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ABSTRACT
The metastatic behavior of melanoma cells was studied both in vitro and in vivo to
ascertain the roles of thrombin, fibrin and polymorphonuclear neutrophils, PMNs, in mediating
melanoma metastasis.

Previous experimental studies have shown that thrombin production

further increases in the tumor microenvironment, which promotes the conversion of fibrinogen to
fibrin that in turn, facilitates tumor metastasis.

The present in vitro studies support the

hypothesis that thrombin increases in melanoma co-cultures in the presence of human plasma
compared to the normal cases. The increased production of thrombin further promotes the
conversion of fibrinogen to fibrin. Fibrin was then found to promote the aggregation of PMNs to
tumor cells. This aggregation supports the hypothesis that fibrin mediates melanoma metastasis
and gives mechanistic details on how this mediation occurs.
In vivo research from this study developed a preliminary mouse model to be used in Dr.
Cheng Dong’s laboratory to study and quantify melanoma metastasis in black six mice. Using
this model the role of PMNs in mediating melanoma metastasis will be studied. Further work in
vivo with the control mouse model that was developed in this study could support the in vitro
hypothesis that PMNs facilitate melanoma metastasis due to the increased aggregation of PMNs
to tumor cells by fibrin.
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Chapter 1

INTRODUCTION

1.1

Cancer
Cancer is characterized by uncontrolled growth of abnormal cells in the body. These

tumor cells fail to undergo apoptosis (cell death) because of genetic mutations leading to
functional abnormalities of proteins that regulate the growth of these cells. Late stage tumors
also develop further mutations, which make the disease difficult to treat. These mutations include
the expression of surface adhesion molecules and secretion of chemokines. Eventually tumor
cells can develop metastatic behavior, the ability to grow in tissues other than their primary
tumor site tissue. This uncontrollable growth then causes physiological complications which can
result in death [McKinnell 1998].
Cancer as a disease is responsible for almost 13% of all human deaths, and it is estimated
that one out of every two men and one out of every three women will have cancer in their
lifetime [Horner 2006].
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1.1.1

Melanoma
The most dangerous type of skin cancer is melanoma. The disease develops when

the skin cells responsible for skin pigment, melanocytes, develop malignant behavior.
Melanoma most typically is found in the skin, but can also be found in the bowel or eye.
While this specific type of cancer is the rarest, it is also the leading cause of death from
skin cancer. It is most commonly found in people with fair complexions or light colored
eyes, and males are at a higher risk for the disease than females. Other risk factors can
include family history or exposure to ultraviolet light [Schofield 2000].
Melanoma is similar to many other types of skin cancer and is usually diagnosed
in early stages by horizontal growths on the skin surface which can appear as a mole,
lump, or sore.

The melanoma lesions migrate vertically into the dermal and

subcutaneous layers and eventually can develop into metastatic tumors. If caught before
the tumor grows and develops metastatic behavior, surgical removal of the tumor can
completely treat and cure the disease. This type of treatment however is usually only
successful in shallow melanoma lesions, which is why early diagnosis is extremely
important. When melanoma is treated before it advances the survival rate is 99%,
however during the later stages of cancer, the rate of patient survival drops to 15%. If
not treated in the early stages, radiation therapy, chemotherapy, or immunotherapy must
be used, and while these therapies can be successful, they do not guarantee recovery
[Thompson 2003].
Since there is no cure for melanoma, especially due to its invasive behavior,
understanding the molecular mechanisms that govern the metastasis of the disease is
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extremely important.

For this reason, Dr. Cheng Dong’s lab has focused on

characterizing the adhesion of melanoma cells under flow conditions in their in vitro
studies [Liang and Slattery 2008]. Their studies show that melanoma cells under shear
cannot adhere to the vasculature because they do not express the appropriate adhesion
molecules to roll and bind firmly to the endothelium. However, they have found that in
the presence of PMNs, polymorphonuclear neutrophils, melanoma cells can collide with
PMNs and adhere to the endothelium allowing the melanoma cells to extravasate through
the endothelium over a period of 4 hours [Liang 2009]. My present studies focus on
creating a control mouse model to validate the role of PMNs using in vivo studies and
also investigating the role of other plasma proteins in PMN facilitated melanoma
extravasation.
1.1.2

Melanoma cell extravasations and metastasis
The mechanism of melanoma metastasis is extremely complex. Melanoma cells

must adhere to the wall of the endothelium before they can extravasate, or move through
the endothelium, into the secondary tissue to proliferate into secondary tumor colonies,
also known as metastases. In order for tumor cells to adhere, however, they must
aggregate with another cell or protein. Tumor cells alone do not have receptors capable
of attaching to the endothelial wall during the high shears of blood flow. In this sense
they do not exhibit the leukocyte rolling and adhesion behaviors as once hypothesized
[Thorlacius et al. 1997]. The previously hypothesized mechanism of tumor cell, TC,
extravasations is illustrated in Figure 1.1.2, which shows how neutrophils adhere and
migrate through the endothelium.

Since TCs cannot adhere and migrate to the
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endothelial wall on their own, several proteins and cells have been hypothesized to
facilitate in melanoma extravasations and metastasis.

Figure 1.1.2 Model of leukocyte adhesion, which tumor cells were previously thought to
use to extravasate and metastasize.

The figure illustrates the action of neutrophil

adhesion to the endothelium and migration through the endothelial tissue.

The

mechanisms by which tumor cells perform this adhesion and migration is the focus of this
study [Henning 2006].

1.1.3

Involvement of neutrophils in metastasis
Polymorphonuclear neutrophils, PMNs, have been linked to facilitating melanoma

extravasations. Although PMNs are important in reducing tumor incidence in the adaptive
immune system, [Dunn 2002], in the innate immune system they help to promote tumor
progression [Coussens and Werb 2002, Liang 2009]. Through intermolecular interactions
PMNs bind to tumor cells, and attach to the endothelium allowing tumor cells to
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extravasate through the tissue and metastasize [Dunn 2002]. In these binding interactions
intercellular adhesion molecule-1 (ICAM1) on tumor cells binds to the β2 integrins on
PMNs. The binding is mediated by chemokine interleukin (IL-8) which is produced in the
tumor microenvironment [Liang 2007]. Once the tumor cells have bound to the PMNs the
PMNs may attach to the endothelium, which then allows the TCs, which cannot adhere to
the endothelium on their own, to adhere and migrate through the vessel wall [Wu et al.
2001]. While at present there is a large amount of data in vitro supporting this hypothesis,
there is a lack of data in vivo concluding PMNs play a role in melanoma metastasis. The
in vivo portion of this study worked to develop a control mouse model to use in in vivo
models to study the role of PMNs in melanoma metastasis.
1.1.4

Involvement of fibrin and leukocytes in metastasis
While PMNs have clearly been shown to facilitate melanoma metastasis in vitro

and the general binding mechanism of PMNs to TCs is known, more detailed information
on the mechanisms by which PMNs facilitate metastasis is needed. A new hypothesis for
the mechanism of PMN metastasis mediation involves the protein fibrin, which has been
independently linked to metastasis [Jae 2004].

Our study hypothesized that fibrin

mediates melanoma metastasis by stabilizing PMN/TC aggregates. In this work, in vitro,
fibrin was found to stabilize PMN/TC aggregates, further facilitating melanoma
extravasations and providing initial research on the mechanism by which both PMNs and
fibrin facilitate melanoma metastasis. Additionally, the work performed in vivo in this
study will be used in future research to obtain evidence that PMNs facilitate melanoma
metastasis, and to examine the mechanisms behind how PMNs facilitate melanoma
metastasis, specifically looking at fibrin’s role in stabilizing PMN/TC aggregates.
5

1.1.5

Involvement of coagulation proteins in metastasis
Several proteins involved in coagulation, including thrombin, fibrin, and

fibrinogen, facilitate melanoma extravasations [Jae 2004]. The clotting cascade involves a
very complex interaction between platelets and coagulation proteins. One mechanism of
coagulation is through the cleavage of fibrinogen into the insoluble protein, fibrin
[Coughlin 2000]. Fibrin is an insoluble thread which forms matrices with other fibrin
monomers to entrap red blood cells, overall creating a blood clot. The overall formation
of fibrin involves a cascade of protein interactions ending with the cleavage of fibrinogen.
Fibrinogen is cleaved by the protein thrombin which is made from prothrombin [Berg
2002]. The conversion of prothrombin into the enzyme thrombin involves a complex
cascade of interactions between platelets and coagulation proteins [Coughlin 2000].
Previous experimental studies have shown that thrombin production further
increases in the tumor microenvironment [Dvorak 1992]. These studies have illustrated
that tumor cells release tissue factors which promote the conversion of prothrombin into
thrombin which further promotes the conversion of fibrinogen to fibrin [Costantini 1993].
Studies have also illustrated that when thrombin is inhibited there is a decrease in
metastasis [Palumbo 2000]. When thrombin is inhibited it can no longer interact with
fibrinogen to form fibrin, a protein which has been directly linked to facilitating
melanoma extravasations [Jae 2004]. Fibrin has also been linked to metastatic melanoma
in clinical studies which proved patients with metastatic melanoma had increased levels
of fibrin [Rickles 1992]. Figure 1.1.3 depicts a simplified mechanism explaining how the
coagulation cascade is involved in TC extravasation.
6

Figure 1.1.5 Activation of the clotting cascade coverts prothrombin to thrombin which
cleaves fibrinogen into fibrin.

Fibrin has been found to promote tumor cell

extravasations and metastasis [Palumbo 2000].

In this study the effects of the tumor microenvironment on thrombin production
were studied. The present study confirms the hypothesis that thrombin increases in the
TC microenvironment, which supports the hypothesis that fibrin levels are increased in
patients with metastatic melanoma.
1.2

Devices used to characterize metastasis
1.2.1

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assays, ELISAs, were used in experimentation to

quantify proteins in a suspension. The type of ELISA performed in this study was a
Sandwich ELISA. This technique uses a capture antibody which is coated on a plate to
capture the target protein for analysis. In this study, the capture antibody used targeted
thrombin proteins. A detection antibody is then added to the plate, which binds to the
captured protein, thrombin. A secondary antibody is then added which is conjugated to a
substrate specific enzyme. The last step is to add the substrate which will activate the
substrate specific enzyme and promote a change in color of the sample. The intensity of
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the sample color is measured with a microplate reader and is directly correlated to the
amount of protein in the sample [AssayMax 2009]. This technique was used to analyze
thrombin concentrations in co-cultures to test the hypothesis that the tumor
microenvironment secretes tissue factors which promote the conversion of prothrombin
to thrombin.
1.2.2

Cone plate viscometry
Cone plate viscometry was used in this study to measure changes in the

aggregation of tumor cells to PMNs in the presence of fibrin under various shears. The
cone plate viscometer has two plates, one stationary and one rotational. The stationary
plate is beneath the rotating plate at a 1o angle. There is a gap between the two plates
where fluid can be injected. The rotational plate then applies a shear to the fluid. Cells in
the fluid suspension can collide with each other and potentially aggregate together
[Sutera 1998]. The shears applied to the suspensions in the study were 62.5 and 200 s-1.
These shears were used to compare fibrin analysis with previous experimentation.
1.2.3

Flow cytometry
To quantify PMN/TC aggregates and melanoma metastasis in the lung of black 6

mice, flow cytometry was employed. In flow cytometry, the sample is suspended in a
stream of fluid which is passed by a laser. Detectors on the other side of the particle
stream then detect both the scatter of the laser beam and any florescence. The scatter of
the beam is correlated to physical and chemical characteristics of the particles, including
particle size.

The sizes in a certain sample can be compared to control results to

determine the different cells within samples. [University of California, Berkeley]. In
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addition florescence of cells can be detected via flow cytometry. In this analysis green
fluorescent protein, GFP, labeled cells were used in flow cytometry.
1.3

Significance of research
The motivation behind this research was to support current work being done with

melanoma extravasations and metastasis and to present new research on this topic, specifically in
regard to fibrin and PMN mediation of melanoma extravasations and metastasis.

The goal of

the research was to support the hypothesis that fibrin and PMNs, both independently and
dependently, mediate melanoma metastasis. This would allow future work with fibrin and
PMNs to be done to further understand the mechanisms behind melanoma metastasis and
extravasations, and to develop a treatment for metastatic melanoma.
For this study, work was performed both in vitro and in vivo. Since the roles of PMNs in
melanoma metastasis have been heavily studied in vitro, the focus of the in vitro work was to
determine the role of fibrin in melanoma metastasis. The goal of the in vitro work was to develop
supporting evidence that fibrin mediates melanoma extravasations through the stabilization of
PMN/TC complexes.

This was done by modeling blood shear via cone plate viscometry and

measuring aggregation of tumor cells with and without fibrin. The study found that PMN/TC
complexes were stabilized by fibrin, supporting the hypothesis that fibrin and PMNs facilitate
melanoma extravasations through the increased stability of the PMN/TC aggregation by fibrin.
In addition, work was done to support evidence that fibrin levels are elevated in patients with
metastatic cancers, by proving concentrations of thrombin, the protein that cleaves fibrinogen to
form fibrin, are elevated in the TC microenvironment. The increase in fibrin would provide an
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increase in available proteins to stabilize PMN/TC aggregates, overall linking the protein fibrin
to metastasis.
The goal of the in vivo work was to develop a mouse model to be used for future PMN
experimentation, and also for future fibrin/PMN experimental projects regarding lung metastasis.
While at present there are several models available which analyze metastasis through microscopy
and visualization, there is a lack of quantitative lung metastasis protocol in vivo. The model
developed is one of the first approaches at quantifying early melanoma metastasis in the lung of
mice using flow cytometry. With this control, PMNs will be studied to prove in vivo that they
facilitate melanoma metastasis. Future work detailing the mechanisms behind this facilitation
could provide supporting evidence that PMNs are able to mediate metastasis due to the increased
stability of the PMN/TC complex through fibrin.
Overall this study provides evidence supporting the hypothesis that fibrin and PMNs play
a role in facilitating melanoma extravasations and metastasis. Furthermore, it provides a control
mouse model for future research in understanding the interactions between fibrin and PMNs
which promote melanoma metastasis.
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Chapter 2

MELANOMA EXTRAVASATION IS FACILITATED THROUGH PLASMA PROTEINS

2.1

Introduction
Previous experimental studies have shown that thrombin production further increases in

the tumor microenvironment, which promotes the conversion of fibrinogen to fibrin that in turn,
facilitates tumor metastasis [Palumbo 2000]. These studies have illustrated that tumor cells
release tissue factors, which help promote the conversion of prothrombin into thrombin
[Costantini 1993].
The in vitro studies presented here support the hypothesis that thrombin increases in
melanoma/endothelial co-cultures in the presence of human plasma compared to the normal
cases.

Although these studies show that there is increased production of thrombin in

melanoma/endothelial co-cultures over time, a plateau in thrombin production occurs after three
hours of tumor cell/endothelial co-culture. In addition, data obtained from the studies indicates
that metastatic tumor cells produce more thrombin in co-cultures then non metastatic tumor cells,
promoting the hypothesis that metastatic tumor cells interact with proteins in the clotting cascade
to increase thrombin production.
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The

increase

in

thrombin

production

promoted

by

the

metastatic

tumor

microenvironment, which has been verified in this study further promotes the hypothesis that
fibrin levels are elevated in patients with metastatic melanoma. Previous clinical studies have
illustrated that patients with invasive melanoma have heightened concentrations of fibrin in their
blood [Rickles 1992]. The present study supports the hypothesis that fibrin levels are elevated in
the blood of patients with metastatic melanoma by proving production of thrombin, the protein
which cleaves fibrinogen to make fibrin, is elevated in the metastatic tumor microenvironment.
In the present study, we find that thrombin supports the production of fibrin that in turn,
promotes the aggregation of PMNs and melanoma cells. PMNs have been shown to facilitate
adhesion and migration of TCs when they are bound to TCs [Dunn 2002 and Liang 2008]. This
study provides some of the first mechanistic data on how fibrin mediates melanoma metastasis.
By increasing the stability of the PMN/TC aggregate fibrin increases the ability of PMNs to
mediate the adhesion and extravasation of tumor cells.
2.2

Experimental preparation and procedures
2.2.1

Cell cultures
Various cell lines were cultured for in vitro experimentation in treated polystyrene

petri dishes at 37 oC in 5 % CO2 atmosphere. For further detail on cell culture see
Appendix A.
WM35 melanoma cells
WM35, human melanoma cells (Dr. Meenhard Herlyn, Wistar Institute,
Philadelphia, PA) were cultured in Roswell Park Memorial Institute 1640 medium (RPMI
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1640; Biosource, Inc., Camarillo, CA) supplemented with 10 % fetal bovine serum (FBS;
Biosource, Inc.) and 100 units/ml penicillin-streptomycin (Biosource, Inc.).
Lu1205 melanoma cells
Lu1205, melanoma cells (Dr. Gavin P. Robertson, Penn State Hershey Medical
Center, Hershey, PA) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Biosource, Inc.) supplemented with 10 % FBS.
In cone plate analysis Lu1205 cells were labeled with TRITC (Sigma Aldrich).
TRITC (10 μl) was added to PMNs (1 million) and incubated at 37 oC for 10 minutes.
The cells were then washed with PBS (5 ml) re-suspended in medium and used in cone
plate analysis.
A2058 melanoma cells
A2058, melanoma cells (American Type Culture Collections) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Biosource, Inc.) supplemented with 10
% FBS.
Human umbilical vein endothelial cells
Human umbilical vein endothelial cell, HUVEC (Dr. Gavin P.Robertson, Penn
State Hershey Medical Center, Hershey, PA) were cultured in F12K medium (GIBCO)
supplemented with ECGS medium (BD) supplemented with 2% FBS.
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2.2.2

Neutrophil isolation
Following The Pennsylvania State University Institutional Review Board (IRB)

approved protocols (#990758 and #19311), fresh human blood was collected from
healthy adults under informed consent. Venipuncture was performed by the PSU NIH
General Clinical Research Center nursing staff.
PMNs were isolated using layered Histopaque® 1077 and 1114 (Sigma) dual
density gradient as described by the manufacturer. The isolated PMN layer was first
suspended in 0.1% human serum albumin (Sigma) in Dulbecco’s phosphate-buffered
saline (DPBS) and washed. To enrich the neutrophil population, ACK lysis buffer (0.15
M NH4Cl, 10.0 mM KHCO3, 0.1 mM Na2EDTA in distilled H2O) was used to remove
erythrocytes. The cells were washed with 0.1% human serum albumin/DPBS, resuspended at a concentration of 1x106cells/ml, and rocked at 4°C until they were used, no
longer than 4 hours [Slattery 2006].
Before experimentation the cells were labeled with LDS-751 (Invitrogen). LDS751 (.8 μl) was added to PMNs (1 million) and incubated at 37 oC for 10 minutes. The
cells were then washed one time with PBS (5 ml), re-suspended in medium and used in
cone plate analysis.
2.2.3

Preparation of fibrin
Soluble fibrin was made freshly in ion-free DPBS before each experiment. To

produce soluble fibrin monomers and prevent coagulation, thrombin cleavage of
fibrinogen was initiated in presence of 4 mM GPRP-NH2 (Sigma). To make 1ml of
soluble fibrin solution, 120 μl fibrinogen (25 mg/ml; Sigma), 84 μl of GPRP (24 mM;
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Sigma) and either 0 μl, 2.7 μl or 5.5 μl thrombin (10 U/ml, 269,300 U/g; MP Biomedical,
Solon, OH) were mixed immediately before incubation at 37 ºC for 10min. Then, the
two-fold concentrated soluble fibrin solution was mixed with cell suspension 1s before
experiments at 1:1 to reach a desired fibrinogen, thrombin, GPRP and cell concentration
[Pu Zhang]. For further detail of fibrin preparation please see Appendix B
2.2.4

Preparation of platelet poor plasma
Human blood was drawn under donor informed consent as approved by The

Pennsylvania State University Institutional Review Board.

Blood was taken from

patients at the GCRC and put into heparin coated tubes. A separation gradient solution of
Histopaque-11191 (3 ml) and Histopaque-10771 (3 ml) on top was layered. Blood (6 ml)
was then added to the top of each separation gradient solution. The solution was then
centrifuged for 30 minutes at 2000 rpm. The plasma layer was removed and separated
from the solution. The plasma was centrifuged for 15 minutes at 2000 1800 rpm.
2.2.5

Tumor cell co-culture
Lu1205 melanoma cells were cultured in 6-well plates to confluency. One plate

of cells was sacrificed for cell counting. Platelet poor plasma (.5 ml) was added to the
top of the melanoma monolayer. The plates were incubated for .5, 1, 2, and 3 hours in
37oC and 5% CO2. The cells and supernatant were collected, spun down at 1500 rpm for
5 minutes and stored at -80oC prior to analysis via ELISA assay.
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2.2.6 Endothelial and tumor cell co-culture
HUVECs were cultured in 6-well plates to confluency. One plate of cells was
sacrificed for cell counting. Melanoma cells (Lu1205, WM35, A2058) (1:1 ratio with
HUVEC) were added on top of the HUVEC monolayer. Platelet poor plasma (.5 ml) was
layered on top of the melanoma monolayer. The plates containing Lu1205 melanoma
cells were incubated for .5, 1, 2, and 3 hours in 37oC and 5% CO2. The co-cultures
containing WM35 and A2058 were incubated for 3 hours in 37oC and 5% CO2. The cells
and supernatant were then collected, centrifuged at 1500 rpm for 5 minutes and stored in
-80oC freezer before analysis via ELISA assay.
2.3

Methods used to characterize metastasis
2.3.1

TAT ELISA
ELISA assays were a useful method for detecting proteins secreted while the

tumor cells and endothelial cells were in co-culture (direct contact). Several studies were
performed to determine the effects of tumor cell and endothelial cell contact on thrombin
levels.

The study hypothesized that thrombin levels would increase in the tumor

microenvironment. For in vitro co-culture sample analysis of thrombin, ELISA assays
were used. This was done to study the effects of tumor cells on thrombin production and
link increased levels of fibrin found in metastatic cancer patients to increases in thrombin.
All of the reagents used in the TAT ELISA were obtained from AssayPro. Coculture samples (50 μl) were added to the wells of a microplate coated with monoclonal
antibody against Antithrombin (AssayPro). Wells were covered and incubated for 2
hours at room temperature. The wells were then washed five times with wash buffer
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(AssayPro). Biotinylated TAT antibody (50 μl) (AssayPro) was added to each well.
Wells were covered and incubated at room temperature for 1 hour and then washed five
times with wash buffer (AssayPro).

Streptavidin-Peroxidase Conjugate (50 μl)

(AssayPro) was then added to each well and after 30 minutes of incubation at room
temperature the wells were washed with wash buffer (AssayPro). A solution of ABTS
(50 μl) was added to each well and the plate was allowed to develop. A microplate
reader was employed to analyze the developed wells to relate well development to
thrombin concentration. For further detail on the ELISA procedure see Appendix B.
2.3.2

Cone plate viscometry
Cone plate viscometry is a technique used to measure aggregation of cells. This

technique was used to determine effects of fibrin on PMN/TC aggregation and to test the
hypothesis that fibrin mediates melanoma extravasations by increasing the stability of
PMN/TC aggregates. This technique was employed experimentally to analyze the
aggregation of tumor cells to PMNs with varying fibrin concentrations.
LDS-751 labeled PMNs (1×106/ml) were mixed with TRITC labeled Lu1205
cells (1×106/ml) before being added to the cone plate viscometer. The cell suspension
was allowed to equilibrate for two minutes before initiating the shear. To detect the effect
of plasma proteins on PMNs binding to Lu1205 cells in shear flow, fibrinogen or fibrin
were added to the cell suspension 1s before the start of the shear to prevent preoccupation of receptors by soluble fibrin. Samples were taken at different time points,
fixed and analyzed with flow cytometry [Pu Zhang, pers. comm.].
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2.3.3

Flow cytometry
Flow cytometry was used to quantify the number of PMN and tumor cell

aggregates after they were suspended in solution and subjected to shear stress using the
cone plate viscometer to support the hypothesis that fibrin increases the aggregation of
PMNs and TCs. Briefly, tumor cells and PMNs were labeled with separate dyes and then
they were subjected to shear and then analyzed using two-color flow cytometry.
2.4

Results
2.4.1

Thrombin increases in presence of Lu1205 tumor cell co-cultures
Thrombin levels were found to increase in the presence of tumor cells. As seen in

Figure 2.4.1 A, when Lu1205 melanoma cells were added into co-culture with plasma,
the level of thrombin as compared to just plasma culture alone significantly increased
after .5 hours. This level of thrombin production was also seen to increase in co-cultures
of Lu1205/plasma/HUVEC as shown in Figure 2.4.1 B. In this particular co-culture the
level of thrombin rapidly increased between 0.5 and 1 hours and then decreased
afterwards, still remaining on average higher throughout the entire experiment then the
thrombin production found in the HUVEC/plasma culture alone.
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Figure 2.4.1 A) Thrombin concentrations at various time points for plasma alone and cocultures of Lu1205/plasma. B) Thrombin concentrations at various time points for cocultures of HUVEC/plasma and Lu1205/HUVEC/plasma. Standard error mean was used
in this analysis with n = 3.
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During standard blood withdrawal and plasma separation as described in section
2.3.4, there is an increase in clotting factors. During blood withdrawal and plasma
separation, clotting factors are activated, which would lead to increased thrombin
concentrations in co-cultures.

Although the actual concentrations obtained in

experimentation are heightened due to these factors the analysis of the thrombin
concentrations accounted for this error.

In the data seen in Figure 2.4.1 A, the

concentrations obtained for plasma alone were subtracted from all the data. This allows
the activated thrombin due to blood withdrawal to be eliminated from the thrombin
analysis, so only thrombin produced by the tumor cells is analyzed. The blood used for
the HUVEC testing was donated from a different patient so for this analysis shown in
Figure 2.4.1 B, the thrombin concentrations obtained for the HUVEC/plasma co-cultures
were subtracted from all the data. The subtraction provides an analysis of the thrombin
production due to tissue factors released by the tumor cells and excludes the error of
thrombin activation and thereby production due to standard blood withdrawal.
The data clearly shows that in the presence of tumor cells, thrombin levels
increase. This supports current studies, which have shown thrombin production further
increases in the tumor microenvironment. The plot of Lu1205/plasma shows an increase
in thrombin as compared to plasma with time, which starts to plateau after 2 hours.
While the plot of HUVEC/Lu1205/plasma/ shows an increase in thrombin production,
after 1 hour the curve is seen to decrease. One explanation behind this decay is that the
HUVEC could be degrading the thrombin with time.
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2.4.2

Metastatic cells produce more thrombin in co-culture
Two different melanoma cell lines were used in experimentation. The differences

in metastatic behavior between the cell lines allowed correlation between metastatic
behavior and thrombin production.

The cells used in the experimentation and the

corresponding levels of metastatic behavior can be found in Table 2.4.2.
Table 2.4.2 Description of melanoma cells used in experiment. The three cell lines vary
in their metastatic behavior.
Tumor Cell Line

Metastatic Behavior

WM35

Not metastatic

A2058

Highly metastatic

As illustrated in Figure 2.4.2 thrombin production was increased in metastatic
tumor cell co-cultures as compared to just plasma/HUVEC co-cultures.

The non-

metastatic line, WM35, did not have increased thrombin production in co-culture as
compared to plasma/HUVEC co-cultures. Thrombin levels were however increased in
tumor co-cultures with the metastatic cell line, A2058, as compared to plasma/HUVEC.
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Figure 2.4.2 Thrombin concentrations after three hours of co-culture of plasma/HUVEC,
a non-metastatic tumor cell line WM35 with plasma/HUVEC and a metastatic tumor cell
line with plasma/HUVEC. Standard error means were used in this analysis with n = 3.

In Figure 2.4.2, the concentration originally obtained for plasma/HUVEC was
subtracted from all the data. This was done because as previously discussed in section
2.4.1 the original concentrations obtained were heightened due to the activation of
thrombin from standard blood withdrawal.

To analyze trends between thrombin

production in the tumor microenvironment and eliminate the error seen in the actual
concentrations obtained in experimentation due to increased coagulation due to standard
blood withdrawal, subtraction was performed to normalize the results.
Figure 2.4.2 suggests that more metastatic tumor cell lines promote an increase in
thrombin production. This can be explained due to the tissue factor release by metastatic
tumor cells in the tumor microenvironment. As discussed in section 2.1, tumor cells
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release tissue factors that promote the conversion of prothrombin into thrombin.
Therefore Figure 2.4.2 illustrates that not only do tumor cells release tissue factors to
increase thrombin production, but that the more metastatic tumor cell lines increase the
conversion of prothombin to thrombin.

This is evidence supporting the hypothesis

discussed in section 2.1 that fibrin levels are elevated in patients with metastatic
melanoma.

The increased levels of thrombin found in the metastatic tumor

microenvironment would further promote the conversion of fibrinogen into fibrin.
2.4.3

Fibrin stabilized the transient PMN-Lu1025 aggregates
Figure 2.4.3 illustrates when fibrin was added to the cone plate viscometer there

was a reduction in the rapid disaggregation of the PMN/TC complex. Fibrin made by
200 ng/ml thrombin boosted the initial binding to 63% in 1 minute. The aggregation
reached a plateau after 1 minute without apparent breakage. Disaggregation did not occur
by 5 minutes.

In cases without fibrin although aggregation was initially high, after 1

minute it decreased.

This implied that conversion of fibrinogen to fibrin exposed

recognition sites, which may stabilize the formed PMN/TC aggregates.
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Figure 2.4.3 Shear-induced adhesion of PMNs to Lu1205 in presence of fibrinogen or
fibrin [Data courtesy of Pu Zhang]. Standard error mean was used in this analysis with
n=3.

In general, fibrin stabilized the transient PMN/Lu1025 aggregates, given that it
profoundly changed the profile of kinetics of fibrin-mediated PMN/TC aggregation. As
discussed in section 2.1 current studies illustrate both in vitro and in vivo that fibrin
mediates melanoma metastasis however the mechanism by which is facilitates metastasis
is unknown. Figure 2.4.3 illustrates a mechanism for this mediation, that fibrin stabilizes
the TC/PMN aggregate, which then promotes TC extravasation and metastasis as
discussed in section 1.1.3 and 1.1.4.

Hypothetically the mechanism of PMN/TC

stabilization via fibrin may be due to fibrin-enhanced PMN/TC binding via ICAM-1
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mediated-initial capture followed by αvβ3-enhanced firm retention of melanoma adhesion
to PMNs via fibrin.
The data obtained in Figure 2.4.3 was generously provided by Pu Zhang. The
thrombin concentrations to use in this work to obtain the appropriate fibrin concentrations
were provided from the thrombin ELISA in vitro studies discussed in this work.
2.5

Discussion
As illustrated in Figure 2.4.1 A, the addition of Lu1205 melanoma cells to plasma

increases the levels of thrombin in co-culture. Figure 2.4.1 B, shows that the levels of thrombin
also increase with the co-culture of Lu1205/HUVEC/plasma. Levels of thrombin for co-culture
of Lu1205/HUVEC/plasma peak after one hour and then decrease, reaching a plateau at three
hours. The decrease in thrombin can be explained due to re-absorption of thrombin through
proteins in the co-culture. Figure 2.4.1 A and B indicate that the addition of Lu1205 melanoma
cells in co-culture increase the levels of thrombin. This supports research, which suggests tumor
cells release tissue factors that promote the conversion of prothrombin into thrombin.
Figure 2.4.2 shows the levels of thrombin present in co-culture of A2058, a metastatic
cell line compared to WM35, a non-metastatic cell line. The graph indicates that there are
elevated levels of thrombin found in A2058 co-culture after three hours as compared to WM35
co-culture. The data illustrates that metastatic cell lines produce more thrombin in co-culture
then non-metastatic cell lines. The data obtained through this study further supports research,
which suggests tumor cells release tissue factors that promote the conversion of prothrombin into
thrombin. The study also suggests that not all tumor cells promote the production of thrombin
rather tumor cells with increased metastatic characteristics.
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Figure 2.4.3 illustrates that fibrin stabilizes PMN/TC aggregates.

This mechanism

explains current research, which suggests fibrin mediates metastasis but does not explain the
mechanism of the mediation.

Fibrin may enhance metastasis via ICAM-1 mediated-initial

capture followed by αvβ3-enhanced firm retention of melanoma adhesion to PMNs via fibrin.
In general, experimentation shows that metastatic tumor cells promote an increase in
thrombin, which promotes the conversion of fibrinogen into fibrin, a protein that was found to
support the aggregation of PMNs to melanoma cells and thereby support the extravasation and
metastasis of melanoma.
Additional research concerning the interaction of fibrin with PMN/TC aggregates should
be done to further explain the mechanism by, which fibrin stabilizes the aggregates and to
develop more evidence supporting the hypothesis that fibrin stabilizes PMN/TC complexes.
Therapeutic research could also be performed based on this study to develop a method of
preventing metastasis. The administration of anticoagulant drugs to patients with metastatic
melanoma could lead to decreased metastases. This is another area, which should be further
studied.
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Chapter 3

THE DEVELOPMENT OF A QUANTATIVE IN VIVO MOUSE MODEL

3.1

Introduction
Inflammation has been linked to cancer. Currently, studies are focusing on how the

immune system is promoting cancer rather than fighting it. Although the adaptive immune
system has been found to reduce tumor cell incidence [Dunn 2002] the innate immune system
has been linked to cancer progression. Many studies have shown that the innate immune system
enhances tumor cell extravasations and metastasis [Coussens and Werb 2002].

PMNs,

polymorphonuclear neutrophils, which make up 50-70% of the circulating leukocytes in the
blood, have been shown to increase tumor cell, and in particular melanoma cell, extravasations
and metastasis [Wu et al. 2001].
While research supporting the role of PMNs in melanoma metastasis has been performed
in vitro, there is little in vivo evidence supporting this hypothesis [Liang 2009 and Liang and
Slattery 2009]. The goal of this research was to develop a quantitative in vivo mouse model to
be used in studies regarding melanoma metastasis in the lung. Currently, many in vivo models
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exist, which use visualization of the lung metastases or microscopy to qualitatively study the
lung. There is a need however to quantify metastasis at early time points in the lung, since it
would provide a more accurate analysis of the disease and influencing factors. A preliminary
control was developed in this study to quantify melanoma metastasis in the lung of black 6 mice.
The mouse model developed through this study will be used in future experiments to test
the hypothesis that PMNs facilitate melanoma metastasis in vivo.

Future research to be

performed with the model would also focus on determining the mechanisms behind PMN
facilitation of TC metastasis, examining fibrin’s effect on PMN/TC complex stability.
3.2

Experimental preparation and procedures
The in vivo studies were performed under the Institutional Animal Care and Use

Committee, IACUC, protocol, number 31843, in Dr. Avery August’s lab.
3.2.1

Cell culture

GFP labeled B16 melanoma cells
B16 Melanoma Cells (Dr. Gavin P.Robertson, Penn State Hershey Medical
Center, Hershey, PA) were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
(GIBCO) supplemented with 5 units of pen strep and 10% FBS (fetal bovine serum).
Cells were cultured in treated polystyrene petri dishes at 37 oC under 5 % CO2. For more
detail on cell culture please refer to Appendix A.
3.2.2

GFP expression
B16 GFP cells were analyzed with a fluorescence microscope to determine the

fluorescence of the cells and verify that the cells were stained with GFP.
31

3.2.3

Collagenase lysis procedure
The collagenase lysis procedure was tested to analyze lung tissue cell isolation

efficiency to determine the best lysis protocol for the control model.

Mice were

euthanized via carbon dioxide. The lungs of the mice were dissected and the tissue was
physically lysed using a razor blade. After the physical lysing two different lysing
procedures were used in order to ascertain, which procedure gave the best lung cell
isolation.

The lysed tissue was incubated at 37 oC in collagenase (5 ml with a

concentration of 1mg/ml) (Sigma Aldrich) for 30 minutes with gentle agitation every 5
minutes. PBS (2 ml) was added to the solution, which was then strained through a 70-μm
strainer. The suspension was centrifuged at 1500 rpm for 5 minutes. The supernatant
was disposed and the pellet was re-suspended in DMEM + 10% FBS (10 ml) (BioSource)
and kept on ice for 1 hour. The cells in the suspension (50 ul) were counted using trypan
blue staining. The solution was then centrifuged at 1500 rpm for 5 minutes and resuspended in flow buffer (PBS + 10%FBS) (.5 ml) (BioSource). The final lysed tissue
(.5 ml) was kept on ice and analyzed via flow cytometry.
3.2.4

Mechanical lysis procedure
The mechanical lysis procedure was also tested for lung tissue cell isolation

efficiency to determine the best lysis protocol for the control model.

Mice were

euthanized via carbon dioxide. The entire procedure was performed on ice. The lung of
the mice was dissected and the tissue was physically lysed using a razor blade. After the
physical lysing two different lysing procedures were used in order to ascertain, which
procedure gave the best lung cell isolation. The lysed tissue was run through a 70 μm-
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strainer. The strainer containing the tissue was washed with 3 ml of flow buffer (PBS +
10%FBS) (BioSource). The solution was then centrifuged at 1500 rpm for 5 minutes and
the supernatant was discarded. The cells were re-suspended in DMEM + 10% FBS (10
ml)(BioSource) and kept on ice for 1 hour. The cells in the suspension (50 ul) were
counted using trypan blue staining. The solution was then centrifuged at 1500 rpm for 5
minutes and re-suspended in flow buffer (PBS + 10%FBS) (0.5 ml) (BioSource). The
final lysed tissue (0.5 ml) was analyzed via flow cytometry.
3.2.5

Red blood cell lysis
In order to develop control gating of the lung tissue and to eliminate the

background noise of red blood cells with flow cytometry red blood cell lysis was
performed on the lysed lung tissue suspensions. AFCS buffer (500 ml) was prepared by
mixing NH4Cl (4.14 g) (Sigma-Aldrich) with KHCO3 (0.5 g) (Fisher Biotech) in distilled
water (450 ml). EDTA (0.l ml) (0.5 M) was added to the solution and the pH of the
solution was adjusted to 7.2. The solution was then adjusted to 500 ml with distilled
water. The buffer (0.5 ml) was added to lysed lung tissue suspensions for 5 minutes.
After 5 minutes the sample was centrifuged at 1500 rpm for 5 minutes. The supernatant
was discarded and the tissue was washed and re-suspended in flow buffer (PBS + 2%
FBS).

The suspension was centrifuged at 1500 rpm for another 5 minutes.

supernatant was discarded and the tissue was re-suspended in 0.5 ml of flow buffer.
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The

3.2.6

Positive control
In order to test if lung cells could be differentiated from the B16 melanoma cells

used in experimentation when both were combined in one suspension, a positive control
was developed. Lung tissue obtained via mechanical lysis was lysed for red blood cells.
The remaining solution of lung tissue cells were centrifuged at 1500 rpm for 5 minutes
and re-suspended in flow buffer (0.5 ml) (PBS + 2% FBS) (BioSource). The solution
was mixed with GFP labeled B16 melanoma cells (0.25 ml) (1,000,000 cells/ml) and then
analyzed with flow cytometry.
3.2.7

Mouse model for melanoma metastasis
B16 GFP labeled melanoma cells (.5 ml with a concentration of 1 million cells/

ml) were injected intravenously via the tail-vein into black 6 mice, which were 4-6 weeks
old. Control mice were also used, which were not injected with melanoma cells. Three
hours later the mice were euthanized via carbon dioxide. The mechanical lysis procedure
from section 3.2.3 was then employed to obtain lung tissue isolation. This isolation was
further lysed by the procedure detailed in section 3.2.4 to remove red blood cells. The
final tissue was suspended in flow buffer (0.5 ml) (PBS + 2% FBS) (BioSource) and
analyzed via flow cytometry. For further detail on the protocol for this model, see
Appendix C.

34

3.3

Methods used to characterize metastasis
3.3.1

Flow cytometry
Flow cytometry was used to quantify melanoma metastasis in the lung of black 6

mice. Gating was developed in flow cytometry to differentiate lung tissue in these
samples from GFP labeled melanoma cells. The fluorescent dye, GFP, transfected in the
melanoma cell line used in experimentation was then detected from the flow analysis to
allow quantification of the tumor cells in the tissue suspension. Tissue suspensions were
obtained using the mouse model protocol detailed in section 3.2.7.
3.4

Results
3.4.1

GFP expression in B16 cells varied between cell lines
As seen in Figure 3.4.1 A, the B16 cells are grown to confluency and can be

clearly visualized with bright field microscopy. When the fluorescence microscope was
used on the same sample and section of tumor cells as seen in Figure 3.4.1 B, it is clear
that there is no fluorescence and hence no GFP expression on the tumor cells. Figures
3.4.1 A and B, therefore illustrate that the original GFP labeled melanoma cells provided
by Dr. Gavin Robinson’s lab had lost the GFP fluorescence. The loss of GFP could be
the result of a virus infecting the cells, too many passages of the cells, or an unsuccessful
GFP transfection.
Figure 3.4.1 C, shows the bright field image of a separate line of GFP labeled B16
cells, which have grown to confluency. The following Figure 3.4.1 D, shows the same
sample and section under the fluorescence microscope. This image illustrates that the
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B16 cells were transfected with GFP. The image does reveal however that there are
various levels of GFP brightness. This was also seen in the flow analysis of the cells, as
illustrated in Figure 3.4.1 E. There were several peaks correlating to GFP brightness.
The less bright cells show up in the un-gated region. The brighter cells are then in gates I
and H, with the brightest cells appearing in two peaks in gate H

A

B

C

D

Figure 3.4.1 A) Bright field image of GFP labeled B16 melanoma cells. B) Image of the
same GFP labeled B16 cells from the bright field image under the fluorescence
microscope. C) Bright field image of different GFP labeled B16 melanoma cell line. D)
Image of the same GFP labeled B16 cells from the bright field image under the
fluorescence microscope.
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Figure 3.4.1 E) Flow cytometry graph of GFP expression. There are a large percentage
of the cells in the un-gated region, which is minimal to no GFP expression. Gate H
shows two separate peaks, which correlate to high GFP expression in the cells.

Ultimately the second cell line, seen in Figures 3.4.1 C-E, should be sorted and
only the brightest GFP in gate H should be cloned and used for further analysis. For
preliminary analysis however the unsorted cell line was used for further experimentation.
3.4.2

Collagenase lysis procedure results in poor lung cell isolation
The collagenase lysis procedure described in section 3.2.3 gave poor lung cell

isolation. After the procedure and cell counting using trypan blue staining only 200,000
lung tissue cells/ml were recovered. The staining illustrated many of the cells had died,
which could be due to unspecific activity of the collagenase enzyme.
Flow cytometry also revealed poor lung cell isolation. The side scatter graph
obtained through flow analysis as seen in Figure 3.4.2 illustrates that few cells are within
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the gated region, A, for lung tissue cells, further confirming the collagenase treatment is a
poor method of lung isolation. For this reason this treatment was not continued with for
lung cell isolation.

Figure 3.4.2 Flow cytometry side scatter of lung tissue cell isolation from collagenase
treatment. As seen in gate A, there are a minimal amount of cells in the region gated for
lung tissue cells.

3.4.3

Mechanical lysis produces lung cell isolation
The mechanical lysis procedure detailed in section 3.2.4 resulted in lung cell

isolation. Cell counting using trypan blue staining resulted in approximately 1,000,000
±70,000 lung tissue cells/ml from the lung tissue. Although the staining illustrated some
of the cells had died, this number was minimal in comparison to live cells.
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Microscopy also revealed that there was a large amount (2,000,000) of red blood
cells in the cell suspension. In order to better analyze the lung tissue the red blood cells
were lysed from the tissue, to obtain a pure lung tissue sample. Figure 3.4.3, shows the
lung tissue obtained after mechanical lysis and red blood cell lysis via flow cytometry.
Gate A, which is the gate for lung tissue cells, contains 82.83% of the cells. This
indicates that the procedure had minimal lung tissue death or filtration and therefore the
method accurately lysed the lung tissue. Although there are some cells outside of the
gating, these can be explained due to cell death or debris.

Figure 3.4.3 Flow cytometry side scatter graph of lung tissue suspension obtained via
mechanical lysis. The graph indicates that the majority of the cell population falls in gate
A, the region gated for lung tissue cells.
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The mechanical lysis of the tissue followed by a red blood cell lysis was then used
as the control protocol for the mouse model, to obtain a clear lung tissue sample without
the background noise of red blood cells.
3.4.4

Flow cytometry differentiates lung tissue from GFP B16 cells
The gating for B16 GFP labeled tumor cells was determined using flow

cytometry.

Figure 3.4.4 A, shows the side scatter graph for the cells.

The graph

illustrates that the majority, 79.9%, of the melanoma cell population falls within gate C.
This gating along with the gating for fluorescence, seen in Figure 3.4.1 E, will be used in
the control model to differentiate tumor cells for other tissue.
The gating from the side scatter of the GFP TCs was used to gate for the lung
tissue. The side scatter graph seen in Figure 3.4.4 B, obtained for lung tissue illustrates
that the majority of the lung tissue cells, 82.83%, fall within gate A. This gating was
chosen because it was where the majority of the lung tissue cells appeared and it did not
completely overlap with gate C, which was the predetermined gating for tumor cells.
Although in figures 3.3.4 A and B, there are cells which fall outside of the gated
region this can be explained due to cell death, or debris in the sample. The different gates
could be determined with side scatter because lung cells and tumor cells have different
sizes and granularity. Tumor cells much larger and slightly less granular then lung cells,
so they will show up higher and further left on the side scatter graph then lung tissue.
This can be seen in Figures 3.3.4 A and B.
The gating obtained from the side scatter analyses was employed in the mouse
model analysis to separate the lung tissue from the tumor cells. The actual tumor cell
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quantification however did not come from the side scatter graph since it is evident there
is overlap in gate C. For example, gate C, which is designated for tumor cells as seen in
Figure 3.4.4 B, contains 18.9% lung cells. As a result of the overlap the side scatter
gating will not accurately quantify tumor cells. The florescence gating from flow will
therefore be used to quantify tumor cell metastasis. This gating can be seen in Figure
3.4.4 C. This image shows the fluorescence analysis of the lung tissue. The lung tissue
cells show up in the un-gated region because they are not labeled with a fluorescent
marker like the GFP tumor cells. The fluorescently labeled tumor cells will then appear
in gate H as seen in figure 3.4.1 E.
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A

B

C
Figure 3.4.4 A) Flow cytometry side scatter graph of B16 GFP labeled tumor cells. Gate
C was determined from this data as the gate for the tumor cell population. B) Flow
cytometry side scatter analysis of mechanically lysed lung tissue. From this data it was
determined that the majority of the lung tissue cells fall within gate A. C) Fluorescence
gating of mechanically lysed lung tissue. The lung tissue falls in the un-gated region
illustrating that the lung tissue is not displaying any auto-fluorescence and that it can be
distinguished from the GFP melanoma cells, which fall in gate H.
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3.4.5 Flow cytometry shows GFP cells in lysed lung tissue suspension
Figure 3.3.4 C shows the lung tissue without the addition of GFP cells.
Comparing this figure with figure 3.4.5 A illustrates that when lung tissue is mixed with
tumor cells, the brightest tumor cells in gate H can be distinguished from the rest of the
tissue, which is in the un-gated region. Figure 3.4.5 B also illustrates the difference is
cell percentages in gate H, the gate for GFP labeled melanoma cells, between the
samples.
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Figure 3.4.5 A) Flow cytometry fluorescence gating for lung tissue sample mixed with
GFP labeled melanoma cells. Gate H shows the brightest GFP cells in the sample. B)
The lung tissue sample alone had minimal amount of auto-fluorescence in the H gate.
The lung tissue + GFP labeled tumor cell sample illustrated much higher percentages of
cells in the H gate indicating that TCs can be differentiated from normal lung tissue
using the H gate on flow cytometry. Standard error mean is shown for n = 2.
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3.4.6

Lack of GFP expression prevents quantification of metastasis
Initial mouse model procedures illustrated that there was no statistical difference

in the H gate, which gates for GFP labeled melanoma cells, between control mice, which
did not receive tumor cell injections and mice, which were injected with the B16 GFP
labeled melanoma cells. This can be seen in Figure 3.4.6. Although the average number
of cells in the H gate appears significantly different the standard deviations of the
averages eliminate the statistical differences.

Figure 3.4.6 The number of cells in the H gate for mice with and without GFP labeled
B16 melanoma cell injections. The data illustrates there is no statistical difference in the
number of cells in the H gate, the gate for GFP labeled B16 cells, between mice with and
without injections. Standard error mean is shown with n = 2.

The lack of statistically different data can be explained for several reasons. In
both samples there are minimal amounts of cells in the H gate. The reason for the cells
present in the mice without injections, is due to auto-fluorescence of the cells, which can
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occur during cell death. It is likely that some of the cells died during the lysis procedure,
and this was verified with trypan blue staining. This cell death, which would lead to
auto-fluorescence of the cells would therefore account for the cells in the H gate found in
the mice, which were not injected with GFP labeled melanoma cells.
The primary reason for the lack of statistically different data between the two
groups is due to the inconsistent levels of GFP expressed by the B16 melanoma cells
used for injections.

As discussed in section 3.4.1 the melanoma cells used for

experiments contained various levels of GFP, with only approximately 22.6% of the cells
exhibiting bright GFP expression, which can be detected in the H gate on the flow
cytometer. 54.1% of the GFP cells peaked in the un-gated region of flow cytometry,
which is also the area for lung tissue cells. The remaining 23.2% of GFP expression seen
in the I gate could also be lung tissue cells, which exhibit some auto-fluorescence in this
region. Therefore only the cells in gate H, could be counted as melanoma cells however
it is evident that a minimal amount of cells from the cell line used fall in these gate. For
that reason it is likely that the majority of the cells that reached the lung and metastasized
through were not bright enough to be seen with flow cytometry.
In addition to the lack of GFP expression of the melanoma cells the small
percentage of melanoma cells, which actually will reach the lung and have the potential
to extravasate through the tissue could have affected the flow cytometry analysis. The
amount of melanoma cells, which are injected into the tail-vein is not equal to the amount
of cells, which will reach the lung. It is estimated by Dr. Avery August’s lab that only
10% of the cells entering the tail-vein will remain in the blood circulation and have the
chance of adhering to the lung [August pers. comm.]. Furthermore these cells will only
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have the chance of adhering if they are not washed out of the lung and can find a protein
or cell to aggregate with to allow adhesion of the cell to the wall through the shears of
blood flow. Therefore, the low number of cells, which actually reach the lung along with
the lack of GFP positive cells, which were injected, may have caused the lack of
statistical difference between mice with and without injections.
One other source of error in the experiment may also be related to the mice’s
physiological filtering of injected tumor cells.

The mice may selectively filter out the

higher GFP expressing tumor cells, leaving only the low expressing GFP cells. By
increasing the number of high GFP expressing cells however this problem could be
avoided.
Overall the main problems with the experiment relate to the lack of high GFP
expression in the melanoma cell line used for injections. By sorting the cell line used, the
GFP expression of the cells could be increased. The GFP cells in the H gate could be
separated from the remaining cells and cultured to create a B16 cell line with high GFP
expression. This would allow the GFP melanoma cells to be easily differentiated from
the lung tissue cells.
3.5

Discussion
From in vivo experimentation the most accurate protocol for developing a mouse model

to analyze melanoma metastasis was determined. The protocol uses a mechanical lung lysis to
isolate the lung tissue cells. The red blood cells are then lysed from this cell suspension to
further isolate the lung cells. This suspension is then run through flow cytometry. Gating with
flow cytometry was developed in this study to gate out lung tissue cells, to differentiate them
from tumor cells. From the protocol developed, it was found that GFP labeled tumor cells can be
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differentiated from lung tissue cells. This model will allow further work to be done to quantify
metastases in the lung. By performing the mouse model protocol and counting the cells found in
gate H, the amount of tumor cells, which extravasated into the lung can be determined.
Although the mouse model protocol was performed in this study the results were
hindered due to a lack of GFP expression in the melanoma cells used. In vivo work revealed that
the initial melanoma cell line used for experimentation lacked GFP expression. Although the
cell line was changed the cell line used in experimentation did not have consistent GFP
expression. This greatly reduced the accuracy of the experimentation. When tumor cells where
injected into the mice, there was no statistical difference between mice that had and had not
received injections. This however can be explained due to the minimal amount of B16 cells used
in the injections, which had high expressions of GFP. Only about one fifth of the B16 cells
contained high GFP expression. By sorting the cells and selecting only cells with high GFP
expression, in the H gate, this problem can be eliminated. The mouse model protocol can then
be used to quantify metastasis in the lung.
Once the correct tumor cells have been sorted, this protocol will be used in PMN
experimentation and for fibrin/PMN experimental projects regarding lung metastasis. The model
will be used to support current in vitro evidence that PMNs facilitate melanoma metastasis and to
show in vivo that fibrin mediates metastasis through the enhancing the stability of the PMN/TC
complex. The model will allow initial research in regard to early metastasis to be performed.
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Chapter 4

CONCLUSIONS

4.1

Summary conclusions
In general, in vitro experimentation found that metastatic tumor cells promote an increase

in thrombin, which promotes the conversion of fibrinogen into fibrin, a protein that was found to
support the aggregation of PMNs to melanoma cells and thereby support the extravasation and
metastasis of melanoma. In vivo work then developed a model to use in future experiments to
support the in vitro study.
Lu1205 melanoma cells were found to increase the levels of thrombin in co-culture. The
level of thrombin also increases with the co-culture of Lu1205/HUVEC/plasma. Levels of
thrombin for co-culture of Lu1205/HUVEC/plasma peak after one hour and then decrease,
reaching a plateau at three hours. The results support current studies, which show that the tumor
microenvironment releases tissue factors which promote the conversion of prothrombin into
thrombin.
The metastatic properties of the tumor cell lines also influence thrombin production. The
levels of thrombin present in co-culture of A2058, a metastatic cell line compared to WM35, a
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non-metastatic cell line were heightened. The data illustrates that metastatic cell lines produce
more thrombin in co-culture then non-metastatic cell lines. This data supports current research
which has shown the production of thrombin increases in the tumor microenvironment. The data
reveals however that the metastatic characteristics of the tumor cells may be an influencing
factor as to the amount of tissue factors which are released and thereby the amount of thrombin
which is produced. While current studies illustrate tumor cells promoted the production of
thrombin, they did not look at different types of tumor cells. This research illustrates the more
metastatic the tumor cell line, the larger the production of thrombin.
The increase in thrombin production found in this study further promotes the production
of fibrin. In clinical studies fibrin has been found to be elevated in patients with invasive
melanoma [Rickles 1992]. This study supports the hypothesis that fibrin levels are elevated in
the tumor microenvironment, more over in the highly metastatic tumor microenvironment. The
increase in thrombin production which was seen in the co-culture of plasma/HUVEC/A2058 (a
metastatic cell line) would further promote the cleavage of fibrinogen to fibrin, overall increasing
the level of fibrin in the blood. Therefore the study supports current work, which has shown
fibrin levels are elevated due to metastatic melanoma.
The study also found that fibrin stabilized PMN/TC aggregates. PMNs have been shown
in vitro to facilitate melanoma metastasis by binding with TCs and allowing them to adhere to
the endothelium through the high shears of blood flow and migrate through [Liang 2008]. By
stabilizing the PMN/TC aggregate fibrin increases the ability of the aggregate to adhere to the
endothelial wall and eventually migrate through. This is the first research to the knowledge of
our lab that has linked fibrin to melanoma metastasis via stabilization of the PMN/TC aggregate.
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In vivo work from the study developed a mouse model for future experimentation
involving the role of PMNs and fibrin in melanoma metastasis. At present there are no models
which quantitatively analyze early extravasations of melanoma cells. This model proposes a
method for quantifying early extravasations. Using this model it was found that a mechanical
lysis of the lung and analysis of the tissue via flow cytometry would provide an accurate means
of analysis of the lung including quantifying tumor cells in the lung. Although metastases could
not be quantified this can be explained due to the inconsistent GFP expression of the B16 tumor
cells used for experimentation. If these cells are sorted to obtain only the brightest GFP cells, the
experiment could be run using the protocol determined within to accurately quantify metastases.
The model could then be used to support the in vitro work of the study.
4.2

Future work
The GFP B16 cells used in this work should be sorted. The sorting would filter out any

cells, which do not fluoresce in the H region from the flow cytometry analysis. After these cells
are filtered they could be cultured to produce a B16 cell line, which has high expression of GFP.
This cell line could then be used in the in vivo model developed in this study to quantify
melanoma metastasis.
Future work using this in vivo mouse model could then be performed. First, a large
population of mice should be used with the mouse model protocol, both with and without tumor
cell injections, to obtain an accurate analysis of the control. After this experimentation is
performed the control can be used to determine the role of other proteins in melanoma
metastasis.

Specifically the role of PMNs in mediating melanoma metastasis should be

analyzed. This could be done using LPS inflammation of the lung to increase PMNs in the lung.
Then the mouse model protocol could be used to assess the relationship between lung
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inflammation and metastasis. The metastasis quantified in this lung could be compared to the
metastasis found in the control lung, which was injected with tumor cells but not inflamed.
Hypothetically the inflamed lung would have more metastases, therefore creating evidence in
vivo that PMNs facilitate melanoma metastasis.
Furthermore, research detailing the mechanisms behind PMN involvement in melanoma
metastasis could be performed using the model. This could be used to prove in vivo that fibrin
mediates melanoma metastasis by stabilizing the PMN/TC aggregate.
Finally, therapeutic research could also be performed based on this study to develop a
method of preventing metastasis. The administration of anticoagulant drugs to patients with
metastatic melanoma could lead to decreased metastases. This is another area, which should be
further studied
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Appendix A

CELL CULTURE AND DETECTION PROTOCOLS

I.

Culture of melanoma cell lines
Cell lines were cultured in treated polystyrene petri dishes at 37 oC under 5 % CO2.

All media used in cell culture was supplemented with 10% fetal bovine serum (FBS;
Biosource, Inc.). WM35, human melanoma cells (Dr. Meenhard Herlyn, Wistar Institute,
Philadelphia, PA) were cultured in Roswell Park Memorial Institute 1640 medium (RPMI
1640; Biosource, Inc., Camarillo, CA). Lu1205, melanoma cells (Dr. Gavin P.Robertson,
Penn State Hershey Medical Center, Hershey, PA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Biosource, Inc.).

A2058, melanoma cells (American Type

Culture Collections) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Biosource, Inc.).

B16 Melanoma Cells (Dr. Gavin P.Robertson, Penn State Hershey

Medical Center, Hershey, PA) were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) (GIBCO) supplemented with 5 units of pen strep. Prior to each experiment the
cells were analyzed via bright field microscopy to determine confluency. If confluent the
media from the culture was disposed and the cells were washed once with DPBS. The cells
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were then detached using 0.05% trypsin/versine (BioSource) and washed twice with fresh
medium.
II.

Culture of endothelial cell lines
Endothelial cell lines were cultured in treated polystyrene petri dishes at 37 oC under

5 % CO2. HUVEC (Dr. Gavin P.Robertson, Penn State Hershey Medical Center, Hershey,
PA) was cultured in F12K medium (GIBCO) supplemented with ECGS medium (BD)
supplemented with 2% FBS. Prior to each experiment the cells were analyzed via bright field
microscopy to determine confluency. The cells were kept on the treated plates to use in cocultures.
III.

Co-culture methods
HUVECs were cultured in 6-well plates to confluency. One plate of cells was

sacrificed for cell counting.

Melanoma cells (Lu1205, WM35, A2058) (1:1 ratio with

HUVEC) were added on top of the HUVEC monolayer. Platelet poor plasma (0.5 mL) was
added to the top of the melanoma monolayer. The plates containing Lu1205 melanoma cells
were incubated for .5, 1, 2, and 3 hours in 37oC and 5% CO2. The co-cultures containing
WM35 and A2058 were incubated for 3 hours in 37oC and 5% CO2.

The cells and

supernatant were then collected, spun down at 1500 rpm for 5 minutes and stored in -80oC
freezer before analysis via ELISA assay.
Lu1205 melanoma cells were cultured in 6-well plates to confluency. Platelet poor
plasma (0.5 ml) was added to the top of the melanoma monolayer. The plates were incubated
for .5, 1, 2, and 3 hours in 37oC and 5% CO2. The cells and supernatant were collected, spun
down at 1500 rpm for 5 minutes and stored in -80oC freezer before analysis via ELISA assay.
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IV.

Neutrophil isolation
Following The Pennsylvania State University Institutional Review Board (IRB)

approved protocols (#990758 and #19311), fresh human blood was collected from healthy
adults under informed consent. Venipuncture was performed by the PSU NIH General
Clinical Research Center nursing staff.
®

PMNs were isolated using layered Histopaque 1077 and 1114 (Sigma) dual density
gradient as described by the manufacturer. The isolated PMN layer was first suspended in
0.1% human serum albumin (Sigma) in Dulbecco’s phosphate-buffered saline (DPBS) and
washed. To enrich the neutrophil population, ACK lysis buffer (0.15 M NH Cl, 10.0 mM
4

KHCO , 0.1 mM Na EDTA in distilled H O) was used to remove erythrocytes. The cells
3

2

2

were washed with 0.1% human serum albumin/DPBS, resuspended at a concentration of
6

1x10 cells/ml, and rocked at 4°C until they were used, no longer than 4 h [Slattery 2006].
V.

Flow cytometry
Tissue samples were suspended in flow buffer (PBS + 10% FBS) (BioSource) for

analysis with flow cytometry. 0.5 ml samples of tissue were analyzed in each flow analysis.
The XL cytometer was used.
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Appendix B

PROTEIN PREPARATION AND DETECTION PROTOCOLS

I.

Fibrin preparation
Soluble fibrin was made freshly in ion-free DPBS before each experiment. To

produce soluble fibrin monomers and prevent coagulation, thrombin cleavage of fibrinogen
was initiated in presence of 4 mM GPRP-NH2 (Sigma). To make 1 ml of soluble fibrin
solution, 120 μl fibrinogen (25mg/ml; Sigma), 84 μl of GPRP (24 mM; Sigma) and either 0
μl, 2.7 μl or 5.5 μl thrombin (10 U/ml, 269,300 U/g; MP Biomedical, Solon, OH) were mixed
immediately before incubation at 37 ºC for 10 min. Then, the two-fold concentrated soluble
fibrin solution was mixed with cell suspension 1s before experiments at 1:1 to reach a desired
fibrinogen, thrombin, GPRP and cell concentration [Pu Zhang 2009].

II.

TAT ELISA
All of the reagents used in the TAT ELISA were obtained from AssayPro. Co-culture

samples (50 μl) were added to the wells of a microplate coated with monoclonal antibody
against Antithrombin (AssayPro). Wells were covered and incubated for 2 hours at room
temperature.

The wells were then washed five times with wash buffer (AssayPro).
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Biotinylated TAT antibody (50 μl) (AssayPro) was added to each well. Wells were covered
and incubated at room temperature for 1 hour and then washed five times with wash buffer
(AssayPro). Streptavidin-Peroxidase Conjugate (50 μl) (AssayPro) was then added to each
well and after 30 minutes of incubation at room temperature the wells were washed with
wash buffer (AssayPro). A solution of ABTS (50 μl) was added to each well and the plate
was allowed to develop for 30 minutes. A microplate reader was then used to analyze the
plate.
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Appendix C

CONTROL MOUSE MODEL PROTOCOL

I.

Control mouse model protocol
B16 GFP labeled melanoma cells (0.5 ml with a concentration of 1 million cells/ ml)

were injected intravenously via the tail-vein into black 6 mice. Control mice were also used,
which were not injected with melanoma cells. Three hours later the mice were euthanized
via carbon dioxide. The lung of the mice was dissected and the tissue was physically lysed
using a razor blade. The lysed tissue was run through a 70 μm-strainer. The strainer
containing the tissue was washed with 3 ml of flow buffer (PBS + 10%FBS) (BioSource).
The solution was then centrifuged at 1500 rpm for 5 minutes and the supernatant was
discarded. The pellet was re-suspended in 2 ml of flow buffer (PBS + 10%FBS) (BioSource)
and kept on ice. 50 μl of the suspension was used to count the cells using trypan blue
staining and the final lysed tissue (0.5 ml) was analyzed via flow cytometry. The H gate on
flow cytometry was used to measure percentages of melanoma cells.
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Appendix D

FLOW CYTOMETRY DATA
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I.

GFP labeled B16 melanoma cells

63

II.

Lung tissue after collagenase lysis
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III.

Lung tissue after mechanical lysis
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IV.

Lysed lung tissue with GFP B16 cells
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V.

Control mouse model lung without B16 injection
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VI.

Control mouse model lung without B16 injection
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VII.

Control mouse model lung with B16 injection
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VIII. Control mouse model lung with B16 injection
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