
COMPUTATIONAL MODEL OF BREAST CANCER CELL

INVASION: EXPLORING THE EGF/CSF-1 PARACRINE

SIGNALING BETWEEN MACROPHAGES AND TUMOR CELLS

by

Hildur Knútsdóttir
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Abstract

Macrophages have been shown, experimentally, to be directly involved in the invasion of breast

tumor cells into surrounding tissues and blood vessels. Tumor cells interact with macrophages via a

short-ranged signaling pathway involving the epidermal growth factor, EGF, and colony-stimulating

factor 1, CSF-1. To study this signaling pathway and the observed motility behaviour of tumor

cells I developed a 3D individual cell based computational model. Simulations with my model

successfully reproduced results from in vitro and in vivo experiments. The model can help explain

mechanisms responsible for the observed motility behaviour of tumor cells and the noted ratio of

3 invasive tumor cells per 1 invasive macrophage. A parametric sensitivity analysis showed that

changing model parameters such as the degradation and secretion of EGF and CSF-1 could alter and

even eliminate the invasion of tumor cells. These results yield insight into possible new targets for

chemotherapy.
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Chapter 1

Introduction

Every day an average of 62 Canadian women are diagnosed with breast cancer, making it the second

most common cancer among Canadian women, trailing only non-melanoma skin cancer [1]. In

2012, an estimate of 5,100 Canadian women will die from breast cancer, comprising 14% of all

cancer deaths in women. Hence, it should not come as a surprise that breast cancer is one of the

most studied cancers. Some researchers aim to better understand the causes whereas others aspire

to find new and improved treatments by understanding how cancer cells behave.

In some types of cancer, including breast cancer, the presence of macrophages at the tumor

site relates to poor prognosis. However, in stomach cancer, colorectal cancer and melanoma the

presence of macrophages is a positive indicator [2, 3]. Macrophages have many different roles in

tumor development and progression. One role is their ability to increase tumor cell motility, which

is the focus of this research. Tumor cells and macrophages in close proximity can communicate via

a short-ranged chemical signaling loop that results in tumor cells migrating alongside macrophages

towards and into blood vessels or surrounding tissues and organs. Once tumor cells get into the

blood stream they are difficult to detect and they can extravasate at distant sites in other organs or

tissues and form secondary tumors. Secondary tumors, or metastasis as they are also known as, are

the primary cause of death in breast cancer patients. Hence, limiting or extinguishing tumor cell

motility is a crucial part of cancer treatments. Experiments have shown that when the number of

macrophages is decreased at breast cancer sites, tumor progression is slower and fewer cells are able

to metastasize, resulting in increased patients survival [4].

1



CHAPTER 1. INTRODUCTION 2

Figure 1.1: Macrophages and tumor cells can interact via a paracrine signaling loop. Tumor cells
secrete CSF-1 and have EGF receptors. Macrophages secrete EGF and have CSF-1 receptors. When
CSF-1 receptors on macrophages are activated the macrophages respond by secreting EGF and
chemotact in the direction of the CSF-1 gradient. When EGF receptors on tumor cells are activated
the tumor cells respond by secreting CSF-1 and chemotact along the EGF gradient. This paracrine
signaling enables tumor cells to migrate alongside macrophages away from the primary tumor and
towards blood vessels or surrounding tissues.

1.1 Biological background

Macrophages are involved in many different stages of tumor development, inflammation, matrix

remodelling, angiogenesis, metastasis, intravasation and invasion [2]. They are a type of white

blood cell comprising approximately 5% of the body’s white blood cell count. Macrophages exist as

monocytes in the bloodstream and are recruited to tumor sites by chemotactic factors, one of which

is the colony stimulating factor-1, CSF-1 [3]. Over 50% of the cell mass in breast tumors can be

constituted of macrophages [5]. The highest concentration of macrophages is at the tumor margin

and the concentration decreases with increasing distance from the margin [6]. Macrophages are

usually divided into two different categories, perivascular macrophages (PMs), which are located

around the blood vessels and play a key role in intravasation and tumor associated macrophages

(TAMs) that are distributed throughout the tumor.

Tumor cells manipulate the innate mechanisms of the macrophages via signaling molecules in

order to migrate. The tumor cells have epidermal growth factor (EGF) receptors and can secrete

CSF-1. The macrophages can secrete EGF and have CSF-1 receptors [7, 8]. Both EGF and CSF-1

receptors are tyrosine kinases receptors [9]. The tumor cells secrete CSF-1, which can bind to the

CSF-1 receptors on macrophages and thereby activate them. Activation of CSF-1 receptors starts

an internal cascade of events that, among other things, enables the cells to detect a gradient and

protrude towards it. Activated macrophages can chemotact in the direction of the CSF-1 gradient
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and they will start secreting EGF that can bind to tumor cells. Activated tumor cells respond by

secreting more CSF-1 and chemotact in the direction of the EGF gradient. This process results in a

short-ranged chemotactic signaling loop that is also called a paracrine loop.

Breast cancer cells migrate alongside macrophages in two different ways, either collective mi-

gration, where the two cell types are in direct contact and adhesion is important, or cell streaming,

which is observed in the experiments and simulations described here, [10, 11]. The paracrine sig-

naling loop results in macrophages and tumor cells migrating in pairs or in streams where the two

cell types alternate. The leader cell can either be a macrophage or a tumor cell, it secretes signaling

molecules that attract other cells and it creates tracts by degrading the extracellular matrix. Cell

streaming occurs at relatively high speeds in tumors or approximately 4 µm/min.

1.2 Motility of cells

Cancer is a heterogeneous disease and hence, there are multiple different cancer cell lines. Table 1.1

shows the cancer cell lines relevant to this study. The different cell lines have diverse characteristics,

some are more aggressive than others and if cancer cells migrate from the primary tumor, treatments

become more difficult. The present research focuses on the motility of tumor cells, but not all

tumor cells become motile. Research by Philippar et al. [11] has shown that motile cells express

different mammalian enabled isoforms called Mena isoforms. Mena is a protein that binds actin and

is involved in the regulation of cell motility and cell morphology. The invasive and migratory tumor

cells have a Mena isoform called MenaINV , whereas the less motile cells express the Mena11a

isoform. Cells expressing neither the 11a nor the INV (also called +++) exon are called Mena.

Mena cells have increased levels of free barbed end actin filaments at the sites where EGF binds to

the cell and the increase in free barbed ends correlates with increased protrusion towards the EGF

gradient. MenaINV cells are more sensitive to low gradients of EGF and have a more rapid response

to EGF receptor binding. MenaINV cells migrate in a streaming pattern and they are able to detect

and migrate towards 25–50 fold lower concentrations of EGF than cells without the Mena isoform.

Cells that express Mena11a did not move in a streaming pattern. Such cells have decreased CSF-

1 mRNA levels which possibly causes decreased paracrine signaling in addition to making them

less sensitive to gradients of EGF. The Mena11a cells have decreased invasion, intravasation and

dissemination capabilities. A so called TMEM score (Tumor Micro-Environment for Metastasis) is

used in patient treatments as a marker for metastatic risk [12]. TMEM’s are regions where tumor

cells, containing the MenaINV isoform, macrophages and endothelial cells are located. Patients
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with high TMEM scores have a low chance of recovery.

Cell Line Type Characteristic Reference
PyMT Mouse tumor

cell
Known to be highly metastatic (lymph
nodes and lungs)

[13]

MTLn3 Rat tumor cell Highly invasive and metastatic cell line [14, 15]
MDA-MB-231 Human tumor

cell
Largest known number of EGF receptors
per cell

[14, 16]

LR5
(RAW264.7)

Mouse
macrophage

Rapid immune response, high level of mi-
gration response

[17, 18]

BAC
(BAC1.2F51.2F5)

Mouse
macrophage

Survive and proliferate in presence of
CSF-1

[19]

Table 1.1: Cancer cell lines and macrophages used in the experiments relevant for this research.

1.3 Research outline

The objective of this research is to improve the current understanding of the EGF/CSF-1 paracrine

signaling loop by simulating the two cell types involved and their reactions to gradients of either

EGF (tumor cells) or CSF-1 (macrophages). The simulations should enhance understanding of the

mechanisms that contribute to the observed streaming patterns of tumor cells and the noted ratio

between invasive tumor cells and macrophages.

Chapter 2 includes a brief overview of some of the key papers that have contributed to our current

understanding of the EGF/CSF-1 paracrine signaling loop involved in breast tumor cell motility.

These experiments were conducted both in vitro and in vivo and they highlight the importance of

macrophages in tumor cell motility and hence invasion. In vivo results indicate that the ratio between

collected tumor cells and macrophages seems to always be 3 tumor cells to 1 macrophage. These

experiments are the basis of the simulation results in this study. Chapter 3 comprises a detailed

description of the computer model which is written in the C programming language. It explains the

computational framework used to simulate the two different cell types and the two different signaling

molecules and how cells can move in response to chemotactic signals. Chapter 4 presents results

from simulations of an in vitro experimental setup where the findings regarding the percentage of

tumor cells invading collagen are reproduced. I used the model to study how the response of the

cells changes with alterations of model parameters related to the cells, such as degradation and

secretion coefficients, as well as alterations of external parameters, such as density of macrophages

and external chemical concentration. Chapter 5 presents results from in vivo experimental setups
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where the collection of tumor cells and macrophages into micro-needles containing either EGF or

CSF-1, and placed close to a tumor margin, is simulated. I investigated how the observed ratio of 3

collected tumor cells per 1 macrophage can be altered when parameters in the model are changed.

Chapter 6 summarizes the results and what has been learned from the simulations. It also includes a

list of suggested experiments that will be necessary to validate the model. Chapter 7 includes some

future enhancements that can be made to the model once the current results have been validated, as

well as suggesting other related biological systems that can be simulated with this computational

model. Appendix A contains results from a mathematical analysis of a one dimensional continuum

model of the EGF/CSF-1 paracrine loop as well as simulations of the 1D system.



Chapter 2

Experiments

Chemotaxis plays a key role in cell motility in many biological processes such as wound healing,

development, inflammation and tumor metastasis [20]. Gradients of various signaling molecules

come to play and these chemotaxis systems have been studied in great detail for years both in

vitro and in vivo. Two signaling molecules are of interest in relation to breast cancer cell motility,

epidermal growth factor, EGF, and colony-stimulating factor 1, CSF-1. In vitro experiments by

Goswami et al. in 2005 [21] demonstrated that the paracrine signaling loop between macrophages

and tumor cells is both necessary and sufficient for tumor cell invasion. In 2004 Wyckoff et al. [22]

observed in vivo that when collection needles containing either EGF or CSF-1 were placed close to a

tumor margin in mice both tumor cells and macrophages migrated into the needle and in a somewhat

fixed ratio of 3 tumor cells to 1 macrophage. The first direct observation of how this paracrine loop

contributes to intravasation was in 2007 by Wyckoff et al. [6] using a multiphoton microscope.

2.1 In vitro experiments exploring the paracrine loop

The polarization and migration of breast cancer cells towards a gradient of EGF has been verified

in experiments. Firstly, in 2005 Soon et al. [23] designed a so called Soon chamber to study the

motility of MTLn3 breast cancer cells. The chamber is based on a pipette assay to create a 2D EGF

gradient. In 2010, Raja et al. [24] developed a new device to study chemotaxis of breast cancer

cells, called the Nano IntraVital Imaging Device (NANIVID). The experiments using NANIVID

were done in 2D and 3D using MTLn3 and MDA-MB-231 cells. The breast cancer cells were

explicitly shown to polarize and chemotact up a gradient of EGF.

In vitro experiments by Goswami et al. in 2005 [21] were among the first experiments to show

6
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Figure 2.1: The in vitro experimental setup from [21]. Tumor cells (labeled with GFP) and
macrophages (labeled with Texas red dextran) are plated on a 35-mm MatTek dish, then overlaid
by collagen and on top of the collagen there is media containing CSF-1.

that the EGF/CSF-1 paracrine loop between macrophages and tumor cells is both necessary and

sufficient for tumor cells to migrate into collagen. The experiments involved plating 50,000 MTLn3

tumor cells labeled with the green fluorescent protein (GFP) on a 35-mm MatTek Dish. In the ab-

sence of macrophages the tumor cells were non-polarized. However, when 250,000 macrophages

were added to the culture, as well as 36 ng/mL CSF-1,∼25% of the cells had elongated protrusions.

In the absence of the external CSF-1 the presence of macrophages only stimulated moderate num-

bers of protrusions which indicates that the presence of external CSF-1 is necessary to activate the

paracrine signaling system. Removing CSF-1 from the mix when no macrophages were present had

no effect on the tumor cells, which suggested that CSF-1 is not sufficient for motility but that it is

involved in the paracrine loop via macrophages.

Using time lapse microscopy, the motility behaviour of the tumor cells was recorded for 1 hr

in the absence and presence of macrophages. Morphometric analysis was used to calculate the

directionality of the motility of the cells. When the tumor cells were cultured alone they moved

randomly and changed direction frequently. The average speed was measured to be 0.61 µm/min

and the net distance moved was 18 µm. When they were cultured with macrophages they moved in

a more direct manner towards the macrophages. The average speed was measured to be 0.4 µm/min

and the net distance moved was 24 µm. Although the speed of the tumor cells decreases when they

are cultured with macrophages, the net distance travelled increases which suggests that the tumor

cells do not change direction as much when they are cultured with macrophages.

To study the invasion of tumor cells into collagen, Goswami et al. plated 80,000 MTLn3-GFP

tumor cells, both in the absence and presence of 200,000 BAC1.2F51.2F5 macrophages, on a 35-

mm MatTek Dish. The cells were overlaid by a 750–1,000 µm thick layer of 5–6 mg/ml collagen I.

The collagen layer was added to mimic the environment of breast tumor cells. The tumor cells can
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move along collagen fibres towards blood vessels where they can intravasate. On top of the collagen

was media that contained, among other things, CSF-1 (Figure 2.1). In the absence of macrophages

only a few tumor cells migrated into the collagen. However, when the two cell types were plated

together∼25% of the tumor cells invaded>20µm into the collagen. These invasive tumor cells were

found in the vicinity of macrophages in the collagen suggesting that the proximity of the two cell

types is necessary for invasion. The experiments were repeated with MDA-MB-231 human breast

tumor cells and in the presence of macrophages∼70% of the cells invaded>20µm into the collagen

but in the absence of macrophages very few tumor cells became invasive. Both MDA-MB-231 and

MTLn3 tumor cells have increased invasion in the presence of macrophages.

In the presence of 12.5 nM EGF, mRNA levels of CSF-1 in tumor cells triple and in the presence

of 36 ng/ml CSF-1, mRNA levels of EGF double in macrophages [21]. These results imply that

when tumor cells and macrophages are co-cultured in the presence of each other the production of

both EGF, in macrophages, or CSF-1, in tumor cells, increases.

Elaborating on these results, Goswami et al. [21] explored how blocking either EGF receptors

or CSF-1 receptors would affect the invasion of cells. Blocking either of the receptors resulted in

a drastic decrease in the number of both cell types invading collagen (50–80% decrease). These

results suggest that it is not the macrophages but specifically the EGF molecules that they produce

in response to CSF-1 that are necessary for tumor cell invasion and that blocking the paracrine

signaling loop decreases the number of invasive cells.

2.2 In vivo experiments exploring the paracrine loop

In 2004 Wyckoff et al. [22] conducted experiments to study the paracrine loop between tumor cells

and macrophages in vivo (Figure 2.2). The experiments were conducted with PyMT-induced mam-

mary tumors in mice and a multiphoton microscope to view the process. Tumors were grown for

16 to 18 weeks in the mice after which the mice were anaesthetized and placed under a microscope.

Collection needles containing 25 nM EGF were placed approximately 50 µm away from the tumor

margin. In 4 hr, approximately 1,000 cells were collected, of which 73% were tumor cells and 26%

were macrophages. This ratio of 3:1 between tumor cells and macrophages was also observed when

MTLn3 cells were grown in rats. The experiments were repeated, this time with CSF-1 in the col-

lection needle. The results are not shown in Wyckoff et al. [22] but they reported that similar results

were observed as in the experiments with EGF in the needle.

The experiments with EGF in the needle were repeated for MTLn3 cancer cell line over-expressing
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Figure 2.2: The in vivo experimental setup from Wyckoff et al. [22]. Collection needles containing
either EGF or CSF-1 are placed 50 µm away from the tumor margin. Tumor cells and macrophages
migrate through the extracellular matrix (ECM) and into the needle.

EGF receptors resulting in a 70–100% increase in collected tumor cells. No mention was made on

the number of macrophages collected.

Wychoff et al. [22] explored whether the concentration of signaling molecule in the needle

would change the number of collected cells. Increasing the concentration of EGF in the needle

increased the number of collected cells up to a maximum. Further increasing the amount of EGF

in the needle resulted in a decrease in the number of collected cells. With CSF-1 in the needle,

increasing the CSF-1 concentration, the number of cells collected increased up to a maximum and

then remained unchanged for even higher concentrations of CSF-1 in the needle. Unfortunately,

no information about the ratio between collected tumor cells and macrophages for the different

concentrations in the needles was noted in the paper.

To gain better understanding of the macrophage role in the migration of tumor cells into collec-

tion needles the experiments were repeated with PyMT mice defective in CSF-1 production [22].

These mice are expected to have a low density of macrophages at the tumor sites because CSF-1

concentration is low and thus only few macrophages will be recruited to the tumor site. In these

experiments, the number of cells collected in the needles containing either EGF or CSF-1 was sig-

nificantly decreased (4 to 5 fold) and only 5–7% of the cells were macrophages. The absence of

macrophages decreased motility of tumor cells. However, it did not change the growth nor number

of tumors.
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Wychoff et al. [22] also tested the effect of pre-injecting CSF-1 into PyMT tumors (not in the

CSF-1 deficient mutant) 4 hr before collection. The addition of external CSF-1 was expected to

result in increased number of macrophages at the tumor site because CSF-1 is known to recruit

macrophages to tumor sites. A 16% increase was observed in number of cells collected into needles

containing 25 nM EGF. The ratio between tumor cells and macrophages remained the same. The

experiments were repeated with receptor blockers, for either EGF receptors or CSF-1 receptors, in

the needles. Adding the EGF receptor blocker when either EGF or CSF-1 was in the needle resulted

in the same number of collected cells as in experiments when neither EGF nor CSF-1 was in the

needle. Adding a CSF-1 receptor blocker also resulted in a significant decrease in cells collected,

when either EGF or CSF-1 was in the needle, of which <3% were macrophages. Similar results

were noted to be achieved using MTLn3 cells in rats although results were not shown in the paper.

In summary, Wychoff et al. [22] showed that the paracrine loop between tumor cells and

macrophages is necessary for tumor cell invasion in mice for the cell lines that they tested. Ei-

ther EGF or CSF-1 in the collection needles could initiate the paracrine signaling loop and exper-

iments with 25 nM EGF in the needles resulted in a ratio of 3 invasive tumor cells per 1 invasive

macrophage. Decreasing the density of tumor cells at the tumor sites resulted in a significant de-

crease in the number of collected cells. Blocking either EGF or CSF-1 receptors resulted in a

significant decrease in number of cells collected in the needles.

The EGF/CSF-1 paracrine signaling loop has been studied by other researchers who also con-

cluded that paracrine signaling is necessary for breast cancer cell motility. Lin et al. [4] conducted

in vivo experiments in PyMT mice with null mutation in the CSF-1 gene. Compared to the wild

type, the CSF-1 mutant did not show altered number of tumors or growth, but did however alter

the tumor cell invasiveness and metastatic potential as well as the number of macrophages at the

tumor site. Experiments with up-regulated CSF-1 production accelerated the invasiveness and the

promotion of macrophages to the tumor site. Experiments where CSF-1 was down-regulated slowed

down tumor progression and metastasis but did not alter the tumor development. Kirma et al. [25]

conducted similar experiments but explored both CSF-1 and CSF-1 receptor up-regulation and fo-

cused on their effect on carcinogenesis. Increased expression of CSF-1 and CSF-1 receptors result

in changes before the formation of the primary tumor that could lead to tumor growth at later stages

in development.
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2.3 In vivo experiments to study intravasation

In 2007, Wyckoff et al. [6] were the first to directly observe the role of macrophages in intravasation

using a multiphoton microscope. The experiments were done using mouse models with the PyMT

cell line. Tumor cells were labeled using GFP and macrophages were labeled using Texas red-

dextran. Macrophages usually exist in high concentration at the tumor margin but the concentration

decreases within the tumor. Over 80% of tumor cell motility was observed to be associated with

macrophages both at the tumor margin and deep within a tumor in association with perivascular

macrophages, PMs. More tumor cells move at the tumor margin where more macrophages are

located. When the motility was normalized to the number of macrophages, tumor cells in the vicinity

of PMs moved more frequently and they migrated towards the blood vessels. This suggests that

tumor associated macrophages (TAMs) and PMs behave differently, PMs seem to have an amplified

effect on tumor cell motility. The average speed of tumor cells moving with PMs was 3.9 ± 0.28

µm/min (calculated from 20 different cells in 8 different mice). Motility of tumor cells at the tumor

margin is believed to be responsible for tumor cell invasion into surrounding tissues whereas tumor

cell motility associated with PMs is responsible for intravasation and metastasis.

2.4 Experiments with different MENA isoforms

As mentioned in the previous chapter, invasive tumor cells express a different Mena isoform than

non-invasive cells. Philippar et al. [11] studied the different effects of Mena (not containing a

specific exon), Mena11a and MenaINV . Mena11a is expressed in poorly invasive benign tumors

but MenaINV is expressed in invasive and metastatic tumors. In the experiments, intravital imaging

(IVI) and MTLn3 cells in mice were used. Mena was observed to be localized at cell-cell junctions

and at sites of rapid protrusion. Cell protrusion is the first step in cell motility and therefore it

was studied in greater detail. In motile cells, Mena and MenaINV was distributed throughout the

cytoplasm and existed in greater concentration at the leading edge. The presence of MenaINV

corresponded to increased number of motile cells. Mena expressing cells had a moderate increase

in lung metastasis compared to the control cells. However, MenaINV cells had a dramatic increase

in lung metastasis.

Elaborating on these results Philippar et al. [11] explored whether Mena and MenaINV affected

invasion in vitro. The experiment by Goswami et al. [21], described in chapter 2.1, was repeated

but now with cells expressing either Mena or MenaINV . In the presence of macrophages, both cell
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types had similar amount of invasive cells as the parental MTLn3 cells and therefore they concluded

that the invasion potential was at its maximum in parental MTLn3 cells. Increasing the sensitivity of

tumor cells to a gradient of EGF did not increase the invasiveness of the tumor cells. In the absence

of macrophages, Mena expressing cells showed increased invasion and MenaINV cells showed an

even greater increase in invasion. Philippar et al. hypothesized that moderate amounts of EGF

receptor ligands in the media overlaying the collagen were diffusing down and causing increased

invasion. The hypothesis was tested by using EGF receptor inhibitors which resulted in the invasion

decreasing to the same level as the control cells. These results indicate that Mena and MenaINV

cells are more sensitive to lower concentrations of EGF than the parental MTLn3 cells. In the

experiments with MTLn3 cells, the concentration of EGF ligands in the media above the collagen

was below a threshold level for detection. The Mena and MenaINV cells have a lower threshold

value for detection and therefore when the experiments were repeated with these cells they were

observed to invade the collagen.

Philippar et al. [11] investigated the EGF sensitivity of MenaINV cells by exploring the invasion

response due to different chemical gradients. In vitro MenaINV cells could respond to EGF levels as

low as 0.025 nM whereas the control cells had a threshold EGF level around 1 nM. The maximum

response level of MenaINV cells was 5 nM and the invasion response decreased at higher EGF

levels. In vivo a similar biphasic response occurs, but the maximum increased to 25 nM. In addition

to increased sensitivity MenaINV cells also had a faster response, they started protruding within

10 s whereas Mena and control cells required 30–90 s. I explored this in my simulations by using

different concentrations of EGF in collection needles placed close to a tumor margin.

In order for cells to migrate, they need to be able to dissociate from a primary tumor and cross a

basement membrane. In vitro this occurs at invadopodia by local activation of proteases. Philippar

et al. [11] hypothesized that 3D protrusions correlate to invadopodia in vitro and tested the effect

of Mena and MenaINV on invadopodia. The number of invadopodia of Mena and MenaINV were

similar to that of the control cells. However, there was a significant increase in matrix degrada-

tion of cells expressing Mena and MenaINV . The researchers found that in these cell types the

invadopodium had longer lifetimes and examining the actin structure showed that the invadopodium

in Mena and MenaINV cells were more stable.

In conclusion, Mena and MenaINV cells are more motile and invade surrounding tissues and

intravasate blood vessels. Mena11a cells on the other hand are not invasive but found in primary

tumors. Mena and MenaINV cells are more sensitive to EGF gradients and increase matrix degrada-

tion by stabilizing invadopodia. MenaINV cells are more sensitive to gradients of EGF than Mena
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cells and they start protruding earlier. I tested the invasive potential of cancer cells with differ-

ent Mena isoforms by changing the EGF threshold concentration for a tumor cell response and by

changing the amount of chemical degraded by tumor cells in the simulations and comparing these

results.



Chapter 3

Computational framework

To better understand the EGF/CSF-1 paracrine loop between tumor cells and macrophages I further

developed a 3D discrete computational model first designed by Palsson [26] over a decade a go.

Palsson [26] used the model to study cyclic AMP signaling and cell motility in Dictyostelium dis-

coideum (Dd). I modified the computational framework to simulate the motility of cancer cells and

to include the paracrine signaling loop. In my model, there are two different cell types, macrophages

and tumor cells, which are represented as individual deformable ellipsoids. There are also two dif-

ferent signaling molecules, EGF and CSF-1, the concentration of which is approximated using a

set of partial differential equations. The model is written in the C programming language and it

produces 3D images using the graphic program openGL.

3.1 Cells

Both macrophages and tumor cells can form multiple protrusions which results in them having

asymmetric shapes. In this model, the two cell types are approximated as individual deformable

ellipsoids with constant volume, V . Each axis of the ellipsoid has a Hookean spring, κ2, in parallel

with a Maxwell element, which consists of a viscous element, µ, in series with a Hookean spring,

κ1 (Figure 3.1). The Maxwell element controls the relaxation of the axis once a force acting on

it is removed. This model, comprising of two Hookean springs and a viscous element for each

axis, has often been used to represent the viscoelastic properties of cells. κ1 represents the initial

elastic response of a cell to deformation, µ represents the steady deformation of a cell under constant

force and κ2 prevents the cells from being squished or stretched too much on any given axis. The

three axes of the ellipsoids are represented with the vectors ~a, ~b and ~c. When one axis is stretched

14
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moving forward is slow while backwards sorting is faster and
perhaps more efficient. This is consistent with my simulations
since backwards sorting of a few cells is like forward sorting
of a large group of cells. The adhesive properties of Dd cells
could be manipulated by putting the expression of adhesion
molecules under the control of prestalk or prespore specific
promoters. If the prestalk cells are more adhesive than prespore
cells and the adhesion is not cell specific, the pattern should
be similar to Fig. 6(b), where prestalk cells clump together and
move anteriorly up the center of the slug. If the adhesion also
has a cell specific component, then the two cell types will
separate more and form two distinct regions where the boundary
between the prestalk and prespore cells is minimized, similar to
Fig. 5(b) or 6(b). If the prespore cells are more adhesive, more
prestalk cells would be found at the surface (Fig. 8 and 8(b)). From
the model I would predict that in mutants that do not express the
prespore-specific adhesion molecules, the boundary between the
prestalk and prespore zone would not be as well defined, with a
higher proportion of prespore cells in the prestalk zone than in the
wild type.

The sorting patterns that arise from the combined inter-
actions of cell adhesion and chemotaxis, as shown here, are
not unique to Dd. There are many instances, such as during
gastrulation (Alberts et al., 1994), neural crest cell migration
(Takeichi et al., 2000) and somitogenesis in zebrafish (Stickney
et al., 2000) where cells with differences in adhesive and
chemotactic strengths sort out. The simulations of the model
can thus be generalized and used to identify qualitative adhesive
properties of cell types in those systems. The cell charac-
teristics incorporated are general for most cell types but the
parameter values may differ. Forces are carefully balanced in the
model, so it can be used to study the difference between
movement when cells get traction from the boundary versus
neighboring cells.

Since I was focusing on the cell sorting, I did not include the
effects of positional cell differentiation even though it clearly
plays an important role. Thus, improvements of the model would
be to include active cell differentiation, and to couple that with
the cell movements and signaling.
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Appendix A

A.1. Cell properties

The cell is represented by its center of mass coordinates and by
the orientation and length of the principal ellipsoidal axes,
denoted by the vectors a;b and c. The viscoelastic cells are
assumed to be deformable ellipsoids with axes of length a, b and c.
Each axis contains a nonlinear spring in parallel with a spring and
a viscous element in series, also called a Kelvin model (Fung, 1993)
(Fig. 11(a)), in line with findings of Chien (1984) and Skalak et al.
(1984). k1, k2 are the spring constants and m1 is the viscosity of the
element. The fluid inside the cell, the cytosol, is essentially
incompressible (bulk modulus 2! 109 N=m2), so the cell must
conserve volume under deformation. When one of the axis is
compressed, the other axes must be stretched, for volume
conservation, generating a counteracting force, represented as a
modifying force, Fmod. The stress–strain relationship for the Kelvin
model (Fung, 1993) including the Fmod gives us Eqs. (A.1) and (A.2)
for the deformation of the i-axis of a cell for a given force on that
axis ðFiÞ.

dri
dt

¼
k1ðFi % FmodÞ
m1ðk1 þ k2Þ

þ
dFi=dt

ðk1 þ k2Þ
% ri

k1k2
m1ðk1 þ k2Þ

, (A.1)

rarbrc ¼ ðra þ DraÞðrb þ DrbÞðrc þ DrcÞ ¼ Vellipse=ð43pÞ. (A.2)

Here ri is the length of either the a, b or c axis in units of 10mm.
Fmod is calculated from the volume constraint each timestep by
solving (A.1) to find Dra, Drb and Drc under the constraint of (A.2)
(solution of a third-order polynomial for Fmod).

A.2. Forces

A.2.1. Active force
I assume that when cell i actively tries to move, either

randomly or in response to a chemotactic signal, an active force
is generated. The cell attaches a ‘‘pseudopod’’ and applies this
force to the substrate, or to that neighbor cell j in front of it which
has the smallest angle between the vector rij (connecting the cell
centers of i and j) and the direction of the force. The cell always
orients its anterior–posterior axis (a-axis of the ellipsoid) in the
direction of the active force.

When a cell attaches a pseudopod to a neighbor cell, the active
force pulls the neighbor cell toward the first cell, while the
opposing reaction force pulls the first cell forward. Thus, the
active force enters into the equation of motion for the second cell,
and the reaction force enters into the equation of motion for the

ARTICLE IN PRESS

κ1

κ2

µ1

κ 1
κ 2µ 1

κ 1 κ 1
µ 1

a
b

rij j

}

i

di }dj}d

rjri

Factive

b

a

Fig. 11. (a) The combination of springs and dashpots (‘‘Standard Linear Solid Model’’) or the ‘‘Kelvin’’ model) that were used to model the viscoelastic properties of each of
the ellipsoid axes. Here m1 is the viscous constant and k1 and k2 are the spring constants for Hookean springs. (b) Definition of the distance, d, between two cells. (c) Two
overlapping ellipsoids are used to represent close contact between neighboring cells. The cells are at equilibrium so the separation distance, d, is negative. The solid line
shows how real cells deform and the dotted lines indicate the ellipsoid shape.

E. Palsson / Journal of Theoretical Biology 254 (2008) 1–1310

Figure 3.1: Cells are represented as deformable ellipsoids where each axis is represented by a
Hookean spring with spring constant κ1 in parallel with a Maxwell element consisting of viscous
element µ and a Hookean spring κ2. Figure from Palsson [26].

another one needs to be compressed in order to preserve the volume of the ellipsoid. This generates

a modifying force, Fmod, which can be calculated by solving equations 3.1 and 3.2 simultaneously.

dri
dt

=
κ1(Fi − Fmod)
µ(κ1 + κ2)

+
dFi/dt

(κ1 + κ2)
− ri

κ1κ2
µ(κ1 + κ2)

(3.1)

rarbrc = (ra + ∆ra)(rb + ∆rb)(rc + ∆rc) = V/(
4

3
π) (3.2)

where ri are the lengths of the different axes of the ellipsoid, i can be a, b or c, Fi is the total force

acting on axis i and ∆ri is the change in length of axis i. When the force is removed the ellipsoid

slowly relaxes back to its original shape.

Before the cell begins to move it polarizes and establishes a front and back. In the model, to

account for this the a axis of the ellipsoidal cells is always oriented in the direction the cell is moving

in. If the concentration of a signaling molecule, either EGF or CSF-1, around a cell is above a set

threshold and the signaling molecule gradient is steep enough, the cell will orient its a axis in the

direction of the gradient and start moving along it. The gradient calculated is the absolute gradient

across the cell diameter. If the gradient is below a set threshold the cells will chose a random

direction with a biased towards the previous direction. When the unit-vector ~a of the ellipsoid is

rotated in the new direction that the cell is moving in, the new ~b and ~c unit-vectors also need to be

calculated. The new unit-vectors are calculated using the Gram Schmidt process for an orthogonal
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Figure 3.2: Demonstration of how a cell (green sphere) can move independently of the lattice cubes
used to calculate chemical concentrations. Here, the green cell has volume in 8 different lattice
cubes, which needs to be accounted for when calculating chemical concentration and secretion.

basis where the old ~b and ~c vectors are used as the previous orthonormal basis. The lengths of the

new ~a, ~b, and~c vectors (ra, rb and rc) are calculated by finding where the new vectors would cut the

surface of the old ellipsoid. The force acting on a cell, further explained in section 3.4, determines

how much the ellipsoidal cells deform. The deformability of the ellipsoids helps visualize the cells

polarity and in practice represent the protrusion of cells along a chemical gradient. Using semi-hard

spherical cells in my simulations would have produced quantitatively similar results. However, since

I hope to extend this work to simulate intravasation and extravasation of tumor cells, using ellipsoidal

cells becomes important and does not add much to the computational time. For these simulations,

the cells will need to squeeze through the walls of the blood vessels and the deformability of cells

will be necessary.

3.2 Concentration of signaling molecules

The tumor cells involved in the paracrine signaling loop with macrophages, secrete CSF-1 in re-

sponse to a local EGF concentration above a set threshold. Similarly, macrophages secrete EGF

in response to a high enough local CSF-1 concentration. The concentration of the two signaling
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molecules is calculated on a 3D grid where each side in a lattice cube is one cell diameter in length.

Every time step, the concentration in all lattice cubes is used to find the local chemical concentration

around each cell and to calculate the chemical gradients. Cells are free to move around indepen-

dently of this grid and therefore each cell can partially occupy up to 8 different lattice cubes at a

given point in time (Figure 3.2). This partial overlap is accounted for when calculating the local

concentration around a cell. The overlap is also used to determine how the cell’s secretion is dis-

tributed to the overlapping grid cubes. The local concentrations around the cells is calculated using

the following equations:

[C]cell−q =
i=l+1∑
i=l−1

j=m+1∑
j=m−1

k=n+1∑
k=n−1

Sijkcell−q
Scell

[C]ijk (3.3)

[E]cell−p =
i=l+1∑
i=l−1

j=m+1∑
j=m−1

k=n+1∑
k=n−1

Sijkcell−p
Scell

[E]ijk (3.4)

where [C]cell−q is the CSF-1 concentration around macrophage q, the centre of macrophage q is

located in a lattice cube with (x,y,z)-coordinates lmn, [C]ijk is the CSF-1 concentration in lattice

cube ijk, Scell is the total surface area of a cell, Sijkcell−q is the segment of surface area of macrophage

q that is located in lattice cube ijk, [E]cell−p is the EGF concentration around tumor cell p, Sijkcell−p
is the segment of surface area of tumor cell p that is located in lattice cube ijk and [E]ijk is the EGF

concentration in lattice cube ijk. The local concentration around a cell needs to be above a certain

threshold ([E]th for tumor cells or [C]th for macrophages) for the cell to begin secreting a signaling

molecule. The secretion of CSF-1 by tumor cells and EGF by macrophages can be approximated

using Michaelis Menten kinetics:

Ω′([E]cell−p) =
[E]ncell−p

[E]nth + [E]ncell−p
(3.5)

Ω′([C]cell−q) =
[C]ncell−q

[C]nth + [C]ncell−q
(3.6)

where Ω′([E]cell−p) is the secretion of CSF-1 by tumor cell p in response to its local EGF concen-

tration. Similarly, Ω′([C]cell−q) is the secretion of EGF by macrophage q in response to its local

CSF-1 concentration and n ≥1. For large n this equation has a sharp transition threshold (Figure

3.3). Presuming that there is a sharp transition when these cells start secreting signaling molecules,

equations 3.5 and 3.6 can be approximated with the following equations for simplicity:
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Ω([E]cell−p) =

 0 if [E]th > [E]cell−p
[E]cell−p

1+[E]cell−p
if [E]th ≤ [E]cell−p

(3.7)

Ω([C]cell−q) =

 0 if [C]th > [C]cell−q
[C]cell−q

1+[C]cell−q
if [C]th ≤ [C]cell−q

(3.8)

Below a set threshold in the model ([E]th and [C]th) there is no chemical secretion by the cells.

Using a sigmoidal term instead of the transition threshold assumed here, does not affect the results

qualitatively. The secretion of either EGF or CSF-1 from each cell must be distributed into all the

lattice cubes that the cell is located in, therefore the secretion in each lattice cube becomes:

Cijksec =
∑

p∈(ijk)

Sijkcell−p
Scell

ktumorsec−pH([E]cell−p − [E]th)
[E]cell−p

1 + [E]cell−p
(3.9)

Eijksec =
∑

q∈(ijk)

Sijkcell−q
Scell

kmacrosec−q H([C]cell−q − [C]th)
[C]cell−q

1 + [C]cell−q
(3.10)

where Cijksec is the total amount of CSF-1 secreted by all tumor cells located in lattice cube ijk in

each time step, the sum is over all tumor cells p that have some surface area (Sijkcell−p) in lattice

cube ijk, ktumorsec−p is the CSF-1 secretion coefficient for tumor cell p, H is the Heaviside function.

Similarly, Eijksec is the total amount of EGF secreted by all macrophages located in lattice cube ijk

in each time step, the sum is over all macrophages q that have some surface area (Sijkcell−q) in lattice

cube ijk and kmacrosec−q is the EGF secretion coefficient for macrophage q.

In each time step in the simulations, the change in concentration of the signaling molecules needs

to be calculated with respect to the diffusion of the molecules, the secretion of signaling molecules

by cells and the degradation of signaling molecules at cell membrane and in the extracellular matrix.

This is done using the following reaction-diffusion partial differential equations:

d[C]ijk

dt
= D∇2[C]ijk + Cijksec − k

csf ijk

deg [C]ijk

d[E]ijk

dt
= D∇2[E]ijk + Eijksec − k

egf ijk

deg [E]ijk (3.11)

where D is the diffusion coefficient for EGF and CSF-1 and kcsf
ijk

deg and kegf
ijk

deg are the degradation

coefficients for CSF-1 and EGF, respectively (further explained in section 3.3). The partial differen-

tial equations 3.11 are solved in each lattice cube in every time step using forward Euler’s method

with no flux boundary conditions.
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Figure 3.3: Plot of equations 3.5 and 3.7. For n=1.5, 2, 3, 5, 10. The black line is the approximation
used in the model for the Michaelis Menten kinetics.

In order for a tumor cell (macrophage) to start secreting CSF-1 (EGF) the local chemical con-

centration of EGF (CSF-1) has to be above a set threshold. However, in order for a cell to start

migrating in the direction of the gradient both local concentration and steepness of gradient need to

be above a set threshold in the model.

3.3 External and membrane-bound degradation

There are two different means of degradation in the model, membrane-bound degradation, kmem,

and external degradation, kext. Thus, the degradation coefficients in each lattice cube, ijk, are

determined with the following equations:

kcsf
ijk

deg = kijkext +

 ∑
p∈(ijk)

Sijkcell−p
Scell

+
∑

q∈(ijk)

Sijkcell−q
Scell

 kcsfmem

kegf
ijk

deg = kijkext +

 ∑
p∈(ijk)

Sijkcell−p
Scell

+
∑

q∈(ijk)

Sijkcell−q
Scell

 kegfmem (3.12)

where kcsfmem is the membrane-bound degradation coefficient of CSF-1 for each cell and kegfmem is the
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membrane-bound degradation coefficient of EGF for each cell. Equation 3.12 enables each cell type

to break down either EGF or CSF-1 or both. The external degradation coefficient, kijkext, is assumed

to be uniform and the same for both EGF and CSF-1.

Membrane-bound degradation is caused by enzymes on the cell membrane. External degrada-

tion occurs in the extracellular matrix and can be due to enzymes from the cell membranes that have

been cleaved off and are now free to diffuse through the extracellular matrix. The external degrada-

tion constant is also used to account for perfusion. Perfusion is the continuous addition and removal

of material in the extracellular matrix caused by fluid flow. Assuming perfusion is constant we can

model it as external degradation.

3.4 Forces

In order to determine the movement of each cell, all the active and repulsive forces acting on the cell

are calculated using the following equation:

Fcell = Factive +
∑
N

Frepulsive (3.13)

where N is the number of neighbouring cells that exert a repulsive force on the cell. Cells grab onto

the extracellular matrix (i.e. collagen fibres) to generate an active force, Factive, that moves them

either in the direction of a gradient or in a random direction.

Factive =

 Frandom if ∇[A]th > ∇[A], where A ∈ {E,C}
Fchemotax if ∇[A]th ≤ ∇[A], where A ∈ {E,C}

(3.14)

where Frandom represents the random and exploratory behaviour of a cell, Fchemotax represents the

force generated for a cell to chemotact in the direction of a gradient and ∇[A] is the gradient of

either EGF if the cell is a tumor cell or CSF-1 if the cell is a macrophage and∇[A]th is the threshold

value in the model above which the gradient needs to be for the cell to chemotact along that gradient.

The a axis of the cell is always oriented in the direction that the cell is attempting to move, be it in

the direction of the chemical gradient or in a random direction. Therefore, the direction of the active

force is given as ~F = F~a, where ~a is the unit vector for the a axis. The magnitudes of the two active

forces are given in Table 3.1.

There is a repulsive force between cells in close proximity to ensure they do not overlap, it is

calculated from the following equation:
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Frepulsive =

 0 if x > 0

Fcompress(−x)
9
5 · ~rij
‖~rij‖ if x ≤ 0

(3.15)

where Fcompress is the strength of the repulsive force, x = d
rcell

, where d is the distance between the

surface of the two cells along the vector ~rij between the centre of the two cells and rcell is the radius

of the cells (5 µm).

Each time step all forces acting on every cell are calculated and then all the cells are moved at

the same time. The cells are moving in a very low Reynolds number environment, so I can ignore

inertia. Therefore, the active and repulsive forces are balanced by the drag force, resulting in the

following equation of motion:

dxi
dt

= vi (3.16)

vi =
Fcell
µecm

(3.17)

where dxi is the change in position of cell i for a time step ∆t = 0.01 min, vi is the velocity of cell

i and µecm is the viscosity between the cells and the extracellular matrix. µecm is estimated from

experimental data of cell velocity and the force the cells apply to their surroundings. The shape of

the cells does not change significantly and thus µecm is assumed to be constant.

3.5 Parameters

In Table 3.1 I list the parameters that are used in the model. These parameters are kept fixed in all

my simulations. Some of the parameters are found in the literature and I have listed the reference

for those in the table, others are estimated to fit observations from experiments. In the simulations,

model parameters that are not listed in Table 3.1, such as degradation and secretion coefficients for

the signaling molecules as well as the initial external chemical concentration and number of cells,

are altered to investigate the effect they have on the motility of the macrophages and tumor cells.

Those parameters are listed in later chapters.

3.6 Outline of simulations

Below is the outline and order of the actions that are performed each time step in the simulations.

The time step is 0.01 min and each grid cube is 10 µm in length.
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Parameter Value Reference
D 4×10−4 mm2min−1 [27]
rcell 5 µm [6]
[E]th 0.1 nM [11]
[C]th 0.1 nM [11]
k1 4×102 nN/µm
k2 2 nN/µm
µ 6×10−6 dyne·s/µm
µecm 8×10−3 dyne·s/µm
Fchemotax 0.2 nN
Frandom 0.1 nN
Fcompress 30 nN

Table 3.1: Parameters - List of parameters used in the model. When parameter values could be
found in the literature they were used in the model (see Reference column). Often, parameter
values could not be obtained from the literature in which case the model parameters were fitted
to match observations from experiments. Other parameters, such as the degradation and secretion
coefficients, are altered in the simulations and those parameters are listed in later chapters.

1. Cells are randomly distributed at a given initial density and cell ratio that depends on the

simulation.

2. The local concentration of signaling molecules (EGF and CSF-1) for each cell is calculated

(equations 3.3 and 3.4) and the EGF and CSF-1 secretion from every cell determined. The

cell secretion is then divided into the lattice cubes according to equations 3.9 and 3.10 and the

diffusion and degradation of EGF and CSF-1 is calculated using equations 3.11.

3. If a cell detects a gradient above a set threshold, the a axis of the cell is oriented along the

gradient. Otherwise, the cell orients in a random direction biased towards the direction it was

moving in.

4. All the active and repulsive forces acting on each cell are calculated.

5. The cells are then moved using the equation of motion (equation 3.16). Start again at step 2.

3.7 Continuum model

I have also investigated the EGF/CSF-1 paracrine signaling pathway with a one-dimensional con-

tinuum model to explore the parameter space and identify conditions necessary for instability, see
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appendix A. I used a set of four partial differential equations to describe the system and assumed a

linear relation for the secretion of signaling molecules with respect to density of cells, while ignor-

ing the membrane-bound degradation. The limitations of the parameter space as identified by the

linear stability analysis of the 1D system were also observed in simulations with the 3D model.



Chapter 4

Results from simulations of in vitro
experiments

In the experiments, described in chapter 2.2, Goswami et al. [21] plated 80,000 tumor cells and

200,000 macrophages on a MatTek dish. That corresponds to a ratio of about 30% tumor cells and

70% macrophages. Approximately 25% of the MTLn3 tumor cells were found to invade more than

20 µm into collagen placed above them and these invasive tumor cells were in close proximity to

macrophages.

The simulations in this chapter were designed to emulate the in vitro experimental setup from

Goswami et al. [21]. The ratio between the two cell types was the same as in the experiments

but with a total of 100 cells. Simulation results using more cells, total cell numbers ranging from

100–2500 and the same macrophage to tumor cell ratio and density, were qualitatively comparable

in regards to percentage of invasive cells. In light of this, I ran the simulations in this chapter with

100 cells to reduce simulation time.

To explain the motility behaviour of the tumor cells and macrophages in the simulations, I will

define a few of the observed phenomena:

• Invasive cells: Cells that invade more than 20 µm into the collagen matrix, in the simulations

this corresponds to moving more than 20 µm in the positive z-direction.

• Sub-threshold gradient: When the gradient of EGF (CSF-1) is below the threshold value

for detection for a tumor cell (macrophage). The sub-threshold gradient results in cells not

chemotacting along a gradient.

24
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Figure 4.1: Average external CSF-1 concentration as a function of height from bottom of plate (z
coordinate) at different times in simulation. Concentration of CSF-1 at the top was kept fixed and
the concentration at the plate increased with time. There were no cells present in this simulation.

• Sub-threshold concentration: When the signaling molecule concentration around a cell is

below the concentration threshold value in the model. Sub-threshold concentration results in

cells not chemotacting along a gradient and not secreting any signaling molecules.

• Chemotaxis failure: When the cells can not chemotact along a gradient from the overlaid

media or from other cells because the concentration of signaling molecules at the plate or

tumor margin has an attenuating effect on the gradient.

In the experiments, the overlaid media contained CSF-1 (Figure 2.1). This is approximated in

the simulations by placing a uniform concentration of CSF-1 500 µm above the cells. Presuming

a large media volume with high CSF-1 concentration the overlaid media in the simulations was

assumed to have a constant CSF-1 concentration. Figure 4.1 shows the results from a simulation

where there is no degradation nor secretion so the CSF-1 concentration in the collagen continues to

increase. If the simulation is kept running for long enough the whole area would have a uniform

concentration.

Simulations without degradation, neither membrane-bound nor external, resulted in two dis-

tinctly different results depending on the value of the CSF-1 secretion coefficient, ktumorsec , for tu-

mor cells. (a) When ktumorsec = 0.03 nM/min there were no invasive cells and (b) when ktumorsec =
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0.003nM/min all the cells became invasive (Figure 4.2). In (a) the CSF-1 secreted by the tumor cells

builds up too fast at the bottom of the plate. This interferes with the CSF-1 concentration profile

so that the gradient is no longer towards the CSF-1 in the overlaid media and thus the macrophages

do not invade. This is an example of chemotaxis failure. If no macrophages are invasive the tumor

cells can not invade either because they migrate along an EGF gradient from macrophages. In (b)

the gradient towards the top persists and all of the cells become invasive. The tumor cells follow far

behind the macrophages in these simulations, which does not match experimental results. I there-

fore concluded that, degradation is necessary to simulate the EGF/CSF-1 paracrine signaling loop

involved in invasion of breast tumor cells.

Simulations also showed that with low external degradation and no membrane-bound degrada-

tion there were no invasive cells. For high external degradation and no membrane-bound degradation

there were only invasive macrophages. These results suggest that membrane-bound degradation is

necessary to explain the experimental results.

In this chapter, I will explore how changing parameters such as degradation coefficients, secre-

tion coefficients, external concentration of CSF-1 and initial ratio between tumor cells and macro-

phages affects the percentage of invasive cells. I will also investigate two different scenarios of

membrane-bound degradation. In the first scenario the tumor cells only degrade EGF and the

macrophages degrade CSF-1. In the second scenario both cell types degrade EGF and CSF-1.

In the figures of the simulations, red cells are macrophages and green cells are tumor cells. The

two bars on the right represent the chemical concentration in the centre of the x-y plane at different

heights, the red bar represents CSF-1 and the green bar represents EGF (Figure 4.3). All graphs that

show the change in percentage of invasive cells for different parameters are average values for 10

differently randomized simulations.

4.1 Generating the desired percentage of invasive tumor cells

The percentage of invasive cells in the simulations depends on the choice of parameters. Changing

the parameter values can alter the percentage of invasive cells. Goswami et al. [21] observed in their

experiments that approximately 25% of the MTLn3 tumor cells were invasive. To obtain a similar

percentage in the simulations I used the following set of parameters and initial conditions: The

activated macrophages secrete two thirds more EGF than the activated tumor cells secrete CSF-1.

These values are based on results from mRNA experiments in Goswami et al. [21]; The CSF-

1 membrane-bound degradation is four times higher than the EGF membrane-bound degradation;
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After 20 hrs
High CSF-1 secretion

After 20 hrs
Low CSF-1 secretion

Figure 4.2: Snapshots from simulations after 20 hours where there is no degradation. In the snapshot
on the left the ktumor

sec = 0.03nM/min and in the snapshot on the right ktumor
sec = 0.003nM/min. Red

cells are macrophages and green cells are tumor cells. The second row shows the average concentra-
tion of CSF-1 at different times in simulation. The third row shows the average EGF concentration
at different times in simulation.
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Figure 4.2: Snapshots from simulations after 20 hours where there is no degradation. In the snapshot
on the left the ktumor

sec = 0.03nM/min and in the snapshot on the right ktumor
sec = 0.003nM/min. Red

cells are macrophages and green cells are tumor cells. The second row shows the average concentra-
tion of CSF-1 at different times in simulation. The third row shows the average EGF concentration
at different times in simulation.

Figure 4.2: Snapshots from simulations after 20 hours when there was no degradation. In the
left column ktumorsec = 0.03nM/min and in the right column ktumorsec = 0.003nM/min. Red cells are
macrophages and green cells are tumor cells. The red bar on the right represents the average con-
centration of CSF-1 and the green bar on the right represents the average concentration of EGF. The
second row shows the average concentration of CSF-1 at different times in simulation. The third
row shows the average EGF concentration at different times in simulation.
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0 hr 10 hr

20 hr 30 hr

Monday, July 30, 2012

Figure 4.3: Snapshots at 4 different times, 0, 10, 20 and 30 hours. There was a CSF-1 gradient
from the overlaid media. The macrophages moved in the direction of the CSF-1 gradient and the
tumor cells followed them. Both cell types degraded both CSF-1 and EGF. When a cell changed to a
brighter colour it indicated that it was chemotacting along a gradient. Approximately 28% of tumor
cells and 38% of macrophages were invasive in this simulation. All parameters were as shown in
Table 4.1.
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70% of cells are macrophages; The concentration of CSF-1 in the media is 200 fold the threshold

concentration (Table 4.1). The media containing CSF-1 is placed 500 µm above the cells. The

simulation time is around 30 hours, which is comparable to the experimental time of 24 hours. These

simulations resulted in an average of 23% invasive tumor cells and 31% invasive macrophages.

Snapshots from one of these simulations can be seen in Figure 4.3 where 28% tumor cells and 38%

macrophages were invasive. The invasive tumor cells follow closely behind invasive macrophages

as was observed in the experiments and the two cell types seem to move in pairs. This individual

cell based model allows for various other information to be acquired such as the average EGF and

CSF-1 concentrations at different times in the simulation as well as the percentage of invasive cells

as a function of time (Figure 4.4).

Parameter Value Symbol
CSF-1 MB degradation* 4 min−1 kcsfmem
EGF MB degradation* 1 min−1 kegfmem

CSF-1 secretion* 0.02 nM/min ktumorsec

EGF secretion* 0.03 nM/min kmacrosec

CSF-1 gradient threshold 0.1 nM kmacrothr

EGF gradient threshold 0.02 nM ktumorthr

External CSF-1 concentration 10 nM
Percentage of macrophages 70%

Table 4.1: Parameter values - List of parameters used to generate a desired percentage of invasive
tumor cells. MB: membrane-bound. *Note: these parameter values have been selected to fit this
model, they should not be directly compared to parameters in other models or in experiments.

4.2 Membrane-bound degradation

In the simulation results in Figure 4.5, tumor cells degrade EGF and macrophages degrade CSF-

1. I increased the CSF-1 membrane-bound degradation coefficient, with kegfmem = 1 min−1, and

investigated how it affected invasion of cells. The percentage of invasive macrophages had a biphasic

response to increase in the CSF-1 membrane-bound degradation coefficient with a maximum value

at kcsfmem = 10 min−1. Increasing the CSF-1 membrane-bound degradation coefficient sharpened

the gradient of CSF-1 from the overlaid media, hence more macrophages chemotacted along the

gradient. When kcsfmem > 10 min−1 the degradation resulted in a sub-threshold concentration of

CSF-1, thus fewer macrophages chemotact towards the overlaid media. For kcsfmem below 3 min−1

more tumor cells were invasive than macrophages. Close observation showed that those invasive
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Figure 4.4: Results from one simulation where 27% of tumor cells became invasive. A) Average
CSF-1 concentration at different times in the simulation. B) Average EGF concentration at different
times in the simulation. Z-coordinate value is in number of cell diameters (10 µm). C) Percentage
of invasive tumor cells and macrophages. One time step equals 5 min. The simulation time was 33
hours. All parameters from Table 4.1 were used.
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tumor cells were being pushed by the macrophages. The tumor cells were secreting CSF-1, the

macrophages chemotact along a CSF-1 gradient and thus migrated towards the tumor cells. There

is no mechanism in the model that prevents the cells from pushing on one another. Therefore, the

movement of the macrophages in the direction of the CSF-1 gradient from the tumor cells resulted

in them pushing the tumor cells upwards. This pushing of the cells on one another does not seem to

be observed in the Goswami experiments.

I increased the EGF membrane-bound degradation coefficient, with kcsfmem = 4 min−1, and in-

vestigated the effect it had on invasive tumor cells and macrophages. Increasing kegfmem resulted in a

sub-threshold concentration of EGF and thus, a decrease in the percentage of invasive tumor cells

(Figure 4.5.B). The percentage of invasive macrophages reached a minimum of 10% when kegfmem = 5

min−1. Invasive tumor cells secrete CSF-1, that contributed to the CSF-1 gradient from the overlaid

media. When fewer tumor cells were invasive there was a sub-threshold gradient of CSF-1 for some

of the macrophages, therefore fewer macrophages were invasive. Also, for low EGF membrane-

bound degradation there can be some tumor cells that secrete CSF-1 but do not chemotact into

the collagen. This causes build up of CSF-1 at the plate and thus, chemotaxis failure for some

macrophages. Increasing kegfmem past 5 min−1 increased the percentage of invasive macrophages.

This suggests that when more EGF was degraded there was a sub-threshold concentration of EGF.

Thus, the CSF-1 from the non-invasive tumor cells at the plate did not cause chemotaxis failure and

more macrophages could migrate towards the CSF-1 gradient from the overlaid media.

In the next simulations macrophages and tumor cells degraded both EGF and CSF-1 (Figure

4.6). I changed the CSF-1 membrane-bound degradation coefficient, with kegfmem = 1 min−1, and in-

vestigated the effect it had on invasiveness of cells. Increasing the kcsfmem resulted in a biphasic curve

for percentage of invasive tumor cells and macrophages (Figure 4.6.A). Invasive tumor cells reached

a maximum of 70% when kcsfmem = 15 min−1. However, the percentage of invasive macrophages

reached a maximum of 40% when kcsfmem = 7 min−1. The different inflection points for invasive

tumor cells and macrophages is a result of the difference in sensitivity to gradient steepness, which

will be discussed further in section 4.4. The increase in percentage of collected macrophages was a

result of the CSF-1 membrane-bound degradation sharpening the gradient from the overlaid media.

One way in which the gradient gets sharpened is by degrading the CSF-1 secreted by the tumor cells.

The decrease in percentage of collected macrophages was caused by a sub-threshold concentration

of CSF-1. Tumor cells chemotact towards an EGF gradient from macrophages and therefore, the per-

centage of collected tumor cells follows the same trend as the percentage of collected macrophages.

For kcsfmem above 50 min−1 the sub-threshold concentration of CSF-1 resulted in neither tumor cells
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Figure 4.5: In these simulations tumor cells degraded EGF and macrophages degraded CSF-1 and
there was no external degradation. A) Percentage of invasive macrophages and tumor cells as a
function of kcsfmem, with kegfmem = 1 min−1. B) Percentage of invasive macrophages and tumor cells as
a function of kegfmem, with kcsfmem = 4 min−1.

nor macrophages invading. For kcsfmem below 2 min−1 around 30% of the tumor cells were invasive,

however closer observation showed that those tumor cells were being pushed by the macrophages

like in the previous scenario where only macrophages degraded CSF-1.

The percentage of invasive tumor cells in the simulations (Figure 4.6.A), can be compared to

results from Goswami et al.’s experiments [21] with different cell lines. If the cells in the simulations

had kcsfmem = 4 min−1 then 23% of the tumor cells became invasive but if kcsfmem = 10 min−1 then

71% of the tumor cells became invasive. In the experiments with MTLn3 cells, 25% of the tumor

cells were observed to be invasive and in experiments with MDA-MB-231 cells 70% of the tumor

cells were invasive. Based on my simulations, one possible hypothesis is that MTLn3 cells have a

lower CSF-1 membrane-bound degradation than MDA-MB-231 cells.

I changed the membrane-bound degradation of EGF, with kcsfmem = 4 min−1, and investigated

the effect it had on the percentage of invasive cells (Figure 4.6.B). The percentage of invasive

macrophages increased with increasing EGF membrane-bound degradation coefficient. The se-

cretion of CSF-1 by tumor cells could cause chemotaxis failure of macrophages. When kegfmem is

increased some tumor cells experience a sub-threshold concentration of EGF resulting in reduced

CSF-1 secretion. In turn, the lower secretion of CSF-1 reduced likelihood of chemotaxis failure and

more macrophages migrated towards the CSF-1 gradient from the overlaid media. Increasing kegfmem
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gives a biphasic curve for percentage of invasive tumor cells. The initial increase in invasive tumor

cells was caused by the EGF membrane-bound degradation sharpening the EGF gradient from the

macrophages as well as an increase in invasive macrophages. The decrease in invasive tumor cells

was caused by a sub-threshold concentration of EGF from the macrophages. For kegfmem > 20 min−1

there were no invasive tumor cells.

Interestingly, these results suggest that by increasing the amount of EGF or CSF-1 degraded at

the cell membrane the percentage of invasive tumor cells could be decreased and/or eliminated all

together.

The two degradation scenarios explored here resulted in different trends when the CSF-1 and

EGF membrane-bound degradation coefficients were altered. In the first scenario, when tumor cells

degraded EGF and macrophages degraded CSF-1, the cells were observed to be pushing one another

into the collagen, which is not the case in the experiments. In the second scenario, where EGF and

CSF-1 were degraded by both cell types, the tumor cells migrated behind the macrophages in the

direction of the overlaid media and the two cell types often moved in pairs. These simulations

resemble the experimental results better. Hence, for the remainder of the simulations in this thesis

both tumor cells and macrophages will degrade both EGF and CSF-1.
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Figure 4.6: Tumor cells and macrophages degrade both CSF-1 and EGF. A) Percentage of invasive
macrophages and tumor cells fas a function of kcsfmem, with kegfmem = 1 min−1. B) Percentage of
invasive macrophages and tumor cells as a function of kegfmem, with kcsfmem = 4 min−1.
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4.3 EGF and CSF-1 secretion

First, I investigate what happens when the secretion coefficient for CSF-1 by tumor cells is changed

while keeping the EGF secretion coefficient by macrophages fixed. When the ktumorsec was increased,

with kmacrosec = 0.03 nM/min, the percentage of invasive tumor cells and macrophages had a sharp

transition from a high to a low level (Figure 4.7.A). The decrease in invasive tumor cells hinged on

the threshold value for detection in the model and at high ktumorsec chemotaxis failure of macrophages

occurred. Fewer invasive macrophages resulted in a sub-threshold gradient of EGF and fewer tumor

cells could follow the macrophages into the collagen.

These results can also be compared to experimental results from Goswami et al. [21] that show

25% invasive MTLn3 tumor cells and 70% invasive MDA-MB-231 tumor cells. In simulations,

when ktumorsec = 0.0001nM/min, 68% of tumor cells were invasive and when ktumorsec = 0.03 nM/min,

23% tumor cells were invasive. Therefore, another possible explanation for the different percentage

of invasive cells for these two cell lines is that they secrete different amounts of CSF-1. MDA-MB-

231 cells might secrete more CSF-1 than MTLn3 cells.

In Figure 4.7.B, the EGF secretion by macrophages was changed, with ktumorsec = 0.02 nM/min,

and the invasiveness of cells investigated. The percentage of invasive macrophages decreased with

increasing kmacrosec . Increasing kmacrosec resulted in a higher EGF concentration which activated more

tumor cells to secrete CSF-1. More tumor cells secreting CSF-1 caused chemotaxis failure of

macrophages. The percentage of invasive tumor cells had a biphasic response to increasing secre-

tion of EGF with a maximum value of 23% when kmacrosec = 0.03 nM/min (Figure 4.7.B). If kmacrosec

was low, the EGF gradient was shallow, and for many of the tumor cells there was a sub-threshold

gradient of EGF. When the kmacrosec was increased the EGF gradient from the invasive macrophages

became steeper and hence more tumor cells were invasive. The more interesting result is that the

number of invasive tumor cells decreased for kmacrosec > 0.03 nM/min. The number of invasive

macrophages was decreasing in this region, therefore there were fewer tumor cells close enough

to an invasive macrophage to detect a gradient of EGF above threshold and follow the invasive

macrophages into the collagen.

These simulation results can be compared to results from Goswami et al.’s experiments [21]

conducted with different macrophages. Figure 2.C in Goswami et al. [21] shows the percentage of

invasive MTLn3 tumor cells when plated with either BAC or LR5 macrophages. When plated with

BAC macrophages ∼25% of the tumor cells are invasive but when plated with LR5 macrophages

only ∼15% tumor cells are invasive. In the simulation results in Figure 4.7.B, macrophages that
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Figure 4.7: Tumor cells and macrophages degraded both EGF and CSF-1. A) Percentage of invasive
macrophages and tumor cells as a function of CSF-1 secretion by tumor cells, with kmacrosec = 0.03
nM/min. B) Percentage of invasive macrophages and tumor cells as a function of EGF secretion by
macrophages, with ktumorsec = 0.02 nM/min.

secreted 0.005nM/min EGF promoted 12% invasive tumor cells whereas macrophages that secreted

0.03nM/min EGF promoted 22% invasive tumor cells. These results suggest that one possible differ-

ence between the two types of macrophages is that LR5 macrophages might secrete lower amounts

of EGF than BAC macrophages.

4.4 Sensitivity to gradient steepness

The sensitivity to steepness of gradient varies between cell lines. Some cells can detect a difference

in only a few bound receptors across their diameter. Here, I investigate how the percentage of

invasive tumor cells and macrophages was altered when sensitivity to the gradient steepness of either

EGF or CSF-1 was changed. Decreasing a cells sensitivity to a gradient steepness corresponds to

increasing the gradient threshold value for detection in the model.

Increasing the CSF-1 gradient threshold, with ktumorthr = 0.02 nM, decreased the percentage of

invasive macrophages. This was to be expected because increasing the CSF-1 gradient threshold

meant that the CSF-1 gradient from the overlaid media needed to be steeper for the macrophages

to chemotact along the gradient. Therefore, there was a sub-threshold gradient of CSF-1 for more
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macrophages when kmacrothr was increased. The percentage of invasive tumor cells had a biphasic

response to increasing CSF-1 gradient threshold with a minimum of 23% when kmacrothr = 0.1 nM

(meaning that a 0.1 nM difference in concentration was needed across the cell diameter) (Figure

4.8.A). The initial decrease in invasive tumor cells was a result of fewer invasive macrophages and

thus a subthrehsold gradient of EGF. Counterintuitively, the invasive tumor cells did not follow the

decreasing trend of the invasive macrophages for kmacrothr > 0.1 nM, but rather increased. One pos-

sible explanations is that for high kmacrothr the macrophages secreted EGF before becoming invasive.

The tumor cells can chemotact towards the EGF gradient from the macrophages at the bottom. Thus,

the delayed invasive response of the macrophages enabled the tumor cells to migrate closer to the

macrophages before the macrophages got out of range.

When the threshold value for detection of EGF gradient was increased, with kmacrothr = 0.1 nM, the

percentage of invasive tumor cells and macrophages decreased (Figure 4.8.B). Increasing the EGF

gradient threshold implies that the EGF gradient from the macrophages needed to be steeper for

the tumor cells to chemotact along the gradient. Therefore, increasing the EGF gradient threshold

resulted in a sub-threshold gradient of EGF for more tumor cells. The increased EGF gradient

threshold had a very slight effect on the percentage of invasive macrophages. The slight decrease

in the percentage of invasive macrophages was due to the decrease in percentage of invasive tumor

cells. The decrease in invasive tumor cells increases the number of macrophages that encounter a

sub-threshold gradient of CSF-1.

4.5 External CSF-1 concentration

The concentration of CSF-1 in the media above the collagen was not given in Goswami et al. [21].

I therefore investigated how changing the amount of external CSF-1 in the model affected the per-

centage of invasive cells. The simulations showed that when the external CSF-1 concentration was

increased, the percentage of invasive tumor cells and macrophages increased (Figure 4.9). These re-

sults are not surprising because a higher external CSF-1 concentration resulted in a steeper gradient

from the overlaid media and more macrophages became invasive. Tumor cells can migrate along

a gradient of EGF secreted by macrophages, therefore when the number of invasive macrophages

increased that resulted in increasing number of invasive tumor cells. The increase in number of

invasive macrophages enhanced the chances of a tumor cell being close enough to an invasive

macrophage to detect a gradient of EGF above threshold, therefore more tumor cells became in-

vasive. The attenuating effect that the CSF-1 secretion by the tumor cells located at the plate had on
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Figure 4.8: A) Percentage of invasive macrophages and tumor cell as a function of CSF-1 gradient
threshold, with ktumorthr = 0.02 nM. B) Percentage of invasive macrophages and tumor cell as a
function of EGF gradient threshold, with kmacrothr = 0.1 nM.

the CSF-1 gradient from the overlaid media became less significant when the CSF-1 concentration

in the media was higher. In the simulations, all of the cells could chemotact along a gradient if it

was above the threshold value for detection set in the model. Note that in experiments this might

not be the case. If the cell culture contains a mixture of Mena11a and MeanINV cells, as discussed

in chapter 1.2, then the Mena11a cells are unlikely to chemotact along a gradient.

4.6 Ratio of macrophages to tumor cells

It is of interest to change the initial ratio between tumor cells and macrophages because it is not the

same in all patients and it can also differ within a tumor. The initial ratio can easily be changed

in the simulations which can alter invasiveness of cells. The simulation results could be checked

by repeating the experiments by Goswami et al. [21] with different initial ratios of macrophages to

tumor cells.

In these simulations, the percentage of invasive tumor cells reached a minimum value of 23%

when 70% of total cells were macrophages. The percentage of invasive macrophages had a similar

trend but with a minimum value of 30% which was reached when 60% of the cells in the initial

culture were macrophages (Figure 4.10.B). These trends can be more easily explained and under-

stood when looking at the number of invasive tumor cells and macrophages. The number of invasive
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Figure 4.9: Percentage of invasive macrophages and tumor cells as a function of external concentra-
tion of CSF-1. All other parameter values as in Table 4.1.

tumor cells decreased when the percentage of macrophages in the initial culture increased (fewer

tumor cells in the simulations). Fewer tumor cells were close enough to invading macrophages to

detect a gradient of EGF above threshold and to follow the invading macrophages into the collagen.

When the percentage of macrophages in the initial culture was increased the number of invasive

macrophages increased. Fewer tumor cells in the simulations resulted in a decrease in CSF-1 con-

centration at the plate and fewer macrophages encountered chemotaxis failure.

4.7 Summary

In this chapter, I explored the parameter space to observe the effect that each parameter had on the

percentage of invasive tumor cells and macrophages. The results are summarized in Table 4.2. This

sensitivity analysis enhances our understanding of the function of each of the model parameters

in the paracrine signaling pathway. Changing some of the model parameters could eliminate the

invasive tumor cells which is one of the objectives in cancer treatments.
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Figure 4.10: Tumor cells and macrophages degraded both CSF-1 and EGF. A) The average number
of invasive cells for different percentage of macrophages in the initial culture. B) The average
percentage of invasive cells for different percentage of macrophages in the initial culture.

Increase parameter Effect on invasive tumor cells Effect on invasive macrophages
CSF-1 degradation Maxima Maxima
EGF degradation Maxima Increases
CSF-1 secretion Decreases Decreases
EGF secretion Maxima Decreases
External CSF-1 Increases Increases
CSF-1 slope thresh. Minima Decreases
EGF slope threshold Decreases Decreases
Ratio of macrophages Decreases Increases

Table 4.2: In vitro simulation results - This table lists the parameters that are varied in the simula-
tions. The results are more sensitive to changes in some parameters than others. The second column
shows how increasing that parameter value affects the number of invasive tumor cells. The third
column shows how increasing that parameter value affects the number of invasive macrophages.



Chapter 5

Results from simulations of in vivo
experiments

The previous chapter demonstrated how my model could be used to reproduce results from the in

vitro experiments first described in chapter 2.1. In this chapter, I will use the same model to simulate

the in vivo experiments conducted by Wyckoff et al. [22] and described in chapter 2.2. The experi-

ments were conducted using mice with PyMT-induced mammary tumors. Micro-needles containing

25 nM of either EGF or CSF-1 were used to collect cells that migrated along the gradient from the

needle. The needles were placed approximately 50 µm away from the tumor margin (Figure 2.2).

Out of the 1,000 cells collected, approximately 73% were tumor cells and 26% were macrophages,

giving a ratio of about 3 tumor cells to 1 macrophage.

To explain the motility behaviours in these simulations I will define two new phenomena:

• Collected cells: Cells that have migrated into the micro-needle in the simulations.

• Paracrine enhancement: The paracrine signaling loop can enhance the motility of cells. The

macrophages secrete EGF that contributes to the EGF gradient from the needle. When more

macrophages chemotact towards the needle the EGF gradient becomes steeper and thus more

tumor cells are attracted towards the needle.

The parameters used in the simulations are listed in Table 5.1. I simulated the in vivo experiments

by depositing cells at the bottom which represents the tumor margin. On top of the cells there is

a collagen rich extracellular matrix in which the cells can move. In the centre of the extracellular

matrix I placed a sphere representing the needle opening. Both EGF and CSF-1 can diffuse from this

40



CHAPTER 5. RESULTS FROM SIMULATIONS OF IN VIVO EXPERIMENTS 41

sphere and cells can enter it and either be stored or removed. I also included external degradation

of both EGF and CSF-1 to account for degradation and perfusion in the extracellular matrix. The

membrane-bound degradation coefficients, the external chemical concentration and the percentage

of macrophages were different from the values used to simulate the in vitro experiments.

Parameter Value
External degradation* 0.02 min−1

CSF-1 MB degradation* 1 min−1

EGF MB degradation* 4 min−1

CSF-1 secretion* 0.02 nM/min
EGF secretion* 0.03 nM/min
CSF-1 gradient threshold 0.1 nM
EGF gradient threshold 0.02 nM
EGF in needle 20 nM
Percentage of macrophages 40%
Percentage of motile cells 40%

Table 5.1: Parameter values - List of parameters used in simulations to generate a desired ratio of
3 tumor cells to 1 macrophage collected in a needle containing EGF. MB: membrane-bound. *Note:
these parameter values have been selected to fit this model, they should not be directly compared to
parameters in other models or in experiments.

In these simulations there were 1600 cells, approximately 40% of which were motile. Of the

motile cells 40% were macrophages and 60% were tumor cells. I chose this ratio to simulate the

tumor margin where there is a high density of macrophages [6]. The needle opening was represented

by a black sphere with diameter two times the diameter of the cells. It was located 6 cell diameters

above the cells in the centre of the x-y plane (Figure 5.1). In these simulations, in addition to the

tumor cells and macrophages, there are grey cells that represent non-motile cells.

5.1 Collection needle containing EGF

In the following simulations (unless otherwise stated) the collection needle contained EGF. The

diffusion profile of EGF can be seen in Figure 5.2. The z-axis represents the concentration of EGF

at a given x- and y-coordinate averaged over the height. In all the simulations in this chapter,

macrophages and tumor cells degraded both EGF and CSF-1. Once a cell touched the needle, it was

no longer visible in the simulation but it could continue to secrete a signaling molecule for 40 min

(EGF if it was a macrophage or CSF-1 if it was a tumor cell). As in the previous chapter, I explored

the parameter space and investigated how the ratio of collected tumor cells to macrophages changed
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0 hr

2 hr

4 hr

8 hr

Figure 5.1: Four snapshots from an in vivo simulation after 0, 2, 4 and 8 hours. Green cells are
tumor cells, red cells are macrophages, grey cells are immobile cells and the black circle represents
the needle opening. Once a cell touches the needle it is no longer visible in the simulation. However,
a cell that is located inside the needle can still secrete either EGF (for macrophages) or CSF-1 (for
tumor cells).
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when simulation parameters were altered. All values in the graphs were averaged over 50 differently

randomized simulations and the 97.5% confidence intervals for the ratio of collected tumor cells to

macrophages was displayed as error bars.
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Figure 5.2: The needle contained EGF. It was located 6 cell diameters above the cells and in the
centre of the x-y plane. This plot shows the EGF concentration (in nM) averaged over the height.
The x- and y- coordinates are in number of cell diameters (10µm).

5.2 External degradation

In the simulations of the in vivo experiments, external degradation of both EGF and CSF-1 as well

as membrane-bound degradation took place.

Increasing external degradation of both EGF and CSF-1 lead to a decrease in the number of

collected tumor cells and macrophages, while the ratio of collected tumor cells to macrophages

increased (Figure 5.3). This was to be expected because the external degradation caused a sub-

threshold gradient of EGF for some of the tumor cells. The decrease in the number of collected

tumor cells also resulted in a sub-threshold gradient of CSF-1 from the migrating tumor cells and

thus a decrease in the number of collected macrophages.

The increase in the ratio of collected tumor cells to macrophages was caused by a combination

of factors, (1) increasing external degradation caused a sub-threshold gradient of CSF-1 for some

macrophages, (2) decreasing number of invasive tumor cells also resulted in a sub-threshold gradient

of CSF-1, (3) when only a few tumor cells were invasive chances are there were no macrophages in



CHAPTER 5. RESULTS FROM SIMULATIONS OF IN VIVO EXPERIMENTS 44

the vicinity of the invasive tumor cells that could follow them into the needle . Hence, the number

of collected macrophages decreased faster than the number of collected tumor cells and the ratio

increased.
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Figure 5.3: The external degradation coefficient of EGF and CSF-1 was increased while keeping all
other parameters the same as in Table 5.1. The red and green lines show the number of collected
macrophages and tumor cells, respectively (left y-axis). The blue line shows the ratio of collected
tumor cells to macrophages (right y-axis) with 95% confidence interval. Each data point is an
average from 50 different simulations.

5.3 Membrane-bound degradation

In addition to the external degradation the model also included membrane-bound degradation i.e.

tumor cells and macrophages degraded both EGF and CSF-1. Here, the external degradation coeffi-

cient of EGF and CSF-1 was kept fixed at 0.02 min−1.

I changed the CSF-1 membrane-bound degradation coefficient, with kegfmem = 4 min−1, and in-

vestigated the effect it had on the collected cells. When there was no membrane-bound CSF-1

degradation, fewer tumor cells and macrophages were collected than when kcsfmem = 1 min−1 (Figure

5.4.A). Figure 5.5 shows the average CSF-1 concentration at different times in simulations for A) no

CSF-1 membrane-bound degradation and B) kcsfmem = 1 min−1. In A) the concentration of CSF-1 at

the tumor margin was building up resulting in chemotaxis failure of macrophages whereas in B) the
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degradation made the gradient sharper and more cells were invasive. Further increasing the CSF-

1 membrane-bound degradation decreased the number of collected tumor cells and macrophages

which is logical because it resulted in sub-threshold concentration of CSF-1 for some macrophages.

The number of collected tumor cell decreased as well because there was less paracrine enhancement.

There was only a slight decrease in the number of collected tumor cells when the CSF-1 membrane-

bound degradation coefficient was increased whereas the number of collected macrophages went

to zero. Hence, the ratio of collected tumor cells to macrophages increased with increasing CSF-1

membrane-bound degradation coefficient.

Simulations with no EGF membrane-bound degradation were compared to simulations with

kegfmem = 1 min−1. The same effect on the number of collected cells was observed as in the previous

paragraph when comparing the two scenarios for changes in CSF-1 membrane-bound degradation.

Further increasing the EGF membrane-bound degradation coefficient decreased the number of col-

lected tumor cells because of a sub-threshold concentration of EGF. When the number of collected

tumor cells decreased that resulted in a sub-threshold gradient of CSF-1 for some macrophages

(Figure 5.4.B). When kegfmem > 30 min−1 the sub-threshold concentration of EGF resulted in no cells

being collected.

The ratio of tumor cells to macrophages stayed around 3, within the error margins, for EGF

membrane-bound degradation between 1 and 15 min−1, which suggested that the number of col-

lected tumor cells and macrophages decreased proportionally. For kegfmem > 15 min−1 there was a

subtheshold concentration of EGF for some tumor cells that impacted the CSF-1 concentration. The

combination of the sub-threshold gradient of CSF-1 and the sub-threshold concentration of EGF re-

sulted in the number of collected macrophages decreasing more than the number of collected tumor

cells, thus the ratio of collected tumor cells to macrophages increased.

Comparing Figures 5.4.A and B, showed that the CSF-1 membrane-bound degradation coef-

ficient had a greater effect on the ratio of collected tumor cells to macrophages than the EGF

membrane-bound degradation coefficient (notice the different scales of the right y-axis for the two

figures). For EGF membrane-bound degradation coefficient between 1 and 15 min−1 the ratio of col-

lected tumor cells to macrophages stayed around 3. Changing the CSF-1 membrane-bound degrada-

tion coefficient from 1 to 5 min−1 changed the ratio from 3 to 15. Hence, the ratio seemed to be more

sensitive to changes in CSF-1 membrane-bound degradation than to changes in EGF membrane-

bound degradation. However, not surprisingly, the number of collected tumor cells was more sen-

sitive to changes in EGF membrane-bound degradation than CSF-1 membrane-bound degradation.

Increasing the EGF membrane bound degradation coefficient could eliminate the number of invasive
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Figure 5.4: A) Number of collected tumor cells and macrophages as well as the ratio of collected
tumor cells to macrophages as a function of CSF-1 membrane-bound degradation coefficient, with
kegfmem = 4 min−1. B) Number of collected tumor cells and macrophages as well as the ratio of
collected tumor cells to macrophages as a function of EGF membrane-bound degradation coefficient,
with kcsfmem = 1 min−1. Notice the different scale of the right y-axis of the two graphs.

5.4 EGF and CSF-1 secretion

I changed the secretion coefficients, for EGF and CSF-1, in the model and investigated how it af-

fected the number and ratio of collected cells. Increasing the CSF-1 secretion coefficient, with kegfsec

= 0.03 nM/min, resulted in a biphasic curve for the number of collected tumor cells with a maxi-

mum at kcsfsec = 0.03 nM/min (Figure 5.6.A). The number of collected tumor cells initially increased

because of the paracrine enhancement. When kcsfsec > 0.02 nM/min the increasing concentration

of CSF-1 activated more macrophages to secrete EGF. The increased secretion of EGF resulted in

chemotaxis failure by some of the tumor cells. The number of collected macrophages had the same

biphasic curve when kcsfsec was increased but had an inflection point at kcsfsec = 0.1 nM/min. The initial

increase in collected macrophages was due to the increasing CSF-1 secretion by collected tumor

cells resulting in a gradient with a steepness above the threshold value. The later decrease in col-

lected macrophages was a result of fewer collected tumor cells and thus a sub-threshold gradient of

CSF-1.
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Figure 5.5: A) Average CSF-1 concentration for kcsfmem = 0 min−1 and kegfmem = 4 min−1. The needle
was located at z=7. The z-coordinate is in number of cell diameters (10 µm). B) Average CSF-1
concentration for kcsfmem = 1 min−1 and kegfmem = 4 min−1.

The ratio of collected tumor cells to macrophages initially decreased when the CSF-1 secretion

coefficient was increased. The decrease in ratio was a result of more macrophages chemotacting

towards a now steeper CSF-1 gradient. For kcsfsec > 0.1 nM/min the ratio was constant at around 2,

within error margins. The constant ratio indicates that the macrophages reached their full chemo-

tactic potential and the collected macrophages decreased proportionally to the decrease in collected

tumor cells.

Increasing the EGF secretion coefficient for macrophages, with ktumorsec = 0.02 nM/min, re-

sulted in biphasic curves for the number of collected tumor cells and macrophages. The number

of collected tumor cells and macrophages both had a maximum value when the kmacrosec = 0.02

nM/min (Figure 5.6.B). For kmacrosec > 1 nM/min no cells were collected. The number of col-

lected macrophages followed the same trend as the number of collected tumor cells because the

macrophages were chemotacting towards a CSF-1 gradient from the tumor cells. Changing the EGF

secretion coefficient did not directly affect the CSF-1 gradient but it did so indirectly by changing

the movement and secretion of CSF-1 from tumor cells. The increase in number of collected tumor

cells was driven by the paracrine enhancement and was enhanced with more EGF secretion from the

macrophages. The decrease in number of collected tumor cells was caused by chemotaxis failure of

tumor cells. I explored this in more detail by looking at the time when cells were collected for two
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different simulations, (i) kmacrosec = 0.02 nM/min and (ii) kmacrosec = 0.1 nM/min (Figure 5.7). Initially,

the collection of cells in the two simulations was almost identical. However, after 200 time steps no

more cells were collected in simulation (ii) whereas the number of collected cells kept increasing

for simulation (i). The concentration profile of EGF, averaged over the y-coordinate, after 30 hours

of simulation time are shown for (i) in Figure 5.8.A and (ii) in Figure 5.8.B. These results support

my argument that the higher EGF secretion coefficient resulted in chemotaxis failure.

For low EGF secretion coefficient the ratio of tumor cells to macrophages remained constant

within the error margin at a value of 3. It was only when the EGF secretion coefficient was in-

creased past 0.02 nM/min that the ratio increased. The number of collected macrophages decreased

because of (1) decreasing number of collected tumor cells and (2) chemotaxis failure. The chemo-

taxis failure by tumor cells results in some tumor cells at the tumor margin secreting CSF-1 that has

an attenuating effect on the CSF-1 gradient from the invasive tumor cells. Thus, the chemotaxis fail-

ure of tumor cells causes fewer macrophages to be collected. The number of collected macrophages

decreased faster than the number of collected tumor cells and therefore, the ratio of collected tumor

cells to macrophages increased.

Figures 5.6.A and B show that changing the EGF or CSF-1 secretion coefficients could alter the

number of collected tumor cells and macrophages significantly. Increasing secretion of either EGF

or CSF-1 may prevent tumor cells from invading. When the EGF secretion coefficient was above 1

nM/min no cells were collected (Figures 5.6.B). However, changing these secretion coefficients did

not have as great an effect on the ratio between collected tumor cells and macrophages as it did on

the number of collected cells. When more than 10 cells of each type were collected, the ratio stays

between 2 and 3.

5.5 Sensitivity to gradient steepness

Different cell lines have different sensitivities to gradient steepness as described in the previous

chapter. In this section, I systematically decreased the sensitivity of the cells to gradient steepness

and investigated how the number of collected cells changed. Decreasing the sensitivity of a cell to

gradient steepness corresponds to increasing the gradient threshold.

Increasing the CSF-1 gradient threshold for the macrophages, with∇[E]th = 0.02 nM, decreased

the number of collected tumor cells and macrophages (Figure 5.9.A). When the CSF-1 gradient

threshold was above 1 nM (meaning a 1 nM change in concentration across the cell diameter) no

macrophages were collected. The decrease in the number of collected macrophages was a result of a
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Figure 5.6: A) Collected tumor cells and macrophages as well as the ratio between collected tumor
cells and macrophages as a function of CSF-1 secretion by the tumor, kegfsec = 0.03 nM/min. B) shows
the same quantities but as a function of EGF secretion by macrophages where kcsfsec = 0.02 nM/min.
Notice that the two right y-axises have different scales.
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Figure 5.7: The time at which the tumor cells and macrophages were collected for two different
simulations with kegfsec = 0.02 nM/min (red and green lines) and kegfsec = 0.1 nM/min (blue and pink
lines). For the first 150 time steps the number of collected cells was almost the same. After 200 time
steps the simulation with kegfsec = 0.1 nM/min had no additional tumor cells or macrophages collected
while the number of collected cells in simulation with kegfsec = 0.02 nM/min kept on increasing. Each
time step was 5 min.
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A) B)

Figure 5.8: The EGF concentration profile averaged over the y-coordinate for A) kegfsec = 0.02
nM/min and B) kegfsec = 0.1 nM/min after 30 hours in the simulation. In A) there was a gradient
towards the needle that the cells could chemotact towards. In B) there was a build up of EGF at the
tumor margin (z-coordinate = 0) that resulted in chemotaxis failure.

sub-threshold gradient of CSF-1 for some of the macrophages. The number of collected tumor cells

decreased slightly when the CSF-1 gradient threshold was increased, a demonstration of the lack of

paracrine enhancement. When the CSF-1 gradient threshold was below 0.1 nM the ratio between

collected tumor cells and macrophages was constant around 2, within error margins. Increasing the

CSF-1 gradient threshold past 0.1 nM resulted in an increase in the ratio of collected tumor cells to

macrophages. Changing the sensitivity of macrophages to gradients of CSF-1 had a greater effect

on the number of collected macrophages than the number of collected tumor cells, as was to be

expected.

Increasing the EGF gradient threshold, with ∇[C]th = 0.1 nM, lead to a decrease in the number

of collected tumor cells and macrophages (Figure 5.9.B). The number of collected tumor cells de-

creased because now more tumor cells experienced a sub-threshold gradient of EGF. The decrease

in collected tumor cells resulted in a sub-threshold gradient of CSF-1 from the collected tumor cells

and thus a decrease in collected macrophages as well. For ∇[E]th > 1 nM the sub-threshold gradi-

ent of EGF resulted in no cells being collected. The ratio of collected tumor cells to macrophages

only varied slightly with increasing EGF gradient threshold. The change in ratio when ∇[E]th >

0.1 nM was caused by the different gradient threshold values for the two cell types.

In comparing Figures 5.9.A and B, the CSF-1 gradient threshold seemed to have a greater effect
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on the ratio of collected tumor cells to macrophages than on the number of invasive tumor cells. The

EGF gradient threshold, on the other hand, had a greater effect on the number of collected tumor

cells than the ratio of collected tumor cells to macrophages. Increasing ∇[E]th could eliminate the

number of collected cells because the needle contained EGF and therefore if ∇[E]th was too high

no tumor cells migrate into the needle. Macrophages migrate following a gradient of CSF-1 from

the tumor cells, therefore no macrophages migrate into the needle when no tumor cells migrate into

the needle. The ratio on the other hand, is not greatly affected when ∇[E]th is increased because it

results in a somewhat proportional decrease in number of both collected tumor cells and collected

macrophages. However, increasing ∇[C]th can eliminate the number of collected macrophages but

the tumor cells still chemotact along the EGF gradient from the needle, therefore ∇[C]th did not

greatly affect the number of collected tumor cells. The ratio between collected tumor cells and

macrophages changed when ∇[C]th was increased because the number of collected macrophages

decreased to zero while the number of collected tumor cells only decreased slightly.

These results can be compared to the in vivo experimental results from Wyckoff et al. [22].

The experiments were repeated with a cancer cell line that over-expressed the EGF receptor. The

increase in EGF receptors resulted in a 70-100% increase in the number of tumor cells collected. If

the increase in EGF receptors makes the cells more sensitive to EGF gradients, these results could

be compared to the results in Figure 5.9.B. In the simulations, if the EGF gradient threshold was

decreased from 0.2 to 0.02 nM the number of collected tumor cells increased from 28 to 46, which

corresponds to about 65% increase. The increase in EGF receptors on the mutant cell line might also

affect the secretion of CSF-1 by the tumor cells. Therefore, I also repeated the simulations making

the cells secrete ten times more CSF-1. The simulations showed that the number of collected tumor

cells increased from 28 to 53 which corresponds to a 90% increase. The simulation results seem to

be in good agreement with the experimental results.

5.6 Concentration of EGF in the needle

I changed the concentration of EGF in the needle and investigated the effect it had on collected

cells. Increasing the concentration of EGF in the needle increased the number of both collected

tumor cells and macrophages (Figure 5.10). For low concentration of EGF in the needle (less than

5 nM), only a few tumor cells chemotacted into the needle because of sub-threshold gradient of

EGF. When the EGF concentration in the needle was increased the gradient became steeper and

thus more tumor cells migrated into the needle. The collected tumor cells secreted CSF-1 and
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Figure 5.9: The number of collected tumor cells and macrophages as well as the ratio of collected tu-
mor cells to macrophages (left y-axis) as a function of: A) CSF-1 gradient threshold for macrophages
is increased, with ∇[E]th = 0.02 nM. B) EGF gradient threshold for tumor cells, with ∇[C]th = 0.1
nM.

when the number of collected tumor cells increased the CSF-1 gradient became steeper resulting

in more macrophages being collected. The ratio of collected tumor cells to macrophages stayed

fairly constant (between 2.5 to 3.5) when the concentration of EGF in the needle was increased.

This was to be expected because increasing the concentration of EGF in the needle should not affect

the number of macrophages that follow each tumor cell. The number of collected tumor cells and

macrophages seemed to be increasing proportionally.

These simulation results can be compared to Figure 1.D. in Wyckoff [22] where they altered

the concentration of EGF in the needle and demonstrated the effect it had on the total number of

collected cells. In the experiments, the number of collected cells increased when the concentration

of EGF in the needle was increased from 0–25 nM. In the simulations, the same trend is observed

when increasing the concentration in the needle, thus the results from the simulations are in good

agreement with the experimental results. However, when the concentration was increased to 50 nM

in the experiments, the number of collected cells decreased. The simulation results did not show this

decrease in number of collected cells. A possible explanation is that my model does not include the

binding and unbinding of receptors. In the experiments, it is possible that nearly all the receptors

were bound when the concentration in the needle was 50 nM and therefore a cell could not detect a
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difference in bound receptors across its diameter. This hypothesis could be tested by including the

binding and unbinding of receptors in the model. Another explanation may be that a non-monotonic

response of the cells to EGF is needed. This may be due to internal signaling pathways that are not

included in my model but could be added to investigate this hypothesis.
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Figure 5.10: Number of collected tumor cells and macrophages as well as the ratio of collected
tumor cells to macrophages as a function of the concentration of EGF in the needle. All other
parameter values in Table 5.1 were kept constant.

5.7 Ratio of macrophages to tumor cells

At different locations within a tumor and in different patients the ratio between macrophages and

tumor cells at the tumor margin varies. In this section, I explored how changing this initial ratio

affected the number and ratio of collected cells. I refer to the percentage of macrophages of the total

cells in the initial culture as the percentage of simulation macrophages.

When the percentage of simulation macrophages was increased the percentage of collected tu-

mor cells decreased from 12 to 10% (Figure 5.11.B). The decreased density of tumor cells results in

fewer tumor cells being close enough to the needle to detect a gradient of EGF above threshold. The

number of collected tumor cells therefore decreased (Figure 5.11.A) even though the percentage of

collected tumor cells did not change much. More interestingly, there was a biphasic curve for the

number of collected macrophages when the percentage of simulation macrophages was increased.
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The initial increase in collected macrophages was to be expected because increasing the percentage

of simulation macrophages resulted in a higher density of macrophages. For more macrophages the

CSF-1 gradient from the tumor cells was above threshold. When more than 50% of the total cells

were macrophages the number of collected macrophages started decreasing, which, at first glance,

was a more surprising result. This stems from fewer collected tumor cells and thus a sub-threshold

gradient of CSF-1 for some of the macrophages.

When the percentage of simulation macrophages was increased the ratio of collected tumor cells

to macrophages decreased until it reached a minimum of 1.4 when 70% of the total cells were

macrophages (Figure 5.11.A). The decrease in ratio was caused by more macrophages following

the tumor cells into the needle when the density of macrophages increased. Further increasing the

percentage of simulation macrophages did not alter the ratio since at this point the collection of

macrophages decreased linearly with the decrease in number of collected tumor cells.

These simulation results can be compared to experimental results from Wyckoff et al. [22]

where a mutant cell line was used that had a lower density of macrophages around the tumor. In

these experiments, the number of collected cells decreased by ∼80% compared to the wild-type

and only 5–7% of collected cells were macrophages. In the simulation results in Figure 5.11.A, the

number of collected tumor cells increased with decreasing percentage of simulation macrophages.

Therefore, decreasing the percentage of macrophages at the tumor margin, while keeping all other

parameters as before, does not compare to the simulation results with this mutant cell line. CSF-1

is known to recruit macrophages to the tumor sites. The mutant cell line in the experiment was

defective in CSF-1 production. Therefore, I repeated the simulations with 10% macrophages in the

initial culture as well as a decrease in CSF-1 secretion by the tumor cells. In simulations with 10%

macrophages and ktumorsec = 0.002 nM/min only 10 tumor cells were collected on average and 0.2

macrophages compared to 45 tumor cells and 15 macrophages for simulations with 40% simulation

macrophages and CSF-1 secretion coefficient of 0.02 nM/min. This corresponds to a 80% decrease

in the number of collected tumor cells and only 2% of collected cells were macrophages. These

simulation results seem to be in good agreement with experimental results.

5.8 Percentage of motile cells

Giampieri et al. [29] showed that the number of motile cells in mammary tumors can vary between

0–40%. I therefore repeated the simulations for different percentage of motile cells.

Increasing the percentage of motile cells increased the number of collected tumor cells and
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Figure 5.11: A) Number of collected tumor cells and macrophages as well as the ratio of collected
tumor cells to macrophages as a function of percentage of simulation macrophages. B) Percentage
of collected tumor cells and macrophages as a function of percentage of simulation macrophages.
All parameter values from Table 5.1 were used.

macrophages. These results were to be expected because increasing the percentage of motile cells in

the simulations caused more motile cells to be in the vicinity of the needle and therefore more cells

chemotact into the needle. However, the ratio of collected tumor cells to macrophages decreased

with increasing percentage of motile cells which was a more surprising result. The simulations were

conducted using 1600 tightly packed cells. Increasing the percentage of motile cells did not increase

the number of cells in the simulations but it made a higher percentage of the 1600 cells motile.

The decreasing ratio between collected tumor cells and macrophages with increasing percentage of

motile cells was likely caused by decreasing average distance between motile cells. For every tumor

cell that chemotacted along the EGF gradient from the needle there were more macrophages in the

tumor cell’s vicinity that could migrate along the CSF-1 gradient from the tumor cell. Therefore,

more macrophages could follow each tumor cell, which resulted in a decrease in the ratio of collected

tumor cells to macrophages.
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Figure 5.12: The number of collected tumor cells and macrophages as well as the ratio of collected
tumor cells to macrophages as a function of percentage of motile cells. All other parameter values
from Table 5.1 were kept constant.

5.9 Collection needle containing CSF-1

I repeated all of the simulations from the previous section with the same parameters except that the

needle contained CSF-1 instead of EGF. As was to be expected, the results were symmetrical to

the results from simulations with EGF in the needle. The collection of tumor cells now followed

a similar trend as the collected macrophages did when the needle contained EGF and the collected

macrophages followed a similar trend as the collected tumor cells did when the needle contained

EGF. The ratio of collected tumor cells to macrophages was greatly affected when changing the

concentration in the needle from EGF to CSF-1. In all of the simulations, more macrophages were

now collected than tumor cells. Therefore, the ratio of tumor cells to macrophages was always less

than 1. I will not display all of the results from these simulations here. Instead, I will compare the re-

sults when the needle contained CSF-1 and the CSF-1 membrane-bound degradation coefficient was

changed to the results when the needle contained EGF and the EGF membrane-bound degradation

coefficient was changed.

In Figure 5.13.A the needle contained EGF and in Figure 5.13.B the needle contained CSF-1.

The number of collected tumor cells in Figure A has the same biphasic trend as the number of col-

lected macrophages in Figure B. Similarly, the number of collected macrophages in Figure B can be
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compared to the number of collected tumor cells in Figure B, and they also have comparable bipha-

sic trends. The initial increase in collected cells was caused by the membrane-bound degradation

making the gradient from the needle sharper, i.e. decreasing chemotaxis failure. The decrease in

collected cells was caused by sub-threshold gradients of both EGF and CSF-1 when the membrane-

bound degradation was increased. Because the two lines for tumor cells and macrophages switched,

the ratios in the two graphs had opposite trends. In Figure 5.13.A the ratio increased with increasing

EGF membrane-bound degradation and in Figure 5.13.B the ratio decreased with increasing CSF-1

membrane-bound degradation but in both cases there was paracrine enhancement.
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Figure 5.13: A) The number of collected tumor cells and macrophages as well as the change in the
ratio of collected tumor cells to macrophages as a function of EGF membrane-bound degradation
coefficient. The needle contains EGF and kcsfmem = 1 min−1. B) The number of collected tumor cells
and macrophages when the CSF-1 membrane-bound degradation coefficient is increased as well as
the change in the ratio of collected tumor cells to macrophages. The needle contains CSF-1 and
kegfmem = 1 min−1.

5.10 Generating a desired ratio with the needle containing CSF-1

In the simulations where the needle contained CSF-1 instead of EGF the ratio of collected cells was

no longer close to 3 tumor cells to 1 macrophage. This is not altogether surprising. No results for the

ratio between collected cells are reported in Wyckoff et al. [22]. The set of simulation parameters

could be adjusted to produce the observed ratio of 3 tumor cells to 1 macrophage (Figure 5.14). This
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required a fifteen fold greater CSF-1 degradation than EGF degradation and sevenfold greater EGF

secretion than CSF-1 secretion. All parameter values as in Table 5.2.
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Figure 5.14: Changing the value of the membrane-bound degradation and secretion coefficients to
get a ratio of 3 tumor cells to 1 macrophage when the needle contained CSF-1. Each time step
corresponds to 5min. Values for all parameters in Table 5.2 were used in this simulation.

5.10.1 Membrane-bound degradation

Using the new parameter set given in Table 5.2, I investigated how changing the membrane-bound

degradation of both EGF and CSF-1 altered the number of collected cells as well as the ratio of

collected tumor cells to macrophages.

Increasing the CSF-1 membrane-bound degradation coefficient, with kegfmem = 1 min−1, resulted

in a biphasic curve for the number of collected tumor cells and macrophages (Figure 5.15.A). Ini-

tially, when kcsfmem was increased that sharpened the CSF-1 gradient from the needle and decreased

the chemotaxis failure by macrophages. Therefore, more macrophages were collected. The tumor

cells followed the EGF gradient from the collected macrophages and therefore the number of col-

lected tumor cells increased as well. For kcsfmem > 10 min−1, the number of collected macrophages

decreased because for more macrophages there was a sub-threshold concentration of CSF-1. The

number of collected tumor cells decreased because the decrease in collected macrophages caused a

sub-threshold gradient of EGF from the, now fewer, collected macrophages. No cells were collected
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Parameter Value
External degradation* 0.02 min−1

CSF-1 MB degradation* 15 min−1

EGF MB degradation* 1 min−1

CSF-1 secretion* 0.2 nM/min
EGF secretion* 0.03 nM/min
CSF-1 gradient threshold 0.1 nM
EGF gradient threshold 0.02 nM
CSF-1 in needle 20 nM
Percentage of macrophages 40%
Percentage of motile cells 40%

Table 5.2: Parameter values - List of parameters used to generate a desired ratio of 3 tumor cells to
1 macrophage when the needle contained CSF-1. MB: membrane-bound. *Note: these parameter
values have been selected to fit this model, they should not be directly compared to parameters in
other models or in experiments.

when kcsfmem > 30 min−1. The ratio of collected tumor cells to macrophages increased with increas-

ing CSF-1 membrane-bound degradation coefficient up to a maximum value of 3, where it began to

decrease.

Increasing the EGF membrane-bound degradation coefficient, with kcsfmem = 15 min−1, resulted

in an initial increase in the number of collected tumor cells and macrophages. Further increasing

the EGF membrane-bound degradation coefficient resulted in a decrease in the number of collected

tumor cells and macrophages (Figure 5.15.B). The initial increase in the number of collected cells

could be explained by the fact that when no EGF was degraded at the cell membranes there was a

build up of EGF at the tumor margin. The build up of EGF resulted in fewer tumor cells chemotact-

ing towards the collected macrophages and more CSF-1 being secreted at the tumor margin. When

the EGF membrane-bound degradation was increased the gradient from the migrating macrophages

became sharper and more tumor cells could follow the macrophages into the collection needle. The

number of collected macrophages increased as well because of the paracrine enhancement. Further

increasing the EGF membrane-bound degradation decreased the number of collected tumor cells

because of a sub-threshold gradient or a sub-threshold concentration of EGF for more tumor cells.

The number of collected macrophages only decreased slightly from the lack of paracrine enhance-

ment. The EGF membrane bound degradation has a greater effect on the number of collected tumor

cells than the number of collected macrophages, this causes the ratio of collected tumor cells to

macrophages to follow the same biphasic trend as the number of collected tumor cells.

These results had similar progression as the results in Figure 5.4 where the needle contained
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Figure 5.15: The needle contained CSF-1. A) The number of collected tumor cells and macrophages
and the ratio between collected tumor cells and macrophages as a function of CSF-1 membrane-
bound degradation coefficient, with kegfmem = 1 min−1. B) The same quantities but for changes in the
EGF membrane-bound degradation coefficient, with kcsfmem = 15 min−1.

EGF. Here, we should be comparing the collected macrophages in the simulations with EGF in the

needle to the collected tumor cells in the simulations with CSF-1 in the needle, and vice versa. The

same could be said about the trends in Figure 5.4.A and Figure 5.15.B.

5.10.2 Secretion coefficients

In the simulations with CSF-1 in the needle, the EGF secretion coefficient by macrophages was

tenfold greater than for the simulations with EGF in the needle. In this section, I explored how

changing both the EGF and CSF-1 secretion coefficients affected the number of collected cells.

Increasing the CSF-1 secretion coefficient for tumor cells, with kmacrosec = 0.2 nM/min, resulted in

a decrease in the number of tumor cells collected (Figure 5.16.A). The increase in ktumorsec activated

non-invasive macrophages located at the tumor margin to secrete EGF, which resulted in chemotaxis

failure for some tumor cells. The number of macrophages collected increased slightly to a maxi-

mum when ktumorsec = 0.05 nM/min. The higher secretion of CSF-1 by tumor cells resulted in more

invasive tumor cells being able to recruit nearby macrophages to migrate into the needle as well.

This is another example of paracrine enhancement and resulted in increased number of invasive

macrophages. For ktumorsec > 0.05 nM/min the number of collected macrophages began to decrease
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because of chemotaxis failure. When ktumorsec > 1 nM/min the chemotaxis failure by macrophages

resulted in no cells being collected.

The ratio of collected tumor cells to macrophages decreased with increasing CSF-1 secretion

coefficient which was to be expected since the tumor cells secreted CSF-1 and the macrophages

chemotact towards CSF-1. Increasing the CSF-1 secretion coefficient results in decreasing num-

ber of collected tumor cells while the number of collected macrophages does not start decreasing

until later and then at a slower rate. This results in the ratio between collected tumor cells and

macrophages following the same decreasing trend as the number of collected tumor cells.

Increasing the EGF secretion coefficient, with ktumorsec = 0.03 nM/min, resulted in a maximum

value for both collected macrophages and tumor cells but they had different inflection points (Figure

5.16.B). The number of collected tumor cells increased when the EGF secretion coefficient was in-

creased because the EGF gradient was above threshold value for more tumor cells. When kmacrosec >

0.2 nM/min the number of collected tumor cells began to decrease. This was caused by chemotaxis

failure by tumor cells. The number of collected macrophages increased slightly when the EGF secre-

tion coefficient was increased until it reached a maximum. This stems from the paracrine enhance-

ment. When the number of collected tumor cells decreased the number of collected macrophages

decreased as well because of a decrease in paracrine enhancement.

The ratio of collected tumor cells to macrophages followed the same trend as the number of col-

lected tumor cells. The tumor cells were more affected by changes in the EGF secretion coefficient

than the macrophages. More tumor cells followed the macrophages into the needle when the EGF

secretion coefficient was increased, which caused the ratio to increase.

Similarly to the previous section, these results had the same trends for number of collected cells

as the results in Figure 5.6 where the needle contained EGF and the secretion coefficients were

changed. The collected macrophages in the simulations with EGF in the needle could be compared

to the collected tumor cells in the simulations with CSF-1 in the needle, and vice versa. Figure

5.6.A and Figure 5.16.B had the same trends and Figure 5.6.B and Figure 5.16.A had the same

trends. Although the simulations with EGF and CSF-1 in the needle were conducted with different

parameters, changing the degradation coefficients or secretion coefficients had a comparable effect

on the collected tumor cells and macrophages.
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Figure 5.16: A) The ratio between collected tumor cells and macrophages as well as the number of
collected tumor cells and macrophages as a function of CSF-1 secretion coefficient for tumor cells.
kmacrosec = 0.2 nM/min and the needle contains CSF-1. B) The ratio between collected tumor cells
and macrophages as well as the number of collected tumor cells and macrophages as a function of
EGF secretion coefficient by macrophages, with ktumorsec = 0.03 nM/min.



Chapter 6

Conclusions

I used my model to simulate the paracrine signaling between tumor cells and macrophages. Details

regarding the internal biochemistry or mechanics of tumor cells and macrophages were not included.

Instead the model simulated the response of the cells to an external stimulus. When a cell detected a

signal and a gradient of either EGF (tumor cells) or CSF-1 (macrophages) it could chemotact along

the gradient and start secreting CSF-1 (tumor cells) or EGF (macrophages). This simplified version

of the system was sufficient to reproduce results from both in vitro and in vivo experiments. Simu-

lations showed how certain parameters could eliminate the invasion of tumor cells. The model can,

enhance our current understanding of the paracrine signaling loop and, be used to predict outcomes

for changes in parameters and suggest experiments to verify those predictions.

6.1 Simulations of in vitro experimental setup

Simulation results, of the in vitro experimental setup in Goswami [21], showed that the number

of invasive tumor cells could be altered by changing certain model parameters. Using the set of

parameters listed in Table 4.1, I reproduced the experimental results of 25% invasive tumor cells all

in close proximity to macrophages.

To gain confidence in the model more experiments need to be conducted to validate the simula-

tion results. If experiments are not in agreement with the simulation results that will suggest that: (i)

the EGF/CSF-1 paracrine signaling loop is not sufficient to explain the tumor cell invasion but that

some other mechanism is necessary or (ii) the simplified version of the signaling pathway simulated

here can not account for the behaviour of the two cell types. For (i) there could be another signaling

molecule involved in the process or the interactions of the cells with the extracellular matrix might
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Parameter How to eliminate
invasive tumor cells

CSF-1 MB degradation Increase
EGF MB degradation Increase
CSF-1 secretion Does not occur
EGF secretion Decrease
External CSF-1 Decrease
CSF-1 gradient threshold Does not occur
EGF gradient threshold Does not occur
Ratio of macrophages Does not occur

Table 6.1: Summary of in vitro simulations - This table lists the parameters that were varied in
the simulations. The second column shows which parameters could be altered by one order of
magnitude or less to eliminate invasive tumor cells.

play a role. When EGF and CSF-1 receptors are bound it activates a cascade of internal signaling

pathways. For (ii) including more of the cells internal response to an external stimuli might be nec-

essary. The secretion of signaling molecules might need to be non-uniform. Modelling the binding

and unbinding of receptors and the distribution of receptors on the cell membrane might also be a

necessary enhancement to the model. In the next chapter, I suggest a few enhancements that can be

made to the model.

In chapter 4, I conducted a parametric sensitivity analysis for the simulations of the in vitro

experimental setup. The analysis showed how changing one parameter while keeping others constant

affected the number of invasive cells. In Table 6.1, I have summarized which of these parameters

could eliminate invasive tumor cells, if altered by one order of magnitude or less. This is of great

importance because these parameters are potential targets in cancer chemotherapy.

The results from simulations in chapter 4 can be compared to two different experimental results

from Goswami et al. [21]. In the experiments with MTLn3 tumor cells, 25% of the tumor cells were

invasive but for MDA-MB-231 tumor cells 70% of the tumor cells were invasive. The results from

the simulations suggest two possible reasons for the different level of invasiveness of the two cell

types: (1) MDA-MB-231 cells have a higher membrane-bound degradation of CSF-1 than MTLn3

cell or (2) MDA-MB-231 cells secrete more CSF-1 than MTLn3 cells. The two different cell lines

may vary in a number of ways and a combination of (1) and (2) could be taking place. This could

be tested experimentally by, for example, measuring the local concentration of CSF-1.

The simulation results can also be compared to experimental results when MTLn3 cells were

plated with LR5 macrophages or BAC macrophages. The experiments showed that the percentage
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of invasive tumor cells was∼25% in the presence of BAC macrophages but∼15% when plated with

LR5 macrophages. This can be compared to simulation results in Figure 4.7.B where increasing the

EGF secretion coefficient by one order of magnitude altered the number of invasive tumor cells

from ∼12% to ∼22%. Based on these results, one possibility is that LR5 macrophages secrete

lower amounts of EGF than BAC macrophages.

The simulation results in Figure 4.8 can be compared to experimental results with Mena11a and

MenaINV cells. In simulations, increasing the EGF gradient threshold decreased the number of

invasive tumor cells. MenaINV cells are known to have a lower EGF gradient threshold value than

the less invasive Mena11a cells. Simulation results are thus in good agreement with results from

experiments with different Mena isoforms.

6.1.1 Future experiments for validation

Based on results from all these different simulations, I would suggest the following experiments to

be conducted to validate the model:

• Use time-lapse imaging to view the motility of both tumor cells and macrophages in the

Goswami et al. [21] experimental setup. The imaging would give more information about the

motility patterns and the proximity of the two cell types. In the simulations, the macrophages

seemed to move first in the direction of the CSF-1 gradient from the overlaid media and then

the tumor cells followed them (Figure 4.3). The two cell types often moved in pairs.

• Repeat the experiments of Goswami et al. [21] with a different ratio between tumor cells

and macrophages in the initial culture and look for changes in the number of invasive tumor

cells. According to my model changing the percentage of macrophages in the initial culture

changes the number of invasive cells. When less than 50% macrophages were in the initial

culture more invasive tumor cells than macrophages were obtained. For an initial percentage

of macrophages above 50% there were more invasive macrophages than tumor cells.

• Repeat the experiments of Goswami et al. [21] with different CSF-1 concentration in the me-

dia. The simulations showed an increase in number of invasive tumor cells and macrophages

when the concentration of CSF-1 in the media was increased. It would also be of interest to

repeat that experiment with EGF in the media instead of CSF-1.

• Repeat the experiments of Goswami et al. [21] with a mutant cell line(s) with a higher rate

of degradation of the signaling molecules. In the simulations, the percentage of invasive
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tumor cells were eliminated by changing the membrane-bound degradation coefficient by less

than one order of magnitude. There was a maximum in the number of collected tumor cells

and macrophages when the CSF-1 degradation was increased in simulations. When the EGF

degradation was increased, there was a maximum in the number of collected tumor cells and

the number of collected macrophages increased (Figures 4.6.A and B).

• Repeat the mRNA experiments of Goswami et al. [21] and report the precise readings for

concentration of EGF and CSF-1. The mRNA levels could be used to estimate the secretion

coefficients in my model.

• Repeat the experiments by Goswami et al. [21] with different doses of receptor blockers. Re-

sults from that experiment could be compared to the simulation results. The receptor blockers

are likely changing multiple functions of cells. For example, blocking EGF receptors might

make cells less sensitive to gradients of EGF and it might also cause them to secrete less

CSF-1. This would need to be considered when comparing the experimental results to the

simulation results.

6.2 Simulations of the in vivo experimental setup

My simulations reproduced the experimental results of 3 tumor cells per 1 macrophage migrating

into collection needles. This was achieved by using the same parameters I used for simulating the in

vitro experimental setup, (Table 5.1) and changing the setup to fit the in vivo experimental setup from

[22]. However, not surprisingly that same set of parameters did not reproduce the same ratio when

the collection needle contained CSF-1 instead of EGF. In Wyckoff et al. [22], no data about the ratio

of the collected cells is given for the experiments, when the needle contained CSF-1 they just note

that similar results are obtained as when the needle contained EGF. When the needle contains CSF-1

a different set of parameters was required to reproduce the ratio of 3 tumor cells per 1 macrophage

migrating into the collection needle. More experiments and simulations are needed to explain the

difference in the ratio between collected cells. A good first step would be to parametrize the model

with experiments.

The 3 to 1 ratio between the collected tumor cells and macrophages could be altered by changing

many of the model parameters. However, it was more sensitive to changes in some parameters than

others, Table 6.2. It was most sensitive to changes in the CSF-1 membrane-bound degradation

coefficient, the percentage of macrophages in the simulation and the percentage of motile cells.
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Ratio less sensitive to changes in: Ratio more sensitive to changes in:
EGF MB degradation CSF-1 MB degradation
EGF secretion Percentage of macrophages
CSF-1 secretion Percentage of motile cells
EGF gradient threshold
CSF-1 gradient threshold
EGF in needle
External degradation of EGF and CSF-1

Table 6.2: Sensitivity of the ratio to changes in parameters - This table summarizes the sensitivity
of the ratio between collected tumor cells and macrophages to model parameters. Note that all of
the model parameters affect the ratio but not to the same extent.

Parameter How to eliminate
invasive tumor cells

External degradation of EGF and CSF-1 Increase
CSF-1 MB degradation Does not occur
EGF MB degradation Increase
CSF-1 secretion Does not occur
EGF secretion Increase
EGF in needle Decrease
CSF-1 gradient threshold Does not occur
EGF gradient threshold Increase
Percentage of macrophages Does not occur
Percentage of motile cells Does not occur

Table 6.3: Summary of in vivo simulation results - This table lists the parameters that were varied
in the simulations. The invasiveness of tumor cells was more sensitive to changes in some parameters
than others. The second column shows which parameters could be altered by one order of magnitude
or less to eliminate invasive tumor cells.

It was less sensitive to changes in the EGF membrane-bound degradation coefficient, the external

degradation coefficient, the secretion coefficients, the gradient thresholds and the amount of EGF in

the needle.

In Table 6.3, I have summarized the results from a parametric sensitivity analysis of simulations

with the needle containing EGF to identify which parameters could be altered by less than one

order of magnitude to eliminate the number of tumor cells collected. Identifying these parameters is

important when searching for new targets in chemotherapy.

I compared the results from simulations to experimental results with various alterations. In

experiments, Wyckoff et al. [22] used a mutant cell line that over-expressed the EGF receptor. I
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assumed that would make the tumor cells more sensitive to gradients of EGF and that it would

increase the secretion of CSF-1. In the experiments with the mutant cell line , a 70–100% increase

in collected tumor cells was reported. In the simulations there was a 65–90% increase in collected

tumor cells. These results from simulations and experiments were in good agreement.

Simulation results can also be compared to experimental results with a mutant cell line defective

in CSF-1 production and with a low density of macrophages at the tumor site. In experiments with

this cell line, the number of collected cells decreased by ∼80% and only 5–7% of collected cells

were macrophages. In the simulations, when 10% of cells were macrophages and the secretion of

CSF-1 by tumor cells was decreased ten fold the number of collected cells decreased by 80% and

only 2% of collected cells were macrophages, which was also in good agreement with experimental

results.

6.2.1 Future experiments for validation

The simulations for the in vivo experimental setup need to be validated with experiments. This is not

as straight forward as for the in vitro experiments where everything can be fairly easily controlled.

The in vivo experiments are performed in live mice where the extracellular matrix can be difficult to

manipulate and using a different cell line might alter more than just the cells response. Following

are suggestions of experiments to be conducted to validate the simulation results:

• Repeat the experiments by Wyckoff et al. [22] with a mutant tumor cell line(s) and macrophage(s)

that degrade more EGF. According to the simulation results, the number of collected tumor

cells is sensitive to changes in the EGF membrane-bound degradation.

• Repeat the experiments by Wyckoff et al. [22] with a less motile cell line (or more Mena11a

cells). Decreasing the percentage of motile cells resulted in a decrease in the number of tumor

cells and macrophages collected in the simulations.

• Repeat the experiments by Wyckoff et al. [22] with increased density of macrophages at

the tumor margin. Increasing the percentage of macrophages in the simulations resulted

in a decrease in the number of collected tumor cells and a maximum number of collected

macrophages.

• Repeat the experiments by Wyckoff et al. [22] with different doses of receptor blockers which

can affect the gradient threshold values, the secretion coefficients and/or the degradation coef-

ficients. Results from those experiment could be compared to a number of simulation results,



CHAPTER 6. CONCLUSIONS 69

depending on what function of the cells the receptor blockers alter.

These are only a few suggestions for experiments that could be conducted to validate the models

and is in no means a finite list. The important thing is to repeat experiments with different biological

parameters that correspond to the parameters in the model and to compare the experimental results

to the simulation results.

Cancer cells have been shown to develop resistance to the current drug therapies. Enhancing

our understanding of the paracrine signaling between tumor cells and macrophages may help in

identifying new targets in chemotherapy that are not likely to be affected by evolved drug resistance.



Chapter 7

Future enhancements

I have identified future enhancements that can be implemented into the model to continue research

on motility of breast cancer cells once the current computational framework has been validated with

experiments.

7.1 Receptor distribution

In Wyckoff et al. [22], the number of collected cells increased when the concentration of EGF in the

needle was increased until it reached a maximum at 25 nM. When the concentration was increased

to 50 nM, the number of collected cells decreased. This did not correlate with the simulation results

where the number of collected cells increased with increasing concentration of EGF in the needle. A

possible explanation for the decrease in collected cells in the experiment is that when the concentra-

tion in the needle was very high, all the EGF receptors on the tumor cells were bound and therefore

the cell could not detect a difference in chemical concentration across its diameter. To capture this

behaviour the receptors on the cells need to be added to the model. The number of bound receptors

at the leading edge and at the rear-end would be compared to calculate the gradient. Incorporating

the receptors in the model would require using coupled ordinary differential equations to describe

the change in bound receptors over time.

It might also be of interest to study the effect that different distributions of receptors on the

membrane, would have on the results. A higher density of receptors might be located at the leading

edge, which can be easily examined with the model. Here, the ellipsoidal shape of the cells could

be of importance. Adding this anisotropic receptor distribution might be crucial to get the distinct

streaming pattern mentioned in Wyckoff et al. [6].

70
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7.2 Autocrine loop

The current model simulates the paracrine signaling loop between tumor cells and macrophages

which involves CSF-1 and EGF. Experiments by Patsialou et al. [30] have shown that in addition to

the paracrine loop there is also a CSF-1/CSF-1R autocrine loop that is involved in the invasion of

human breast cancer cells. These experiments were conducted using the human breast cancer line

MDA-MB-231 in mice. The MDA-MB-231 cells have EGF receptors and secrete CSF-1 like the

PyMT and MTLn3 cell lines used in Wyckoff et al. [22], but they also have CSF-1 receptors which

enables autocrine signaling. These cancer cells can thus enhance the motility of other cancer cells.

Results from both in vivo and in vitro experiments are reported in Patsialou et al. [30]. The in vitro

experimental setup is the same as described in chapter 2.1, where the cells are plated on a MatTek

dish, overlaid by collagen and media containing CSF-1 is placed on top of the collagen. The in vivo

experimental setup is the same as described in chapter 2.2, where they use micro-needles containing

either EGF or CSF-1 to collect cells that migrate towards the gradient from the needle.

In in vitro experiments [30] using MDA-MB-231 cells the number of invasive tumor cells in-

creases greatly in the presence of macrophages which suggests that in vitro the paracrine loop is

more effective in promoting invasion than the autocrine loop. Results from in vivo experiments [30]

showed that invasion of this cell line is less dependent on the macrophages, where only 6% of the

collected cells were macrophages (compared to 25% in the experiments with MTLn3 and PyMT cell

lines simulated in this work). They also showed that the concentration of CSF-1R in vivo increases

in the presence of TGFβ1.

It is possible and would be very interesting to include this CSF-1/CSF-1R autocrine loop in my

model. This would involve an additional term in the PDE for CSF-1 concentration as well as chang-

ing the response of a tumor cell to also include CSF-1R binding. Results from these simulations

could then be compared to the results in Patsialou et al. [30] .

7.3 Extracellular matrix

The extracellular matrix (ECM) refers to the microenvironment of a tumor and it greatly affects

tumor progression. It is comprised of various molecules and growth factors as well as fibres, such

as collagen. Fibronectin is also present in the ECM and it binds cells to collagen fibres. Collagen

fibres can act as pathways for the cells to crawl along. In this model, the collagen fibres have

not been modelled specifically. However, in the simulations the cells have been allowed to move
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through the extracellular matrix assuming they are moving along collagen fibres. One way to model

the extracellular matrix would be to use anisotropic diffusion of EGF and CSF-1. The idea is that

the anisotropic diffusion could act as highways, making it easier for the cells to migrate in certain

directions which would correspond to the collagen fibres. In these simulations the 3D capabilities of

the model would be of great importance because a cell crawling along a collagen fibre might need

to be able to move to another collagen fibre to move past other cells which is not possible in a 2D

simulation. Another way to simulate the collagen fibres would be to make random tracks of EGF or

CSF-1 which the cells could chemotact along.

7.4 Intravasation and extravasation

The focus of this research has been on how breast cancer cells can migrate from a primary tumor

site and invade surrounding tissues or migrate towards blood vessels. When a tumor cell gets to a

blood vessel it needs to squeeze through the wall of the blood vessel to get into the blood stream.

Once they are in the blood stream they also need to be able to extravasate at distant sites to start

forming secondary tumors. These intravasation and extravasation processes have not been included

in this model thus far.

As mentioned earlier, macrophages associated with tumors are usually divided into two groups,

TAMs and PMs. The TAMs are the ones that have been modelled here and enhance the motility of

breast cancer cells. The PMs are believed to be involved in intravasation and extravasation. One

step in improving the current model could be to include another cell type which would represent the

PMs. According to Wyckoff et al. [6] these macrophages behave differently than the TAMs and

they can exist as single cells or as clusters at the blood vessel sites. Because this is a force based

model it can be used to simulate the mechanics in which a cell is capable of squeezing through the

wall of the blood vessels. The deformability of the ellipsoids will also be an important feature in the

model to simulate this movement through the wall of the blood vessels.

7.5 Other applications

In principle, this computational framework is not limited to breast cancer motility research but it can

be applied to any biological system based on adhesiveness of cells and/or cell-cell signaling. Wound

healing, epithelial-mesenchymal transitions (EMT), early zebrafish development, formation of new

blood vessels and other types of cancer are a few examples of such biological systems.
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Glioma (cancer initiated in the brain and in the spine) is one type of cancer where this model

could be useful. Spreading of glioma has been shown to be greatly dependent on both paracrine

signaling, between tumor cells and either TAMs, or microglia, and autocrine signaling (involving

EGF and/or TGFα) [31]. Glioma is highly invasive and patients have a poor prognosis. Hence, it is

both interesting and critical to enhance our current understanding of this disease. Some adjustments

to the current computational framework would be necessary after which a parametric sensitivity

analysis might yield new insights into the spreading of the cancer cells.

EMT is a process in which polarized cells in an epithelial layer lose their epithelial characteristics

and become motile. EMT is an important process for early embryonic development but it is also

responsible for increased invasiveness and metastatic potential of tumor cells. Our computational

framework can be used to simulate this process. It involves adhesion of an epithelial cell to its

neighbours and possibly a chemotactic signal of some sort that enables the cancerous cells to migrate

away from the epithelial sheet.



Appendix A

Mathematical analysis in 1D

The computational model developed in this research has 3D capabilities which are important when

studying the motility behaviour and the ratio between collected tumor cells and macrophages. Here,

I will show results from a 1D mathematical analysis of a system that behaves similarly to the

EGF/CSF-1 paracrine signaling between tumor cells and macrophages described in chapter 1. This

work was conducted under the supervision of Dr. L. Edelstein-Keshet at the Department of Mathe-

matical Biology at UBC. We wanted to know if behaviour in the more complicated 3D system could

be explained analytically. Although the 1D system can not give as much insight into the motility of

cells it can help explore the parameter space and identify conditions necessary for instability. I used

a set of 4 PDEs to describe the system and performed linear stability analysis to find out if sponta-

neous aggregation of cells could occur and if so what conditions were necessary. The methods used

for this analysis were adopted from work done by Luca et al. [32]. I also simulated the 1D system

in Matlab and compared the numerical results to the mathematical analysis.

A.1 PDE system

The following set of PDEs are used to describe the signaling pathway between tumor cells and

macrophages:
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∂2φ
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− ∂
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∂c

∂t
= D

∂2c

∂x2
+ s1T − γ1c (A.3)

∂e

∂t
= D

∂2e

∂x2
+ s2φ− γ2e (A.4)

Where φ is the density of macrophages, T is the density of tumor cells, c is the CSF-1 concentration,

e is the EGF concentration, µ is the random motion of cells, χi are the chemotaxis coefficients, D is

the diffusion coefficient for the two signaling molecules, si are the secretion coefficients, γi are the

degradation coefficients and i ∈ {1, 2}.
In this system the cells are free to move around randomly, the macrophages can chemotact

towards a gradient of CSF-1 (second term in Equation A.1) and the tumor cells can chemotact

towards a gradient of EGF (second term in Equation A.2). The two signaling molecules are free

to diffuse around, CSF-1 is secreted by tumor cells (second term in Equation A.3) and degraded

uniformly (third term in Equation A.3). EGF is secreted by macrophages (second term in Equation

A.4) and degraded uniformly (third term in Equation A.4). There are two important differences

between the system described by these equations and the ones used in the 3D model. Here,

• there is no membrane bound degradation but only external degradation.

• the secretion of signaling molecules has no upper or lower bound like the sigmoidal secretion

in the 3D model and it does not depend on the concentration of the other signaling molecule

around the cell. Instead, there is a linear relationship between the density of cells and the

secretion of signaling molecules.

The system is assumed to have no flux boundary conditions. Therefore:

µ
∂φ

∂x
− χ1φ

∂c

∂x
= 0,

∂c

∂x
|0,L = 0 (A.5)

µ
∂T
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− χ2T

∂e

∂x
= 0,

∂e

∂x
|0,L = 0 (A.6)

I used no flux boundary conditions because the in vitro experiments are conducted on a MatTek dish

where there is no flux of material in and out of the dish.

If a well mixed system is assumed the diffusion terms go to zero. At the homogeneous steady

state:

T̃ s1 = γ1c̃⇒ c̃ =
T̃ s1
γ1

(A.7)
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φ̃s2 = γ2ẽ⇒ ẽ =
φ̃s2
γ2

(A.8)

Here, X̃ is representative of the steady state concentration.

In order to simplify the PDE system and reduce the number of parameters, the equations can be

written in a dimensionless form that results in the following equations:
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Where:

A1 =
χ1T̃ s1
γ1µ

, ε =
µ

D
(A.13)

A2 =
χ2φ̃s2
γ2µ

, a2 =
γ1
γ2

(A.14)

By writing the equations in this dimensionless form the number of parameters reduces from 8 to 4.

A.2 Reduction to a system of 2 equations

To study this system analytically in more detail it is beneficial to first simplify it. A quasi steady

state of c and e is assumed because the chemicals diffuse more rapidly than the random motion of

the cells, meaning that µ << D and ε is small. Equations A.11 and A.12 then become:

0 =
∂2c

∂x2
+ a2(T − c) (A.15)

0 =
∂2e

∂x2
+ (φ− e) (A.16)

Green’s functions can be used as solutions to these equations. Namely,
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Figure A.1: In Equations A.17 and A.18 the concentrations of CSF-1 and EGF have been repre-
sented in terms of the position, x′, of the tumor cells or macrophages. This graph represents the
concentration profile from a cell located at x=0.

c =
a

2

∫ ∞
−∞

e−a|x−x
′|T (x′)dx′ (A.17)

e =
1

2

∫ ∞
−∞

e−|x−x
′|φ(x′)dx′ (A.18)

The signaling molecule concentrations are now represented as functions that decrease exponen-

tially with distance away from the cells, see Figure A.1. Concentration of EGF is represented with

respect to the position of macrophages and concentration of CSF-1 is represented with respect to the

position of tumor cells. Using these Green’s functions for the concentration of e and c, the system

can now be reduced to 2 PDEs containing convolution integral terms.

A.3 Linear Stability Analysis

By making some reasonable assumptions about the system the number of PDEs has been reduced

from four to two. A linear stability analysis can be performed to see if a small perturbation from

the steady state can cause spontaneous aggregation of the cells. The following perturbations are

introduced in the system:
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T = T̃ + T ′eiqx+σt

φ = φ̃+ φ′eiqx+σt (A.19)

Where q is the wavenumber of the perturbation and σ is the growth rate of the perturbation. Intro-

ducing this perturbation into the system and taking the relevant derivatives the following Jacobian is

obtained:

J =

 σ + q2 − q2A1φ̃
q2+a2

− q2A2T̃
q2+1

σ + q2

 (A.20)

For non-trivial solutions the determinant of the Jacobian needs to be zero, det(J) = 0. The

eigenvalues of this Jacobian matrix will be of the form σ2 +Bσ + C = 0. Where:

B = 2q2 (A.21)

C = q4(1− A1A2φ̃T̃

(q2 + a2)(q2 + 1)
) (A.22)

For spontaneous aggregation to occur, the small perturbations have to cause instability in the

system. The growth rate, σ, needs to be positive to promote instability, which requires C<0. At the

limit q →∞, C>0 and therefore instability can never occur for perturbations with large wavenum-

bers. Instability can occur if the following inequality is satisfied:

(q2 + a2)(q2 + 1) < A1A2φ̃T̃ (A.23)

This inequality gives insight into parameter regime where instability and thus spontaneous ag-

gregation of cells can occur. For large enough values of A1 and A2 this inequality can be satisfied.

Recall that Ai ∝ χisi
γi

. In the limits where one of the secretion coefficients or one of the chemotaxis

parameters goes to zero no spontaneous aggregation of cells can occur. The same holds true if one

of the degradation coefficients is large.

A.4 Simulations

I used Matlab to simulate the set of 4 PDE system, equations A.1-A.4, for different values of Ai.

I introduced a small perturbation in the concentration of T and the simulation results can be seen
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Figure A.2: A Gaussian peak perturbation in T is introduced in the centre of the simulation. In these
simulations Ai is small and the system goes to equilibrium. M: macrophages, T: tumor cells. The
first two rows are kymographs which show density of cells (first row) and concentration of signaling
molecules (second row) with respect to position (x-axis) and time (y-axis). The third row shows
the density of cells with respect to position for three different times in simulation, first blue, second
green and third is red.

in Figures A.2-A.5. The figures are kymographs which show the concentration of tumor cells,

macrophages, CSF-1 and EGF with respect to position (x-axis) and time (y-axis). If the Ai value

is small than the small perturbation will die out and the system will equilibrate whereas if the Ai
value is large there will be instability in the system and the two cell types aggregate around the

position where the perturbation was introduced. These simulations validate the findings from the

linear stability analysis in the previous section.

A.5 Conclusions

Carefully chosen assumptions about the diffusion rates and the homogeneous steady state help re-

duce the system of 4PDEs to a system of 2 PDEs. I studied the 2 PDE system analytically and arrived

at the inequality in equation A.23. The 1D simulations in Matlab verify the findings from the linear
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Figure A.3: As in Figure A.2 but for large Ai where instability occurs. The two cell types aggregate
in the centre.

Figure A.4: A sine wave perturbation in T is introduced in the simulation. In these simulations Ai
is small and therefore the system goes to equilibrium.
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Figure A.5: As in Figure A.4 but for a large Ai causing instability and the two cell types aggregate
on the left hand side.

perturbation analysis of the system. The results from these simulations can not be directly compared

to the simulation results for the 3D model in chapters 4 and 5 because there are two important differ-

ences between the two systems. The 1D system does not have membrane bound degradation and the

secretion is linear in the 1D system but sigmoidal in the 3D system. However, I conducted a couple

of simulations with the 3D model that could be compared to these results. I randomly distributed the

two cell types in the x-y plane and then I introduced a few active tumor cells in the centre of the x-y

plane (Figure A.6). For low degradation coefficients the two cell types aggregate around the centre.

For high degradation coefficients the two cell types are randomly distributed. The ratio between the

two degradation coefficients is the same in both of the simulations, i.e. a2 does not change. The 1D

analysis therefore accurately predicts results from simulations with the 3D computational model.

The simplified secretion and degradation terms were chosen for this work in order to be able to

analyze the system mathematically. The full system of 4 PDEs can be altered and studied in more

detail numerically. The degradation and secretion terms can be changed to more closely resemble

the 3D system and results can be compared to results from the 3D model. Future work with this

1D model may include: (a) making the secretion terms sigmoidal and dependent on the concen-

tration of the other signaling molecule, (b) including membrane bound degradation. The size and

ratio between cell types in the aggregates for different secretion and membrane-bound degradation

coefficients can than be compared to the results from the 3D simulations.

The inequality in equation A.23 gives some useful insight into the parameters in the system.

Increasing one of the secretion coefficients or decreasing one of the degradation coefficients can
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result in instability and hence aggregation of cells. This is an important feature of the paracrine

signaling loop where both signaling molecules are necessary for the two cell types to communicate.

Another important result from the analysis is that if degradation of either signaling molecule is high

that can result in discontinued interactions between the cell types and the system goes back to a

homogenous steady state. The ratio between the two degradation coefficients is also important,

through the parameter a2 in equation A.11 and in the inequality in A.23. These results indicate that

for instability to occur:

• both EGF and CSF-1 need to be present.

• increasing secretion of either of the signaling molecules is sufficient.

• the chemotaxis coefficients need to be large enough.

In conclusion, the paracrine signaling between tumor cells and macrophages is necessary for

spontaneous cell aggregation. Altering the secretion coefficients, the degradation coefficients or the

chemotaxis coefficients can disrupt the paracrine signaling and leave the cells immobilized.
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Low degradation 
coefficient

High degradation 
coefficient

Figure A.6: Simulations conducted with the 3D model to compare to the results from the 1D system
analysis. A perturbation in tumor cell (green cell) density is introduced in the centre. In the figures
on the left side the degradation coefficients are high and the system stays at steady state. In the
figures on the right side the degradation coefficients are low and the two cell types aggregate at the
centre. The ratio between the two degradation coefficients stays constant.
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