neutrophils contain an excess surface area (greater than is
necessary for enclosing their volume) of 84%, due to cell membrane ruffling, which allows the
cell to change shape and actively squeeze through tight junctions between endothelial cells as
small as 1 micron in diameter.32 Previous research has shown that the more deformable PMNs
are, the fewer cells are retained in the lungs.26 Additionally, it has been shown the activation by
N-formyl-methionyl-leucyl-phenylalanine (fMLP) decreases cell deformability slightly.34
Decreased cell deformability induced by fMLP has been shown to be completely abolished by
treatment with cytochalasin D through disruption of actin filaments. In vivo studies have shown
that neutrophils activated with fMLP and treated with cytochalasin D were not retained in rabbit
lungs more than cells treated with fMLP alone.35 In vivo studies in humans showed a significant
correlation between the deformability of neutrophils in vitro and their sequestration during their
first transit in the pulmonary vasculature after reinfection in normal subjects.36 This study
confimed the hypothesis that cell deformability is an important determinant of the normal
sequestration of neutrophils in the lungs due to the geometric constraints imposed on neutrophils
in transit in the pulmonary capillary bed.
Additionally, many animal models corroborate the observation that increased
intravascular sequestration of neutrophils is enhanced in inflammation of the lungs. As such,
conditions where neutrophil deformability decreases in man should be associated with increased
neutrophil sequestration in the lungs. This has been confirmed in patients with chronic obstructive
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lung diseases during acute exacerbations, who have significantly greater retention of neutrophils
than clinically stable patients, and this increased retention is associated with a decrease in cell
deformability measured in vitro.37 Additionallly, cigarette smoking is also associated with
increased sequestration of neutrophils in the lungs. Exposure of neutrophils to cigarette smoke in
vitro results in decreased deformability associated with the polymerization of actin.37 It has also
been shown that cigarette smoking is associated with an acute decrease in the deformability of
neutrophils in arterial blood in vivo which provides further evidence of the important influence of
changes in neutrophil deformability on cell sequestration in the pulmonary vasculature. Finally,
activation of neutrophils is associated not only with a rapid decrease in their deformability but
also with changes in their adhesion to each other and to other cells. Decreased deformability
seems likely to be the initiating event producing neutrophil delay or entrapment in the pulmonary
microcirculation and allowing adhesive interaction between neutrophils and endothelial cells to
proceed thereafter.29
Cigarette smoking causes more than 480,000 deaths each year in the United States. This
is nearly one in five deaths.38 Smoking causes about 90% (or 9 out of 10) of all lung cancer
deaths in men and women. In addition to causing cancer, it causes stroke and coronary heart
disease, which are among the leading causes of death in the United States.38 The pulmonary
capillary bed is the site of gas transfer between the alveoli and the blood, and is therefore also a
possible site of exposure of blood to components of cigarette smokes.37 Previous research with
neutrophils demonstrated that the normal delay in neutrophil transit in the lungs is further
exaggerated, transiently, in healthy subjects during smoking due to enhanced sequestration of
neutrophils in the pulmonary microcirculation.37 It has been shown that cigarette smoke exposure
is not associated with cell activation, but that neutrophils exposed to vapor-phase cigarettes
smoke have a reduced ability to filter through a micropore membrane, which is an indirect
measurement of their deformability.37 Any decrease in cell deformability may increase the
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difficulty experienced by neutrophils in transit in the smaller pulmonary capillaries – and
therefore helps explain the increased retention of neutrophils in the lungs during smoking.37
Another response where changes in neutrophil transit has been observed is during instances of
acute pulmonary inflammation.
The major function of polymorphonuclear leukocytes is to phagocytose and kill
microorganisms at sites of infection. Most neutrophils are in transit in intravascular spaces and
therefore must stop and interact with the endothelium and leave circulation via migration through
or between vascular endothelial cells. Tumor cells are known for their ability to use the adhesive
properties of neutrophils to aid in their own migration through intravascular spaces and the
endothelium in the process of metastasis. The work of Michael Eppihimer, which focused on
sequestration of white blood cells at the entrance to capillaries and in the postcapillary venules,
explored deformability in white blood cells but did not examine metastatic interactions.39
Eppihimer’s results show that the activation of the white blood cell population and their
subsequent sequestration in capillaries may have a far greater detrimental effect on flow through
the capillary network. He showed that an insignificant amount of WBC adhesion occurs in
normal flow states but that induction of a low flow state (modeling capillaries and post-venules)
leads to progressively greater adhesion of WBCs with time. Building upon his findings, the aim
of this project using PMNs was to examine the effects of changing the deformability of PMNs,
levels of PMNs relative to tumor cells in microenvironments, and shear stresses in a way that
models physiological inflammation in intravascular pulmonary spaces and capillary beds in vitro
could be used to predict the level of risk of cancer metastasis given preexisting conditions.
In this portion of our study, we focus on using the parallel-plate flow chamber as an in
vitro model for the lung capillary bed with a single cell monolayer of EI cells, 1205Lu metastatic
melanoma tumor cells, and polymorphic neutrophils of varying levels of deformability to
determine if decreased deformability of PMNs would influence the nature of adhesions of
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metastatic cancer cells to the endothelium. It is hypothesized that having chronic obstructive lung
diseases (and thus greater retention of neutrophils than clinically stable patients) and exposure to
cigarette smoke would lead to a higher risk of cancer metastasis through decreased deformability
of the neutrophils via activation and increased sequestration in the pulmonary vasculature,
resulting in higher levels of melanoma cells adhering to the endothelium than cells without
exposure to smoke or inflammation.
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Chapter 2
Fibrin-mediated Melanoma Adhesions

Materials and Methods

Cell Preparations and Reagents
1205Lu metastatic melanoma cells were cultured in DMEM/F12 (Dulbecco’s Modified
Eagle Medium Nutrient Mixture F12) supplemented with 12% FBS. Genetically modified
fibroblast L-cells that express stable levels of human E-selectin and ICAM-1 were cultured in
RPMI media and were used to model the endothelial monolayer substrate (referred to as EI cells).
For flow chamber experiments, confluent monolayers of 1205Lu cells were detached using 0.05%
trypsin/EDTA and washed twice in fresh culture medium. Cells were then allowed to recover in
fresh media for 1 hour while being rocked at a rate of 8 rpm at 37°C. Confluent monolayers of EI
cells grown in 35 mm cell culture dishes were washed twice with DPBS 5 minutes prior to use in
flow chamber experiments (see Figure 7 for image of confluent EI cell monolayer).
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Figure 2-1. Image of confluent EI cell monolayer used to model the endothelium
Thrombin and fibrinogen mixtures were mixed with the suspended 1205Lu cells 5
minutes prior to experimentation at 37°C. One millileter of fresh soluble fibrin (sFn) per 1 x 106
cells was prepared by mixing 120 μL of soluble fibrinogen (sFg) at a concentration of 25 mg/mL,
84 μL of GPRP at a concentration of 24 mM, and 200 μL of thrombin from a 10 U/mL stock.
Gly-Pro-Arg-Pro (GPRP) is added to prevent the polymerization of sFn molecules upon thrombin
cleavage.40 Thrombin’s units, U/mL, are units of activity, where a unit (U) refers to the amount of
enzyme that catalyzes the conversion of 1 micromole of substrate per minute.41 Fibrin polymers
that formed were removed by swirling with a pipette tip and filtration with a 0.2 μm pore filter.
Concentrations of sFn were varied by varying the amount of thrombin, fibrinogen, and GPRP
used in a fixed ratio.
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Aptamer Use and Preparation
Experiments using aptamers were performed using the same fixed amounts of thrombin,
GPRP, and fibrinogen as mentioned above, but instead of suspending the 1205Lu cells in fresh
DMEM for an hour prior to experimentation a binding buffer solution was used. Due to the nature
of aptamer polarities, DMEM was not used in order to preserve the structural integrity of the
aptamers. The binding buffer consisted of a mixture of glycerin, BSA, MgCl, PBS. The
sequences for each of the aptamers used for various experiments are shown in table 1.
Type of Aptamer

Sequence

Anti-thrombin aptamer

5' - GGTTGGTGTGGTTGG - 3'

Scrambled aptamer 1

5' - GGTGGTGGTTGTGGT - 3'

Table 1. Sequences of anti-thrombin aptamer and scrambled aptamer used in experiments
The experiments involving aptamers followed the same procedure as the experiments
with thrombin, GPRP, and fibrinogen, with the only change being that the aptamers were mixed
in with the suspended 1205Lu melanoma cells 5 minutes prior to experimentation with the flow
chamber.

Flow Assays
Adhesive interactions between 1205Lu cells and the EI confluent monolayer were
quantified using a parallel-plate flow chamber setup. This setup, as can be seen in Figure 2-2,
mimics dynamic conditions near the endothelial wall.
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Figure 2-2. Parallel-plate flow chamber setup for cell perfusion and adhesion.
The parallel-plate flow chamber, purchased from Glycotech, contains an inlet, outlet, and port
which connects to the vacuum. The cells are perfused through the chamber inlet using syringe
pump (Harvard Apparatus). The perfusion rate, and therefore shear rate, can be varied
electronically using the pump. The vacuum creates a seal over the confluent EI monolayer of cells
in the viewing area.
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Figure 2-3. Parallel plate system setup (modified from Wiese, 2009)
The viewing area has a thickness of 0.010 inches and a flow width of 0.25 cm. Polypropylene
tubing of 1/16 in. diameter is used to connect everything. The critical dimension is chamber
height, determined by gasket thickness, which is 12.7 µm. Shear stress was determined using:
𝜏=

6𝑄𝜇
𝑤ℎ2

Where τ is shear stress, µ is the fluid dynamic viscosity, Q is the volumetric flow rate, w is the
chamber width, and h is the chamber height.
After incubation at 37°C for 1 hour prior and mixing with fibrinogen, thrombin, GPRP
and aptamers 5 minutes prior to experiments, the cells are allowed to settle for 5 minutes at a
shear rate of 10 s-1 and then subjected to the desired experimental shear rate. Video are then taken
once the cells are being perfused at the desired shear rate using a microscope and NCIS software.
Phase contrast images of 1205Lu cells near the EI monolayer were captured and recorded for 3
min at a frame rate of 30 fps.
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Quantification of Cellular Interactions
The interactions between thrombin, fibrinogen, and therefore fibrin, with both the
endothelium and 1205Lu metastatic melanoma cells were examined alone before any aptamers
were used. Figure 9 is a schematic depicting how the tumor cells interact with soluble fibrin and
the endothelium both 1) without any anti-thrombin aptamer added and 2) with anti-thrombin
aptamer added. The aptamer effectively inhibits thrombin’s ability to cleave soluble fibrinogen,
which then decreases the amount of adhesion of tumor cells to the endothelium via ICAM-1 (the
blue cross linker) and αVβ3 (the purple cross linker).

Figure 2-3. Schematic summarizing the aptamer-mediated reduction of melanoma adhesion. 1)
Depicts the adhesions without the presence of the aptamer while 2) shows how the aptamer
inhibits thrombin and cellular adhesions. Courtesy of Gaddes et al, 2015, J. Experimental Cell
Research, Fig. 1.

The interactions of the tumor cells and the EI monolayer were categorized using time as a
means to study the cross-linking adhesion mechanisms and nature of adhesion. Cellular adhesions
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of the tumor cells on the endothelium were categorized into three types: short (1 s < t < 3 s),
intermediate (3 s < t < 5 s), and long (t > 5 s) arrests. Although there were cases of adhesions that
were less than 1 second, only the longer tethers were considered due to the fact that they are
anchored by multibonds and contributed to final adhesion of melanoma cells. Within each time
category, the frequency of adhesion of 1205Lu cells on the endothelial layer per minute per
millimeter squared was quantified. For each 3 minutes of data, 3 separate cases were obtained for
each type of adhesion. Each experiment was repeated in triplicate at least, so that each experiment
contained 9 different cases of data.

Results

Adhesions with no aptamer
In order to determine the effects of adding aptamer to the thrombin mixture, the number
of short, intermediate, and long adhesions per mm2 per minute were determined at a physiological
shear rate of 62.5 s-1 for 1205Lu cells alone (no sFg, GPRP, or thrombin), with fibrinogen alone
(no GPRP or thrombin), and then with sFg, GPRP, and thrombin. The results confirmed that the
tumor cells adhere to the endothelium unaided by fibrinogen or fibrin, but that adding thrombin
and sFg (and therefore sFn) increases all three types of adhesions significantly (Figure 3-1).
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Figure 3-1. Number of short, intermediate, and long 1205Lu arrests per mm2 per minute for three
separate cases: 1205Lu cells alone in DMEM media, 1205Lu cells in DMEM with sFg (no GPRP
or thrombin added), and 1205Lu with sFn.

Varying Thrombin Concentration
The effects of varying the concentration of thrombin in solution were also examined. The
same procedure was used; the only difference was varying the thrombin concentrations used in
each experiment. The results showed that using a thrombin concentration below 0.025 U/mL
showed not significant differences in the results, but that increasing it to 0.25 U/mL and 2.5
U/mL increased all three types of interactions of 1205Lu cells with the endothelium (Figure 3-2).
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Figure 3-2-4. Number of 1205Lu arrests per mm2 per minute versus various thrombin
concentrations (U/mL). Courtesy of Gaddes et al, 2015, J. Experimental Cell Research, Fig. 4.

Binding Buffer
In order to effectively use the aptamers in solution, it was first necessary to determine
whether or not the use of binding buffer would affect the nature of the 1205Lu cell adhesions
alone. Experiments using the same concentration of cells and amount of DMEM or binding buffer
were performed and analyzed by the number of 1205Lu arrests per mm2 per minute. The results
indicate that there was no significant difference between DMEM and the binding buffer (Figure
3-3).
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Figure 2-5. Number of 1205Lu arrests per mm2 per minute for 1205Lu cells alone using DMEM
and aptamer binding buffer.

Control Aptamer Optimization
In order to determine whether or not it was the anti-thrombin aptamer that was
specifically inhibiting the thrombin activity in experiments, 2 scrambled aptamer sequences, a
point mutation aptamer sequence, and a random sequence aptamer were tested to make sure that
the number of adhesions did not significantly vary while using these aptamers. The sequences for
each of the aptamers used can be found in table 1. The results indicated that there was no
significant difference between any of the aptamers, and that the adhesion levels were not
significantly different from the number of short, intermediate, and long adhesions using 1205Lu
cells with thrombin, GPRP, and sFg (Figure 3-4). The scrambled aptamer #1 was chosen as the
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control aptamer for later experiments due to the fact that its values differed the least from the
original data collected using no aptamers and just thrombin, GPRP, and sFg.

Figure 3-2-6. Number of short, intermediate, and long 1205Lu arrests on the endothelium using 2
scrambled sequence aptamers, a point mutation sequence aptamer, and a random sequence
aptamer.

Aptamer vs. No aptamer
The anti-thrombin aptamer was then used in an experiment that modeled the earlier
experiments using thrombin, GPRP, and sFg. The aptamer was added 5 minutes prior to
experimentation and was allowed to mix in. The results, when compared to data collected in the
same conditions without the aptamer, showed a significant decrease in short, intermediate and
long adhesions of 1205Lu cells to the endothelium (Figure 3-5). These results indicate that the
anti-thrombin aptamer is effectively inhibiting thrombin, and therefore its ability to cleave sFg to
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sFn. Since sFn has been shown to play an important role in helping tether tumor cells to the
endothelium, these results are promising since they show a decreased number of adhesions.

Long

Intermediate

Short

Number Lu1205
Arrest/mm2/min

300
250
200
150
100
50
0

No aptamer
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Figure 3-2-7. Comparison of the number of short, intermediate, and long adhesions of 1205Lu to
model endothelium cells in the presence of anti-thrombin aptamer and no aptamer at a shear rate
of 62.5 s-1.
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Figure 2-8. 1205Lu Arrests/mm^2/min obtained using thrombin conjugated with varying amounts
of anti-thrombin aptamer. Error bars represent standard deviation, n=9; *P<0.001. Courtesy of
Gaddes et al, 2015, J. Experimental Cell Research, Fig. 4.

Cell Adhesion due to Aptamer Specificity
Aptamer specificity and its effects on the adhesions of cells were examined using various
combinations of aptamers, thrombin, and fibrinogen. All concentrations and procedures remained
constant for each cases besides the addition or subtraction of aptamers and thrombin. For the first
case, fibrinogen alone was used as a negative control. Case 2 used thrombin, fibrinogen, and
GPRP which served as a positive control. In case 3, thrombin, fibrinogen, GPRP and the antithrombin aptamer were mixed to show that the aptamer effectively inactivates the thrombin and
the levels of adhesions are similar to that of case 1. In case 4, the thrombin, fibrinogen, and GPRP
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were mixed with scrambled aptamer #1, which demonstrated that the control aptamer had little
effect on the thrombin and the results were similar to that of case 2. Finally, in case 5, the
fibrinogen, thrombin, and GPRP were premixed before the anti-thrombin aptamer was added,
allowing thrombin to cleave fibrinogen to fibrin before the aptamer was added. This case
demonstrated results similar to that of case 1, since the thrombin had already cleaved the
fibrinogen and was thus effectively activated before the aptamer was added. The results of each
case can be seen in Figure 3-6, and the components of each case can be found in table 3-1. These
results indicate that the anti-thrombin aptamer effectively inhibits thrombin activity as long as
thrombin has not been allowed to interact with fibrinogen beforehand. The data also confirms that
the control aptamer had no effect on the number of adhesions and interactions between thrombin
and fibrinogen.
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Figure 2-9. Number of short, intermediate, and long adhesions of 1205Lu cell per mm2 per
minute for each of the 5 various cases found in table 2. Error bars represent standard deviation,
n=9, *P<0.001; N.S. = no statistically significant difference. Courtesy of Gaddes et al, 2015, J.
Experimental Cell Research, Fig. 5.

33

Label

Sample

1)

Fibrinogen

2)

Fibrinogen + thrombin

3)

Fibrinogen + thrombin + anti-thrombin aptamer

4)

Fibrinogen + thrombin + scrambled aptamer

5)

(Fibrinogen + thrombin) + anti-thrombin aptamer

Table 2. Components for each case depicted in figure 3-5.
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Figure 2-10. Comparison of the tumor cell adhesion (with or without the anti-thrombin aptamer)
as a function of shear rate for short adhesions (A), intermediate adhesions (B), long adhesions (C)
and total adhesions (D). Error bars represent standard deviation, n=9, *P<0.001
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Chapter 3
Polymorphic Neutrophil-mediated Melanoma Adhesions

Materials and Methods

Polymorphic Neutrophil Isolation
All neutrophils were isolated from the experimenter’s whole blood. The isolation
protocol was taken from Sigma Aldrich. Blood was collected in a preservative-free anticoagulant
(EDTA) and was always processed within 2 hours of collection. 3 mL of Histopaque-119 was
added to a 15 mL centrifuge tube, then 3 mL of Histopaque-1977 was carefully layered onto the
Histopaque-119 and brought to room temperature. Next, 6 mL of whole blood was slowly layered
on top, followed with centrifugation at 700 x g for 30 minutes at room temperature.

Figure 3-1. Density gradient centrifugation using Histopaque-1119.42
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As can be seen in the figure above, the double gradient allows for a layer of cells of the
granulocytic series to be separated from the lymphocytes and other mononuclear cells, and the
platelets. The plasma was aspirated, followed by aspiration of the mononuclear layer and the
granulocytes layer. The cells were washed with an isotonic phosphate buffered saline solution and
centrifuged for 10 minutes at 200 x g twice. Finally, the neutrophils were resuspended in the cell
medium or isotonic phosphate buffered saline solution for experimentation.

Polymorphic Neutrophil Adhesion Efficiency
The PMNs were combined with melanoma cells prior to experimentation with the flow
chamber apparatus. The same chamber, tubing, microscope, and imaging technique was used in
these experiments. The only difference was that instead of using thrombin and fibrinogen (fibrin)
and aptamers, PMNs and 1205Lu cells (1 x 106 cells/mL each unless otherwise specified) were
used. The PMNs were either activated via incubation with 10 µM N-formyl-methiolnyl-leucylphenylalanine (fMLP) for 10 minutes prior to experimentation, or incubated with 5 µM
cytochalasin-B (CB) to increase PMN deformability by the disruption of actin filaments.39 In
order to investigate the interactions between PMNs and melanoma cells experiments were
performed in triplicate and recorded for off-line analysis. The interactions were quantified using
melanoma adhesions efficiency as follows:23
Melanoma Adhesion Efficiency = Number of melanoma cells arrested on the EI monolayer /
number of melanoma cells-PMN collisions
The number of melanoma cells arrested on the EI monolayer was recorded at the end of the entire
flow assay as a result of collision between entering melanoma cells and tethered PMNs. The
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denominator is the total number of melanoma cells and PMN collisions near the EI monolayer
surface and is counted as a transient accumulative parameter throughout the entire flow assay. It
is important to note that PMN tethering frequency reflects the number of PMNs rolling and
arresting on the endothelium, whereas the 1205Lu adhesion efficiency describes the aggregation
of melanoma cells to tethered PMNs on the endothelium, which is a more accurate reflection of
true melanoma cell arrest on the endothelium.

Statistical Analysis
All data were obtained from at least three independent experiments. Each experiment
yielded data in triplicate (3 minutes – with adhesions being counted for each minute) so each
experiment had 9 data points. The data was expressed by means ± SE. Statistical significance was
determined using t-tests. A significance level of 95% (with a p-value < 0.05) was assumed to be
statistically significant.
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Results

Adhesion Efficiency of Tumor Cells via PMN-tethering
The first experiments performed were used to determine the amount of necessary incubation time
with fMLP necessary to effectively achieve similar adhesion efficiencies as Shile Liang was able
to achieve using WM9 cells. Figure 3-6 shows that while 1 minute was not sufficient, both 5
minutes and 10 minutes of incubation time prior to experimentation yielded significant adhesion
efficiencies comparable to Shile Liang’s results at a shear rate of 200 s-1. A summary of Shile
Liang’s results can be found in Appendix B. The results indicate that activation with fMLP for a
sufficient amount of time (by making the PMNs less deformable) has a significant effect on the
ability of 1205Lu cells to aggregate on the tethered PMNs.
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1205Lu Adhesion Efficiency for Varying fMLP activation times
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Figure 3-3-2. 1205Lu adhesion efficiencies for varying incubation times of fMLP activation. The
blue represents a 1:1 ratio of PMN to tumor cells, orange represents a 102:1 ratio, and grey
represents a 103:1 ratio. All experiments were performed at a high shear rate of 200 s-1. *P<0.05
compared to control sample with no incubation
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Figure 3-3-3. 1205Lu adhesion efficiencies for varying incubation times of fMLP activation. The
blue represents a 1:1 ratio of PMN to tumor cells, orange represents a 100:1 ratio, and grey
represents a 1000:1 ratio. All experiments were performed at a shear rate of 62.5 s-1
The results in figures 3-6 and 3-7 represent the 1205Lu adhesion efficiencies calculated by
varying the shear rate (62.5 s-1 and 200 s-1), the PMN:tumor cell ratio (1:1, 100:1, and 1000:1),
and activation using fMLP for different incubation periods prior to experimentation. These results
are further analyzed below.
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fMLP Activation
In order to confirm that the fMLP was activating the PMNs, the distinction between the
total number of tethered PMN+1205Lu collisions and total number of 1205Lu cells arrested on
the endothelium was compared for various fMLP incubation times. The tethering frequency
reflects the number of PMNs rolling and arresting on the endothelium and the 1205Lu adhesion
efficiency describes the aggregation of melanoma cells to tethered PMNs on the endothelium.
Figures 3-8, 9, 10, 11, 12, and 13 depict the differences in these numbers as incubation time with
fMLP (and therefore activation of PMNs) is increased in both high and low shear conditions. The
results indicate that 1 min of incubation is not enough to achieve significant activation, but 5 min
and 10 min show significant increases in the total number of PMNs rolling and arresting on the
endothelium with less drastic changes to the number of melanoma cells arrested on the EI
monolayer as a result of collision between entering melanoma cells and tethered PMNs. These
results suggest that the PMNs ability to roll and arrest on the endothelium is significantly
enhanced by fMLP activation in both low and high shear conditions.
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Figure 3- 3-4. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 1:1 ratio of PMNS:tumor cells at varying levels
of fMLP activation at a low shear of 62.5 s-1
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Figure 3- 3-5. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 1:1 ratio of PMNS:tumor cells at varying levels
of fMLP activation at a low shear of 200 s-1
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Figure 3- 3-6. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 100:1 ratio of PMNS:tumor cells at varying
levels of fMLP activation at a shear of 62.5 s-1
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Figure 3- 3-7. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 100:1 ratio of PMNS:tumor cells at varying
levels of fMLP activation at a shear of 200 s-1
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Figure 3- 3-8. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 1000:1 ratio of PMNS:tumor cells at varying
levels of fMLP activation at a shear of 62.5 s-1
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Figure 3- 3-9. Comparison of the total number of 1205Lu arrests on the monolayer vs. total
number of tethered PMN+1205Lu collisions at a 1000:1 ratio of PMNS:tumor cells at varying
levels of fMLP activation at a shear of 200 s-1
Comparison of the 1205Lu adhesion efficiency between unactivated PMNs and PMNs
incubated for 10 min in fMLP prior to experimentation confirmed Shile Liang’s results when the
tumor cells and PMNs were perfused at a 1:1 ratio (Figure 3-14). The difference between
unactivated PMNs and activated PMNs proved significant at a 1:1 ratio at the low shear rate,
however there was no significant difference when the tumor cells and PMNs were perfused at a
100:1 and 1000:1 (PMN:tumor cells) ratio in the low shear conditions. These results suggest that
the ratio of PMNs to tumor cells (representing increased sequestration of PMNs) could play a
significant role in the aggregation of melanoma cells to the endothelium at low shear rates.
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*

Figure 3-10. Comparison of 1205Lu Adhesion Efficiencies of effects of no activation vs. 10 min
of fMLP activation for all three different ratios of PMNs:Tumor cells at a low shear rate of 62.5
s-1

At the higher shear rate of 200 s-1 the fMLP activation increased the adhesion efficiency
significantly for both the 1:1 ratio and the 100:1 ratio (Fig. 3-15). There was no significant
change in activation when the PMN to tumor cell ratio was 1000:1, which also suggests that
having a high amount of PMNs present (such as at a site of inflammation) could play a role in
changing how PMNs interact with tumor cells or the endothelium, even in their activated state.
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Figure 3-11. Comparison of 1205Lu Adhesion Efficiencies of effects of no activation vs. 10 min
of fMLP activation for all three different ratios of PMNs:Tumor cells at a high shear rate of 200 s 1

Cytochalasin B
Next, the possible effects of making the cells more deformable using cytochalasin B and the
effects on the adhesion of tumor cells was examined. Using a similar protocol to Michael
Eppihimer when he used cytochalasin-B to make his WBCs more deformable, the PMNs were
isolated and allowed to incubate with cytochalasin-B for 10 min at room temperature prior to
mixing with tumor cells and use in the flow chamber. Previous PMN deformability studies have
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showed that cytochalasin-B (CB) is able to fully ablate the sequestration of PMNs in pulmonary
microvasculature in vivo and in vitro due to fMLP activation by increasing the deformability of
PMNs via actin filament disruption, and therefore canceling out the activation of fMLP. It was
hypothesized that addition of CB to PMNs would decrease the 1205Lu adhesion efficiency since
the PMNs ability to arrest and roll on the endothelium would be disrupted by their increase in
deformability. The results, summarized in Figures 3-20 and 3-21, show that incubation with CB
significantly lowers the 1205 Lu adhesion efficiency at both low and high shear rates. These
results show that an increase in deformability of PMNs can decrease the number of metastatic
interactions of melanoma cells.

Figure 3-12. 1205Lu Adhesion Efficiency comparing CB incubation vs. no CB incubation at a
shear rate of 62.5 1/s
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Figure 3-13. 1205Lu Adhesion Efficiency comparing CB incubation vs. no CB incubation at a
shear rate of 200 1/s

Finally, the ability of cytochalasin B to ablate the effects of fMLP activation was
investigated by using a combination treatment of CB + fMLP. The neutrophils were treated first
with fMLP (using the same concentrations and incubation times) and then immediately
afterwards with CB. The results, summarized in Figures 3-22 and 3-23, demonstrate that CB was
able to effectively negate the activation effects of fMLP at both high and low shear rates for all
three ratios of PMNs to tumor cells. Figure 3-23 shows that CB was able to not only decrease the
aggregation of melanoma cells, but effectively decreased the adhesion efficiency to levels
comparable with the adhesions of untreated PMNs.
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Figure 3-14. 1205Lu Adhesion Efficiency using combination of fMLP and cytochalasin B at both
high and low shear rates for PMN:tumor cell ratio of 1:1, 100:1, and 1000:1
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1205Lu Adhesion Efficiency: Untreated PMNs vs.
Combination of CB+fMLP
0.4

1205Lu Adhesion Efficiency

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
1

100

1000

Ratio of PMNs:tumor cells
Untreated PMNs (200 1/s)

PMNS treated with CB+fML (200 1/s)

Untreated PMNs (65.2 1/s)

PMNs treated with CB+fMLP (62.5 1/s)

Figure 3- 3-15. Comparison of 1205Lu Adhesion Efficiency using untreated PMNs vs. PMNs
treated with combination of CB+fMLP
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Chapter 4
Discussion

Inhibition of Thrombin-Mediated Metastatic Interactions Using Aptamers
The findings from the experiments using nucleic acid aptamers with the parallel plate
flow chamber setup demonstrated that metastatic interactions between 1205Lu cells and the
endothelium were successfully inhibited using an anti-thrombin aptamer. The conversion of
fibrinogen to fibrin, mediated by thrombin, is an essential process in the coagulation cascade.
Soluble fibrin, a critical component in the maintenance of homeostasis in the body, has also been
linked to mediation of tumor-cell adhesions to the vascular endothelium. Subsequently, the ability
to inhibit thrombin-mediated conversion of fibrinogen to fibrin could potentially provide the
opportunity to decrease the number of metastatic interactions.
Thrombin was shown to increase all types of metastatic adhesions (short, intermediate,
and long) significantly. Increasing the thrombin concentration significantly increased all three
types of adhesions as well. When the anti-thrombin aptamer was added to the thrombin,
melanoma cells, and fibrinogen mixture prior to perfusion, the results showed a significant
decrease in all three types of adhesions of 1205Lu cells to the endothelium. In order to confirm
that the aptamer was specifically targeting thrombin, random mutation and scrambled aptamer
sequences were used as controls. These results confirmed that the anti-thrombin aptamer was
specifically inhibiting thrombin activity, and therefore the significant decrease in melanoma
adhesions was due to the aptamer inhibiting thrombin before it could cleave fibrinogen to fibrin.
The final component of the aptamer studies focused on aptamer specificity. These results,
found in Figure 3-5, indicated that the anti-thrombin aptamer effectively inhibited thrombin
activity as long as the thrombin did not interact with fibrinogen prior to mixing with the cancer
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cells. Notably, the type of reduction in nearly all studies that was the most significantly decreased
was the long adhesions between the tumor cells and the EI cells.
While the anti-thrombin aptamer was successful in inhibiting metastatic interactions in
the parallel plate flow chamber setting, there are several issues that would need to be addressed in
order to perform experiments in an in vivo setting. First of all, the stability of the aptamers in an
in vivo setting would need to be resolved. These experiments utilized a binding buffer in order to
prevent the aptamer from degrading which is not found in living systems. Additionally, the
inhibition of thrombin activity could have serious consequences in vivo, since thrombin is a key
component in the coagulation cascade.

Polymorphic Neutrophil Studies: Sequestration and Deformability

The second part of this thesis aimed to use the parallel-plate flow chamber to examine the
effects of changing PMN deformability on the aggregation of metastatic melanoma cells on the
endothelium. Changes in PMN deformability are associated with activation of neutrophils at sites
of inflammation. In vivo studies in humans have shown that patients with chronic obstructive lung
diseases and exposure to cigarette smoke demonstrate increased sequestration and decreased
deformability of neutrophils in the pulmonary microvasculature. Activation of PMNs has been
proven to decrease deformability, due to the nature of inflammatory microenvironments. Previous
work in our laboratory examined the sequestration and deformability of WBCs and their
resistance to flow in the pulmonary circulation, but did not examine the effects of deformability
of PMNs on metastatic interactions.
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This study focused on sequestration and deformability of neutrophils. In order to model
increased sequestration, the ratio of PMNs to tumor cells was varied (1:1, 100:1, and 1000:1).
Activation was modeled using fMLP, which decreases the deformability of the neutrophils.
Cytochalasin B was used to increase the deformability. It was believed that both activation and
increased numbers of PMNs would lead to higher levels of melanoma aggregation on the
endothelium, since sequestration and activation due to inflammation in the pulmonary
microvasculature have been linked to lung cancer. The results, however, indicated that changing
the amount of PMNs relative to the tumor cells in the flow assays had no significant effect on the
adhesion efficiency of 1205Lu melanoma cells.
The results did confirm that fMLP activation significantly enhances PMNs ability to roll
and arrest on the endothelium, thus leading to increased levels of melanoma adhesions. The
melanoma adhesion efficiency was increased in both low and high shear conditions, suggesting
that activation of PMNs (most likely due to inflammation at vascular sites or exposure to cigarette
smoke) could greatly increase the risk of metastasis to the lungs. Interestingly enough, increasing
the ratio of PMNs to tumor cells in the flow assays did not yield any significant responses in both
non activated and activated PMN studies. This could be due to the fact that activation (and
therefore deformability) has a larger effect on the binding kinetics between PMNs, melanoma
cells, and the endothelium. Additionally, sequestration of PMNs in the lungs generally occurs
after activation of neutrophils due to vascular inflammation or injury, so it is possible that
sequestration occurs due to inflammation but does not play a significant role in aiding tumor cells
in binding to the endothelium.
Finally, the effects of increasing the deformability of PMNs using cytochalasin B
demonstrated that the activation of PMNs could be negated by disrupting the actin filaments. The
PMNs were treated first with fMLP and then with CB prior to experimentation in order to try and
restore the PMNs to their non activated state. The results showed that CB was successfully able to
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ablate the effects of fMLP on the PMNs in both high and low shear scenarios, and the aggregation
of melanoma cells to the endothelium was significantly decreased for all cases. The findings from
this study revealed that activation of PMNs plays a significant role on the ability of the PMNs to
tether to the endothelium by decreasing the deformability of neutrophils in the presence of
inflammation and vascular injuries, and that even though sequestration in the microvasculature
has been shown to promote resistance to flow, it may not play a significant role in mediating
metastatic interactions.
Although the CB was able to effectively reverse the PMN deformability changes caused
by fMLP and decrease the 1205Lu adhesion efficiency for all of the samples, there are
considerable challenges that must be taken into consideration in assessing the practical
applications and biological relevance of these results. PMN deformability is incredibly important
for the immune system – neutrophils must be able to travel between vascular spaces in order to
travel to sites of vascular injuries and inflammation throughout the body.
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Chapter 5
Conclusions and Future Research Directions
In summary, we have used the parallel-plate flow chamber system to analyze the
metastatic interactions of 1205Lu melanoma cells and the endothelium in multiple settings. The
first part of the project focused on targeting the activity of thrombin, which cleaves fibrinogen
into soluble fibrin, a known mediator of interactions between melanoma cells and the
endothelium. It was shown that tumor cell adhesion on the endothelium in the presence of
fibrinogen can be effectively decreased by addition of an aptamer that binds to thrombin and
inhibits its ability to cleave fibrinogen. This study demonstrated that aptamers can be used as
inhibitors and show potential as therapeutic regulators of metastatic activity.
The second part of this project examined the activation and sequestration of polymorphic
neutrophils and their role in facilitating metastatic melanoma aggregation on the endothelium.
Previous work in our lab examined the effects of leukocyte sequestration and deformability on the
resistance to blood in flow. This study hypothesized that increased sequestration and changes in
PMN deformability via activation would lead to greater aggregations of melanoma cells on the
endothelium. Surprisingly, the results indicated that increased amounts of PMNs in the flow
conditions did not play a significant role, but that decreases in deformability via activation of
PMNs resulted in increased aggregations of melanoma cells on the endothelium. These results
were confirmed to be due to the deformability of the PMNs when the activation of PMNs was
effectively negated by the use of cytochalasin B prior to experimentation, yielding results that
were similar to the adhesions of non activated PMNs.
Future research directions for this research in the field of aptamer regulation could
include the use of multiple aptamers administered simultaneously to inhibit cancer interactions.
Realistically, inhibiting thrombin activity on a large scale in the body would be almost impossible
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to do without serious side effects, since thrombin is incredibly important in so many processes in
the coagulation cascade and at sites of inflammation. Inhibition of thrombin activity could lead to
potential blood clotting concerns at sites of vascular injury. However, a combinatorial
administration of aptamers that did not directly target thrombin but would still inhibit interactions
to some extent could ideally be used as a potential therapeutic agent, since aptamers are
inexpensive and have very little batch to batch variability. Another aspect of potential aptamer
work that would need to be addressed is the degradation of aptamers in non buffered solutions.
Their potentials as therapeutic agents are meaningless unless they are able to remain intact in the
body for a significant amount of time.
In terms of PMN activation and sequestration, further studies examining the migration of
melanoma cells through the endothelium could be performed. This work focused on the ability of
the PMN to roll and arrest on the endothelium and subsequently collide and aid a melanoma cell
in adhesion due to a decrease in deformability. Flow migration experiments could be performed
to examine how many melanoma cells that are arrested are able to travel through the endothelium.
Additionally, experiments focused on the effects of sequestration on melanoma adhesions could
be performed in order to more realistically model the PMN sequestration in the pulmonary
vasculature. There was no way to model a growing resistance to flow as a result of PMN
sequestration using a parallel plate flow chamber. This could indeed influence how the melanoma
cells interact with the PMNs and the endothelium because decreasing flow rates change the
binding kinetics of the molecules. Finally, in order to truly model exposure to cigarette smoke,
PMNs from a subject who smokes could be analyzed to see if there are significant changes in
PMN deformability after exposure to smoke.
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Appendix A
Data for experiments involving aptamers
Case
1
2
3
4
5
6
7
8
9

Short

Intermediate

110
115
113
110
112
117
118
10
112

Long

38
36
44
41
42
47
50
37
36

33
32
36
37
35
35
34
33
38

Table 3. Cellular adhesions (1205Lu arrest/mm^2/min) using fibrinogen alone (negative
control)
Case

Short

Intermediate

Long

1

160

55

66

2
3
4
5
6
7
8
9

178
168
165
171
172
161
175
170

59
55
55
58
50
63
58
57

66
68
69
67
63
69
68
69

Table 4. Cellular adhesions (1205Lu arrest/mm^2/min) using Thrombin and Fibrinogen
(positive control)
Case

Short

Intermediate

Long

1
2
3
4
5
6

112
113
100
109
101
105

44
46
37
40
45
46

38
36
35
38
40
43

61
113
45
45
7
110
40
46
8
108
41
40
9
Table 5. Cellular adhesions (1205Lu arrest/mm^2/min) using (Thrombin + Aptamer) and
fibrinogen
Case

Short

Intermediate

Long

155
54
62
1
170
45
61
2
165
46
66
3
166
49
66
4
174
59
69
5
152
56
60
6
143
58
57
7
159
50
68
8
158
54
64
9
Table 6. Cellular adhesions (1205Lu arrest/mm^2/min) using (Thrombin + Control aptamer) and
fibrinogen
Case

Short

Intermediate

Long

164
53
45
1
166
57
66
2
160
58
52
3
169
59
55
4
154
55
58
5
155
51
63
6
169
45
61
7
153
57
64
8
160
53
60
9
Table 7. Cellular adhesions (1205Lu arrest/mm^2/min) using (Thrombin and Fibrinogen) mixed with
aptamer
Case

Short

Intermediate

Long

1
2
3
4
5
6
7

171
165
160
166
163
177
161

55
58
43
51
56
57
54

55
56
45
65
49
55
53

62
171
56
53
8
155
54
57
9
Table 8. Cellular adhesions (1205Lu arrest/mm^2/min) using scrambled aptamer 1
Case

Short

Intermediate

Long

155
35
45
1
167
55
44
2
176
56
35
3
145
43
47
4
147
44
35
5
168
48
34
6
169
44
33
7
166
46
40
8
168
44
39
9
Table 9. Cellular adhesions (1205Lu arrest/mm^2/min) using scrambled aptamer 2

Case

Short

Intermediate

Long

1
2

150
161

59
66

49
52

166
78
39
3
145
76
44
4
161
80
49
5
157
73
51
6
159
76
49
7
153
75
47
8
152
74
49
9
Table 10. Cellular adhesions (1205Lu arrest/mm^2/min) using point mutation aptamer
Case

Short

Intermediate

Long

151
43
60
1
147
47
51
2
170
48
42
3
164
43
47
4
159
45
43
5
156
47
46
6
154
46
45
7
160
49
48
8
161
45
41
9
Table 11. Cellular adhesions (1205Lu arrest/mm^2/min) using random sequence aptamer
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Case

Short

Intermediate

Long

55
13
9
1
50
15
11
2
64
14
13
3
57
16
12
4
59
14
11
5
63
15
11
6
61
15
12
7
54
13
12
8
55
15
11
9
Table 12. Cellular adhesions (1205Lu arrest/mm^2/min) using 1205Lu cells alone (no thrombin)

Case

Short

Intermediate

Long

61
14
12
1
62
16
11
2
70
17
8
3
55
13
7
4
61
13
14
5
64
14
14
6
63
15
13
7
60
11
16
8
59
17
15
9
Table 13. Cellular adhesions (1205Lu arrest/mm^2/min) using 0.025 U/mL thrombin
Case

Short

Intermediate

Long

91
26
31
1
99
27
31
2
95
24
26
3
99
28
28
4
93
31
29
5
92
20
26
6
91
23
27
7
93
27
24
8
90
26
26
9
Table 14. Cellular adhesions (1205Lu arrest/mm^2/min) using 0.25 U/mL thrombin
Case

Short

Intermediate

Long

64
1
2

122
130

46
48

51
61

115
49
55
3
127
41
50
4
126
42
45
5
128
46
49
6
125
43
55
7
120
43
51
8
115
49
49
9
Table 15. Cellular adhesions (1205Lu arrest/mm^2/min) using 2.5 U/mL thrombin

Appendix B
Data for experiments involving PMNs
Shear Rate
(1/s)

Time (min)
Normalized WM9 Aggregation
1
0.175
2
0.265
62.5
3
0.3
4
0.325
5
0.315
1
0.075
2
0.11
100
3
0.14
4
0.14
5
0.16
1
0.075
2
0.125
200
3
0.15
4
0.14
5
0.15
Table 16. Shile Liang's data for WM9 Aggregation at varying shear rates
Type of PMN
WM9 Adhesion Efficiency
Unstimulated
0.11
IL-8 Stimulated
0.14
fMLP Stimulated
0.15
Table 17. Shile Liang's results for adhesion efficiency for various stimulated PMNs
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Shear Rate (1/s)

WM9 Adhesion Efficiency (2 dyn/cm^2)
62.5
0.15
100
0.12
200
0.055
Table 18. Shile Liang's WM9 Adhesion Efficiency for varying shear rates

Liang's Results for Normalized WM9 Aggregation
Normalized WM9 Aggregation

0.35
0.3
0.25
0.2
62.5
0.15

100

0.1

200

0.05
0
0

1

2

3

4

5

6

Time (min)

Figure 5-1. Liang's results for normalized WM9 aggregation at varying shear rates

WM9 Adhesion Efficiency (2 dyn/cm^2)
0.16
0.14
0.12
0.1
0.08
0.06

y = -0.0007x + 0.1908
R² = 0.9978

0.04
0.02
0
0

50

100

150

200

Figure 5-2. Shile Liang's results for WM9 Adhesion Efficiency at 2 dyn/cm^2

250
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PMN
Activation
Level (1
microMolar
fMLP) at 200
1/s

Case

None

Total number of
1205Lu arrested
on monolayer

1 to 1
3
4
4
6
7
7
11
13
11
11
14
13

1
2
3
1
2
3
1
2
3
1
2
3

1 min

5 min

10 min

# of tethered
PMN + 1205Lu
collisions

1205 Lu Adhesion
Efficiency

35
41
40
46
47
53
66
71
69
68
71
73

0.085714286
0.097560976
0.1
0.130434783
0.14893617
0.132075472
0.166666667
0.183098592
0.15942029
0.161764706
0.197183099
0.178082192

Table 19. 1205Lu Adhesion Efficiency for Various Levels of Activation in PMNs at 1:1 (PMN:1205Lu
cells) ratio, shear of 200 1/s
PMN Activation
Level (1
microMolar
fMLP) at 200
1/s

None

1 min

5 min

10 min

Case

Total number of
1205Lu arrested
on monolayer

# of tethered
PMN + 1205Lu
collisions

1205 Lu Adhesion
Efficiency

1
2
3
1
2
3
1

100 to 1
7
6
6
9
9
10
16

56
50
45
60
58
62
80

0.125
0.12
0.133333333
0.15
0.155172414
0.161290323
0.2

2
3
1
2

15
16
16
17

85
86
89
88

0.176470588
0.186046512
0.179775281
0.193181818

67
3
17
91
0.186813187
Table 20. 1205Lu Adhesion Efficiency for Various Levels of Activation in PMNs at a 2:1 (PMN: 1205Lu
cells) ratio, shear of 200 1/s
PMN Activation
Level (1
microMolar
fMLP) at 200 1/s

Case

Total number of
1205Lu arrested
on monolayer

# of tethered
PMN + 1205Lu
collisions

1205 Lu Adhesion
Efficiency

1000 to 1
1
13
70
0.185714286
None
2
8
66
0.121212121
3
10
63
0.158730159
1
13
73
0.178082192
1 min
2
10
70
0.142857143
3
12
72
0.166666667
1
17
85
0.2
5 min
2
17
80
0.2125
3
18
79
0.227848101
1
18
90
0.2
10 min
2
20
94
0.212765957
3
19
93
0.204301075
Table 21. 1205 Lu Adhesion Efficiency for Various Levels of Activation in PMNs at a 3:1 (PMN:1205Lu
cells) ratio, shear of 200 1/s

PMN Activation
Level (1 microMolar
fMLP) at 62.5 1/s

Total number of
1205Lu arrested
on monolayer

Case

# of tethered
PMN + 1205Lu
collisions

1205 Lu
Adhesion
Efficiency

1 to 1
None

1 min

5 min

10 min

1
2
3
1
2
3
1
2
3
1
2
3

10
12
13
12
14
10
17
23
24
26
24
21

47
49
53
54
55
53
78
76
77
81
75
79

0.212766
0.244898
0.245283
0.222222
0.254545
0.188679
0.217949
0.302632
0.311688
0.320988
0.32
0.265823
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Table 22. 1205 Lu Adhesion Efficiency for Various Levels of Activation in PMNs at a 1:1 (PMN:1205Lu
cells) ratio, shear of 62.5 1/s

PMN Activation
Level (1 microMolar
fMLP) at 62.5 1/s

Case

Total number of
1205Lu arrested
on monolayer

# of tethered
PMN + 1205Lu
collisions

1205 Lu
Adhesion
Efficiency

100 to 1
1
16
59
0.271186
2
18
48
0.375
3
19
51
0.372549
1
17
52
0.326923
1 min
2
16
53
0.301887
3
15
55
0.272727
1
17
89
0.191011
5 min
2
22
94
0.234043
3
18
91
0.197802
1
17
93
0.182796
10 min
2
21
82
0.256098
3
19
94
0.202128
Table 23. 1205 Lu Adhesion Efficiency for Various Levels of Activation in PMNs at a 100:1
(PMN:1205Lu cells) ratio, shear of 62.5 1/s
None
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PMN Activation
Level (1 microMolar
fMLP) at 62.5 1/s

Total number of
1205Lu arrested
on monolayer

Case

# of tethered
PMN + 1205Lu
collisions

1205 Lu
Adhesion
Efficiency

1000 to 1
1
17
74
0.22973
None
2
19
71
0.267606
3
17
72
0.236111
1
15
75
0.2
1 min
2
13
86
0.151163
3
16
79
0.202532
1
25
96
0.260417
5 min
2
23
91
0.252747
3
29
94
0.308511
1
28
100
0.28
10 min
2
27
105
0.257143
3
24
104
0.230769
Table 24. 1205 Lu Adhesion Efficiency for Various Levels of Activation in PMNs at a 1000:1
(PMN:1205Lu cells) ratio, shear of 62.5 1/s

CytochalasinB ratio of
PMN:tumor
cells at 200
1/s

1 to 1

2 to 1

3 to 1

Case

1
2
3
1
2
3
1
2
3

Total
# of
number of
tethered
1205Lu
PMN +
arrested
1205Lu
on
collisions
monolayer
3
2
3
4
6
5
9
11
8

31
30
36
50
46
45
65
69
70

1205 Lu
Adhesion
Efficiency

0.096774194
0.066666667
0.083333333
0.08
0.130434783
0.111111111
0.138461538
0.15942029
0.114285714
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Table 25. 1205Lu adhesion efficiency after incubation with CB; shear of 200 1/s for PMN:tumor cell
ratios of 1 to 1, 100 to 1, and 1000 to 1

CytochalasinB ratio of
PMN:tumor
cells at 62.5

Case

Total
# of
number of
tethered 1205 Lu
1205Lu
PMN +
Adhesion
arrested
1205Lu Efficiency
on
collisions
monolayer

1 to 1

1
8
41 0.195122
2
7
44 0.159091
3
9
42 0.214286
100 to 1
1
10
48 0.208333
2
16
51 0.313725
3
14
47 0.297872
1000 to 1
1
20
65 0.307692
2
16
63 0.253968
3
15
67 0.223881
Table 26. 1205Lu adhesion efficiency after incubation with CB; shear of 62.5 1/s for PMN:tumor cell
ratios of 1 to 1, 100 to 1, and 1000 to 1

Ratio of
PMN: tumor
cells, Combo
of CB+fMLP
at 62.5 (1/s)

Case

Total number
of 1205Lu
arrested on
monolayer

# of
tethered
PMN +
1205Lu
collisions

1205 Lu
Adhesion
Efficiency

1
1
11
51
0.215686
1
2
12
55
0.218182
1
3
10
50
0.2
100
1
17
68
0.25
100
2
14
57
0.245614
100
3
15
61
0.245902
1000
1
21
78
0.269231
1000
2
18
76
0.236842
1000
3
22
75
0.293333
Figure 5-3. 1205Lu adhesion efficiency for PMN:tumor cell ratios of 1:1, 100:1, and 100:1 at shear rate of
62.5 (1/s)
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Ratio of
PMN: tumor
cells, Combo
of CB+fMLP
at 200 (1/s)

Case

Total number
of 1205Lu
arrested on
monolayer

# of tethered
PMN +
1205Lu
collisions

1205 Lu
Adhesion
Efficiency

1
1
5
47
0.106383
1
2
4
51
0.078431
1
3
5
47
0.106383
100
1
8
63
0.126984
100
2
9
56
0.160714
100
3
7
60
0.116667
1000
1
14
71
0.197183
1000
2
10
68
0.147059
1000
3
12
69
0.173913
Figure 5-4. 1205Lu adhesion efficiency for PMN:tumor cell ratios of 1:1, 100:1, and 100:1 at shear rate of
200 (1/s)
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