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ABSTRACT

PHYSICAL MODELING OF DRUG TRANSPORT IN
CANCER

Understanding the interaction of tumors with their microenvironment is imper-
ative to understand its development and to increase the efficiency of therapies. In
addition to all other genetic and biochemical determinants of tumor system that make
it very different than healthy tissue, morphological properties of tumor system and
resulting physical properties add to this difference creating strong contrasts compared
to its healthy counterpart. Therefore, examining the physics of this system is an im-
portant part of cancer research. In this work, we delve into the physics of tumor and
its blood vessels to understand its role in tumor growth and response to therapy. We
tried to resolve the physical problem of transport of drugs to tumor microenvironment
efficiently. To achieve that, we created a tumor simulator by building a mathematical
model framework that includes spatial representations of tumors and their microen-
vironment. Since vessels are the distributors of drugs and they are responsible for
abnormal fluid flow, and resultant changes in fluid pressure, treatments manipulat-
ing tumors vessels were explored to enhance drug delivery. Specific models are built
for simulating normalization of tumor blood vessels and promoting vessel growth with
different treatments. These two approaches are tried using different doses of drug
combinations and drug scheduling to optimize the benefit from chemotherapy. For
each case, we revealed the advantages and disadvantages of these approaches and the

physical reasons behind them.



OZET

KANSERDE ILAC TASINMASININ FiZIKSEL MODELI

Tiimorlerin mikrogevreleri ile etkilesimini anlamak, tiimor gelisimini anlamak ve
tedavilerin etkinligini arttirmak i¢in zorunludur. Tumor sisteminin saghkl dokudan
¢ok farkl kilan tiim diger genetik ve biyokimyasal belirleyicilere ek olarak, tiimor sis-
teminin morfolojik 6zellikleri ve sonucta ortaya c¢ikan fiziksel ozellikler, saglikli muadil-
lerine gore giiclii kontrastlar yaratir. Bu nedenle bu sistemin fizigini incelemek, kanser
aragtirmalarinin onemli bir pargasidir. Bu calismada tiimor biiyiimesi ve tedaviye yanit
{izerindeki roliinii anlamak icin tiimér ve kan damarlarmin fizigine bagvurduk. Ilaclarn
tiimor mikrocevresine etkili bir gekilde taginmasiyla ilgili fiziksel problemi ¢ozmeye
calistik. Bunu basarmak icin, tiimoriin ve mikrocevresinin mekansal temsillerini iceren
bir matematiksel model ¢ergevesi olugturarak bir tiimor simiilatorii yarattik. Damarlar
ilaclarin dagiticisi oldugundan ve anormal s1vi akigindan ve sivi basincinda ortaya ¢ikan
degisikliklerden sorumlu olduklari i¢in, ilag dagitimimi geligtirmek igin tiimor damar-
larin1 manipiile eden tedaviler aragtirilmigtir. Ttimor kan damarlarinin normallesmesini
simiile etmek ve farkl tedavilerle damar biiytimesini tesvik etmek icin 6zel modeller
tiretilmigtir. Bu iki yaklagim, kemoterapinin faydasini optimize etmek icin farkl ilag
kombinasyonlar1 ve ila¢ programlamasi kullanilarak denenmigtir. Her vaka icin bu
yaklagimlarin avantaj ve dezavantajlari ve bunlarin arkasindaki fiziksel nedenler ortaya

gikarilmistir.



vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . ... o . iii
ABSTRACT . . . . e iv
OZET . . oo v
LIST OF FIGURES . . . . . . . . . viii
LIST OF TABLES . . . . . . . e X
LIST OF SYMBOLS . . . . . . . xi
LIST OF ACRONYMS/ABBREVIATIONS . . . . . ... .. ... ... .... Xiv
1. INTRODUCTION . . . . . e 1
1.1. Thesis Outline. . . . . . . . . . ... 3
2. BIOLOGICAL BACKGROUND . . . . . . . .. .. ... ... ... ..... 4
2.1. Tumor Growth . . . . . . . . . ... 6
2.2. Angiogenesis . . . . . .. 8
2.3. Tumor Microenvironment . . . . . . . .. ... ... ... 10
2.4. Cancer Therapies . . . . . . . . . . ... 10
2.4.1. Chemotherapy . . . . . . . . . . ... ... 12
2.4.2. 'Therapies Targeting Tumor Vessels . . . . . .. . ... ... .. 13
2.5. Drug Delivery in Tumors . . . . . . . . .. ... ... ... ... 16

3. DEVELOPEMENT OF TUMOR GROWTH AND TREATMENT RESPONSE
MODEL . . . . . 19
3.1. Tumor Growth . . . . . .. . .. ... .. 19
3.2. Vessel Growth . . . . . . . . .. 21
3.3. Interstitial Fluid Pressure . . . . . . . . .. .. ... ... ... ..., 23
3.4. Generalized Drug Equation . . . .. ... ... ... ... ... ... 26
3.5. Solution Method . . . . . . ... ... 29

4. EFFECT OF NORMALIZATION IN CHEMOTHERAPY DELIVERY AND
RESPONSE . . . . . 34
4.1. Related Literature Review in Modeling of Tumor . . . . . . .. .. .. 36
4.2. Mathematical Model . . . . . . .. .. ... oo 37

4.3. Model Equations . . . . . . . ... o 38



vii

4.3.1. Tumor cells, vasculature and IFP . . . . . ... ... ... ... 38
4.3.2. Antiangiogenic agent and chemotherapy drug . . . . .. .. .. 41
4.4, Results . . . . . . . 43
4.5. Discussion . . . . ... 50

5. PROANGIOGENIC TREATMENT STRATEGIES TO ENHANCE DRUG DE-
LIVERY AND TREATMENT RESPONSE . . . . . ... . ... ... ... 26
5.1. Related Literature Review in Modeling of Tumor . . . . . .. ... .. 58
5.2. Mathematical Model . . . . . . . .. ... 0oL 59
5.3. Model Equations . . . . . . ... 60
5.3.1. Tumor cells, vasculature, and IFP . . . . . .. ... ... ... . 60
5.3.2. Proangiogenic and chemotherapy drugs . . . . . . .. .. .. .. 62
5.4. Results . . . . . . o 64
5.5. Discussion . . . . ... 69
6. CONCLUSION . . . . .. e 72

REFERENCES . . . . . o e 74



Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

viil

LIST OF FIGURES

Representation of a typical tissue showing epithelial and mesenchy-

mal components . . . . .. ... 4
Hallmarks of cancer . . . . . . . . . .. ... ... ... ...... 5
Effects of hypoxia and acidosis on tumors . . . . . . . . ... ... 7

Abnormal vessel created by angiogenesis . . . .. ... ... ... 9
[FP maps and profiles of tumors composed of typical Human NCI-

H460 non—small-cell lung cancer cells on mice . . . ... ... .. 11
Developement of internal resistance to chemotherapy. . . . . . .. 13
Effects of therapies manipulating tumor vessels . . . . . . .. .. 15
Transport in tumor microenvironment . . . . . . . . . . ... . .. 18
Tumor growth in simulations. . . . . . . .. ... ... ... ... 21
Vessel growth in simulations. . . . . . . . ... ... .. ...... 22
A simple compartment PK model for drug delivery in the tumor. . 27
PK/PD models to analyze drug delivery and response . . . . . . 28
Spatial computational domain. . . . . . . .. ... 31



Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

1X

Control case showing vessel and tumor densities and IFP for days

19,23 and 27. . . . .. 44
Drug regimens. . . . . . . .. ..o 45
Tumor density and chemotherapy drug extravasation coefficient. . 47

Average IFP over whole tumor and average cell density in the in-

terior region of tumor. . . .. . ..o 49

Drug extravasation rate from vessels and total drug exposure per

unit area in the interior region of tumor by the end of the simulation. 49

Tumor density and chemotherapy drug extravasation coefficient for

drugs acting on tumor cell proliferation. . . . . . . . . .. ... .. 51
Tumor cell and vessel density for tumors with high vessel density. 66
Tumor cell and vessel density for tumors with low vessel density. 67
Total number of tumor cells in time. . . . . . . .. ... ... ... 68
IFP along the radius of tumor. . . . . . . ... .. ... ... ... 68



Table 3.1.

Table 4.1.

Table 4.2.

Table 5.1.

Table 5.2.

Table 5.3.

LIST OF TABLES

Models explaining tumor growth . . . . . .. .. .. ... ...

Interstitial fluid transport parameters. . . . . . . .. ... ... ..

Parameters related to transport of 100 nm liposomes and antian-

giogenic agents. . . . . . .. ...

Dimensionless tumor and vessel growth parameters. . . . . . ...

Transport parameters of small chemotherpy drug Doxorubicin. . .

Proangiogenic drugs and chemotherapy combinations. . . . . . . .

63



X1

LIST OF SYMBOLS

Sigmoid growth exponent

Concentration of antiangiogenic agent

Peak plasma concentration of angiogenic agents

Reaction coefficient between vessels and antiangiogenic agent
Plasma antiangiogenic agent concentration

VEGF production coefficient from proangiogenic agent
Sigmoid decay exponent

Concentration of chemotherapy drug

Peak plasma concentration of chemotherapy drugs

Diffusion coefficient of antiangiogenic agent

Diffusion coefficient of chemotherapy drug

Chemotherapy drug concentration

Diffusion coefficient of chemotherapy drug

Reaction coefficient between tumor cells and chemotherapy

drug

Diffusion coefficient for vessels
Maximum chemotherapy drug concentration that ex-

travasated inside the tumor
Reaction coefficient between tumor cells and chemotherapy

drug

Diffusion coefficient for tumor cells
Rate of chemotherapy drug elimination as a result of reaction

with tumor cells
Plasma chemotherapy drug concentration

Plasma chemotherapy drug concentration
VEGF production coefficient

Incremental change

Hydraulic conductivity of normal vessels

Hydraulic conductivity of the interstitium



mmaz

Niim

'm

S/V

1/2

xii

Hydraulic conductivity increase rate from proangiogenic agent
Decay rate of antiangiogenic agents

Decay rate of chemotherapy drugs
Retardation coefficient for interstitial convection
Decay of chemotherapy drugs

VEGF decay

Hydraulic conductivity of vessel wall

Vessel density

Maximum vessel density

Tumor cell density

Carrying capacity for tumor cell density
Tumor cell population

Interstitial fluid pressure

Interstitial fluid pressure in normal tissue
Vascular pressure

Axial blood flow in vessels

Tumor cell density growth rate

Vessel decay coefficient

Vessel surface density

Function

Interstitial fluid flow

Plasma half-lives of the antiangiogenic agent
Plasma half-lives of the chemotherapy drugs
VEGF concentration

First coefficient for vessel growth

Coupling coefficient for tumors with vessels
Angiogenesis production coefficient
Angiogenesis production coefficient

Second coeflicient for vessel growth

Angiogenesis dispersion coefficient



/
nm

U

o)

xiil

Angiogenesis dispersion coefficient
Third coefficient for vessel growth
Supply of the fluid from blood vessels into the interstitial

space

Fluid drainage from the interstitial space into the lymph ves-

sels
Blood viscosity

Growth rate

Sigmoid growth rate

Sigmoid decay rate

Transvascular diffusion coefficient of antiangiogenic agents
Hydraulic conductivities of blood vessels

transvascular diffusion coefficient of chemotherapy drug
Hydraulic conductivities of lymphatics

Capillary oncotic pressure

Interstitial oncotic pressure

Vessel diameter

Solvent drag reflection coefficient

Solvent drag reflection coefficient

Osmotic reflection coefficient



2-D
3-D

DNA
ECM
EPR
Gy
Go
IF
IFP
LD

MVD
MVP
ODE
PD
PDE

PK

RGD

S

SD

VEGF
VEGFR-2

LIST OF ACRONYMS/ABBREVIATIONS

Two Dimensional

Three Dimensional

Angiopoietin

Deoxyribonucleic Acid

Extracellular Matrix

Enhanced Permeability and Retention Effect
Gap 1

Gap 2

Interstitial Fluid

Interstitial Fluid Pressure

Large Drug

Mitotic

Microvessel Density

Microvascular Pressure

Ordinary Differential Equation
Pharmacodynamic

Partial Differential Equation
Acidity

Pharmacokinetic
Arginylglycylaspartic Acid
Synthesis

Small Drug

Vascular Endothelial Growth Factor
Vascular Endothelial Growth Factor Receptor 2

Xiv



1. INTRODUCTION

Although cancer is a disease that initiated by changes in genes, more and more
evidence appear every day about the fact that understanding the genes involving in the
process is not enough for understanding cancer and to find ways to battle it. Cancer
is now viewed as a complex disease whose development depends on the interaction of

genes and its microenvironment including biochemicals and even physical forces.

Due to its complex nature, understanding cancer requires combined efforts of
many disciplines. There are many physical aspects to tumor growth. Tumor cells
reproduce avoiding population control mechanisms acting on healthy cells [1]. Over-
population of tumor cells causes the solid pressure increase, irregular and leaky tumor
vessels increases fluid pressure inside the tumors [2]. These abnormalities lead to
changes in fluid movement from vessels to tumors and within the tumors compared to
healthy tissue. The physical changes in microenvironment complicate the treatment
process. Therefore, the efficient delivery of drugs to tumors cells constitutes a physical

problem.

In this thesis, we explore the tumor growth in relation to its microenvironment,
approaching them as a physical system. Tumor cells and vessels are modeled using
partial differential equations for the development of multiscale spatiotemporal tumor
simulator. Tumor vessels are modeled such that they evolve according to the inter-
actions with tumor cells, initiate angiogenesis which is the production of new vessels,
and reach to a configuration which is observed in real tumors. vessel structure is com-
posed of heterogeneously distributed vessel islands due to these interactions. Tumor
cells also interact with vessels increasing the growth rate of the tumor. The model has
equations accounting for the transport of fluid from vessels to tissue and back to the
lymph system. We calculate the interstitial fluid velocity field and interior pressure of
the tumor by quantifying this fluid transport. There is also representation of a lymph

system in the model.



We use the tumor cells, vessels and interstitial fluid pressure (IFP) framework to
simulate drug treatments. We evaluate the delivery of the drugs and using different
treatment types, dosage and schedule to observe treatment results in our simulations.
This framework replicates the physical delivery barriers posed on the tumor by mi-
croenvironmental abnormalities seen commonly in tumors. Simulation results enable

us to see the nonlinear effects created by tumor microenvironment and by drug therapy.

We utilize this system to evaluate combination therapies of antiangiogenic agents
(drugs that inhibits new vessel formation) with chemotherapy. We observe the partic-
ular results in each kind of treatment exploring the problems about them and optimize
them regarding enhancing and homogenizing drug delivery through the tumor and

minimizing the tumor size.

We use this simulator to explore normalization of tumor vessels which is a process
making leaky and irregular blood vessels to turn into less leaky, regular and functional
vessels that resemble the vessels in the healthy tissue [2,3]. The process which is induced
by the application of antiangiogenic agents is studied concerning its benefit in reducing
IFP and enhancing drug delivery. The ultimate treatment response after chemotherapy
application with normalized tumor vessels is evaluated. A drug scheduling for combi-
nation therapy is proposed to obtain a more homogeneous chemotherapy delivery and
decreased tumor cell density within the tumor compared to the only chemotherapy

applications.

Another phenomenon concerning tumor vessels, vascular promotion is also stud-
ied using tumor growth simulator. Vascular promotion is achieved through the applica-
tion of a low dose of some antiangiogenic agents to the tumor, increasing vessel density
and leakiness [4]. This time, the unfavorable result for drug delivery, the increase in
IFP is balanced with a beneficial increase in vessel density regarding drug delivery to
create best-case scenarios with this combination therapy. Properties of chemotherapy
drugs best fitted to this combination therapy to yield drug delivery benefit and better

treatment response are studied compared to only chemotherapy applications.



1.1. Thesis Outline

In Chapter 2, the relevant biological background for tumor growth, angiogenesis
and tumor microenvironment is given. Cancer therapies are generally explained, and
chemotherapy and therapies targeting tumor vessels are studied. Problems about drug

delivery in the tumor microenvironment are addressed in detail.

In Chapter 3, the development of multiscale spatiotemporal tumor growth and
drug response model is explained. Base equations for model components: tumor cell
density, vessel density, interstitial fluid pressure and a generalized equation for drugs

are derived. Solution method and algorithm is discussed.

In Chapter 4, based on the model framework given in Chapter 3, a specialized
model is built for assessment of vascular normalization in the context of its benefit on
drug delivery and treatment response. Simulation results are given to show the optimal
conditions for that therapy, and its effect on the spatial distribution of chemotherapy

drugs.

In Chapter 5, based on the model framework given in Chapter 3, a specialized
model is built for assessment of vascular promotion in the context of its benefit on
drug delivery and treatment response. Simulation results are given to show the optimal
conditions for that therapy, and the properties of the chemotherapy drugs best suited
for this type of therapy are suggested.

In Chapter 6, a conclusion for the thesis is constructed explaining the most critical

results given by the physical models of tumor studied here.



2. BIOLOGICAL BACKGROUND

Tumor cells can be described as cells escaping from normal control mechanisms
[5,6]. A series of mutations need to occur in cells to enable this transition and tumor
appear as a mass of differently mutated cells [6]. The balance between proliferation,
death, and differentiation ensure that cell number remains constant in healthy tissue.
This balance is broken through in tumors by increased cell number arising either from
blocked death and/or differentiation or increased proliferation with no change in the

other two properties [7].

Tumors can be divided into three groups as benign, in situ, and cancers [5].
Benign tumors can appear in any tissue growing in and damaging the tissue locally
without spreading to distant locations. In situ tumors are mostly small tumors usually
appearing and staying in epithelium without moving through the basement membrane
and supporting mesenchyme. Figure 2.1 of a typical tissue shows these components.
Epithelium layers outer surfaces of organs and blood vessels and inner surfaces of
cavities of many organs. Cancers are malignant tumors that have the capacity for local

invasion. It is a large group of diseases having more than two hundred distinct types.
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Figure 2.1. Representation of a typical tissue showing epithelial and mesenchymal

components [5].



Transformation of normal cells is called tumorigenesis which is a multi-step pro-
cess of genetic alterations. Hanahan and Weinberg identified eight commonly appearing
alterations in cancer cells as self-sufficiency in growth signals, insensitivity to growth-
inhibitory signals, evasion of programmed cell death, limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis in their article published
in 2000 [1]. They added two additional emerging hallmarks and two enabling charac-
teristics to this work in 2011 to complete the picture of malignant transformation [8].
Figure 2.2 shows all hallmarks including the new additions; reprogramming energy
metabolism, evading immune destruction, genome instability and mutation, and tumor-

promoting inflammation.

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding

immune
%des'ﬂ’uctbn

Resisting Enabling
cell replicative
death immortality
Genome Tumor-
instability & . promotmg
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 2.2. Hallmarks of cancer [§].



2.1. Tumor Growth

Dividing cells in body pass through a series of stages making up cell cycle, in
which two daughter cells produced from one dividing cell. Cell cycle completes in two
phases called interphase and mitotic phase. Interphase begins with G; phase in which
the cell grows, copies organelles, and makes the molecules to prepare for later steps.
Next comes the S phase, in which the cell produce a complete copy of the DNA and
duplicates the centrosome which helps to separate DNA during M phase. Interphase
is completed by the end of G5 phase in which cell grow further, produces proteins and
organelles and rearrange its contents for preparation of mitosis. The mitotic phase
includes the separation of DNA into two sets and division of cells cytoplasm, finally
forming two new cells. Several checkpoints regulate the proliferation during cell cy-
cle whose failures results in uncontrolled growth. Cell death can occur passively by
necrosis or in a programmed manner with the synthesis of macromolecules by apop-
tosis [7]. Tumor cells usually accumulate mutations on the genes that have potential
to cause cancer (oncogenes) and genes that prevents a cell from becoming cancerous
(tumor suppressor genes) [9] which help them to evade control mechanisms that induce
apoptosis [1]. Proliferation rate is similar for mutated cells and host cells. Since tumor
cells do not have population control mechanisms, cell density increases in the tumor
microenvironment. As tumor cells continue to be differentiated this rate also changes

making doubling times faster for metastases than primary tumors [7].

The inherent vasculature is not able to sustain tumors growing beyond 1mm3
regarding nutrient and oxygen and at this stage and tumor size is limited to diffusion
from vessels which are about 100 — 200um [9]. Due to excess in proliferation, cells in
tumor center that are devoid of nutrients and oxygen start to go through necrotic cell
death composing a necrotic core. Between highly proliferating outer rim and necrotic
core, oxygen drops below to required levels to sustain cell metabolism which is called
hypoxia. High consumption of oxygen by tumor cells creates chronic hypoxia by limit-
ing diffusion length from available vessels (diffusion limited delivery), and lack of vessels

or blood perfusion in the region creates acute hypoxia (perfusion limited delivery) [10].



Hypoxia triggers changes from aerobic to anaerobic metabolism [10,11]. This
metabolic shift results in acidic extracellular pH. Acidosis also appears when there is
oxygen in the extracellular region, this tendency of tumor cells are called “the Warburg
effect” [12]. These microenvironmental factors lead to evasion of the immune system,
increase in invasive and metastatic potential and creation of selective survival pressures
for cancer cells to adapt [13]. Hypoxia also triggers a switch mechanism for blood vessel
production called angiogenesis. During angiogenesis, vascular endothelial growth fac-
tors (VEGF) activate the receptors on endothelial cells in existing vessels for sprouting
of new vessels. By recruiting their blood supply, tumors can grow beyond 1 — 2mm in
diameter [5]. However, as tumors grow, vessels remain insufficient to sustain tumors
due to unfunctional nature of vessels produced by angiogenesis and vascular collapse
due to increased solid and fluid pressure building up inside the tumors [2]. Therefore,
hypoxia is not fully evaded after the angiogenic switch. Consequences of hypoxia and

acidosis are summarized in Figure 2.3.

Genomic instability & Angiogenesis Inflammation, fibrosis, &
unfolded protein response immunosuppression

Hypoxia Resistance to
radiotherapy,

chemotherapy

and immunotherapy

Switch to anaerobic \ A, 5
metabolism 7 lowpH /

Resistance to Induction of
apoptosis/autophagy cancer “stem cell”

EMT &
metastasis phenotype

Figure 2.3. Effects of hypoxia and acidosis on tumors [13].



By the support of the new vessels produced with angiogenesis, tumor begins to
invade surrounding host tissue. Tumor cells can spread via blood or lymph vessels and
body cavities to a different location resulting in the formation of a new tumor in the
host body which is called metastasis [7]. Metastasis is found to be highly correlated

with vascularity of tumors and angiogenesis [14].

2.2. Angiogenesis

Angiogenesis which is utilized by tumors to obtain blood supply is a restricted pro-
cess after embryonic development. It is activated only during the female reproductive
cycle, wound healing, and in certain diseases and cancer [5]. Pro and antiangiogenic
factors are in balance in normal conditions, tumors initiate production of proangio-
genic factors like vascular endothelial growth factor (VEGF), triggering the angiogenic
switch mechanism. Angiogenesis in tumor produces unfunctional vessels since it lacks

control mechanisms acting on the angiogenesis in normal tissue [11,13].

Angiogenesis starts with degradation of the capillary basement membrane and
the local extracellular matrix. Endothelial cells are activated and migrated towards
the angiogenic stimulus. They proliferate at a rate 50-200 times greater than their
healthy counterparts and differentiate forming new vessels. Proliferation mainly occurs
in tumor periphery and microvessel density (MVD) is four to ten times greater in

periphery than in the interior regions [15].

The tumor vessels produced by angiogenesis have morphological changes as shown
in Figure 2.4. Incomplete support from pericytes and a basement membrane makes
them leaky compared to normal vessels [5,9]. Vessels have abnormal branching; they
form sinusoids and arteriovenous shunts [15]. The resulting vasculature is very hetero-
geneous and insufficient in terms of supplying blood. As a result of abnormal vascular
structure in tumors, hypoxia and high acidity remain as a problem even after the

angiogenic switch.



Normal Abnormal

Figure 2.4. Abnormal vessel created by angiogenesis [2].
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2.3. Tumor Microenvironment

Tumor cells are embedded in a fibrous structure called extracellular matrix (ECM)
surrounded by interstitial fluid (IF) which is circulating between vessels, ECM and
lymph vessels. Within ECM, fibroblasts, myofibroblasts, endothelial cells reside making

up the tumor stroma [16].

IF carries nutrients and other micro and macromolecules necessary for the home-
ostasis of the system. Degradation of ECM takes place during pathogenesis and tumor
cell proliferation. After degradation, ECM is build up again by tumor cells. This
remodeled tumor ECM is different from that of normal inherent tissue [16,17]. It is

stiffer due to increased pressure from rapid proliferation [9].

Aside from hypoxia, abnormal vessels produced by angiogenesis generate other
abnormalities in tumor microenvironment. Due to the large holes in capillary walls,
fluid exit from vessels in higher amounts compared to normal tissue. As fluid accu-
mulate extracellular region of tumors, interstitial fluid pressure (IFP) builds up inside
the tumors [9]. In the meantime, increased solid pressure collapses lymph vessels in
the interior regions of tumor [18]. These factors create a common IFP profile observed
in solid tumors with an elevated plateau in the central region which drops sharply to
normal tissue IFP levels at tumor boundary [19,20]. Figure 2.5 shows IFP maps and
profiles of tumors composed of typical Human NCI-H460 non—small-cell lung cancer
cells in mice [21]. In some cases, IFP is found to be as high as microvascular pressure

(MVP) inside tumors preventing any fluid transport from vessels.
2.4. Cancer Therapies
For solid tumors, the initial step of the therapy is surgical removal of the tumor

with a margin of healthy tissue since the surface of tumors are usually irregular [7].

Starting with adjuvant therapy after the surgery is common [5,7].
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Adjuvant therapy aims to clear the body from remaining tumor cells. It can
involve radiotherapy and chemotherapy. When anatomy of tumor site is complex like
brain and spine, radiotherapy is preferred as initial action [7]. Radiotherapy aims to kill
tumor cells by damaging their DNA. Dividing cells are more sensitive to radiotherapy;
hence, radiotherapy dose is fractioned to catch tumor cells in different stages in cell cy-
cles [7]. In some cases, neoadjuvant therapy is applied before surgery by chemotherapy

radiotherapy or hormone therapy to make tumor operable.

2.4.1. Chemotherapy

Chemotherapy mainly consists of cytotoxic drugs which act on tumor DNA and
processes related to DNA [5]. Since these drugs also affect healthy cells dosing should
be carefully determined to minimize the side effects. Drugs designed in a way to
exploit differences in their cellular ability to repair damage in tumorous and healthy
tissue. Therefore, drug scheduling takes into account the time required for healthy
cells to repair themselves in between each chemotherapy application [5]. In addition to
cytotoxic drugs, cytostatic drugs which inhibits tumor growth also used in combination

with other therapies.

Drugs must be delivered in sufficient concentrations and duration of exposure
to kill the tumor cells successfully [7]. Since tumor vasculature is very heterogeneous
spatially and in terms of perfusion, tumor cells that far away from vessels are not
exposed to drugs. Not reaching to tumor cells or other external factors create extrinsic
resistance. In addition to that, not every tumor cell dies even though they are exposed
to drugs, they may already have or develop internal resistance during therapy [7].
When resistance occurs, the tumor may have limited response or regrow after the

initial treatment. The regrowing population is mostly composed of resistant cells [5].

Pharmacokinetic models are used to maximize the effects of treatment. They
are mathematical models to calculate the amount of drugs reaching tumor cells, their

metabolism, absorption, and excretion regarding different routes of administration.
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weakest | strongest drug resistant
tumor cells tumor cells mutant

Figure 2.6. Developement of internal resistance to chemotherapy.

Due to the heterogeneity of tumors, pharmacokinetic studies more frequently

correlates with toxicity rather than drug efficiency [5].

2.4.2. Therapies Targeting Tumor Vessels

Ever since tumor growth is found to be tightly dependent on initiation of angio-
genesis, it became a target for therapy. Inhibiting angiogenesis to starve tumors was

the first purpose of drugs targeting angiogenesis [13].

Antiangiogenic agents which inhibit angiogenesis are produced for that reason,
however, they are not adequate for reducing tumor size when applied alone [13]. They
are usually combined with chemotherapy and radiotherapy for enhancing the effect of
therapy. Effect of angiogenesis on killing tumor cells is based upon the fact that necrosis
occurs beyond diffusion length which corresponds to about 150um radius surrounding
blood vessels [7]. Clinical use of antiangiogenic agents did not replicate the success
they show in animal models [22]. When they are used in combination with other
therapies, they were diminishing vessels and was starving tumors. On the other hand,
they were hindering the delivery of chemotherapy and creating hypoxia which reduces

the effectiveness of radiotherapy. Therefore, their use is a controversial subject.
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The close observation of the activity of antiangiogenic drugs leads to the discovery
of a new phenomenon called ”vascular normalization.” Antiangiogenic agents, when ap-
plied in controlled doses, is found to kill unfunctional part of the vasculature, increase
the pericyte coverage to reduce leakiness enabling better blood perfusion in vessels [2,3].
Vessel density and leakiness are decreased resulting in a decrease in IFP. Normaliza-
tion depends on the restoration of balance between pro and antiangiogenic agents in
tumor microenvironment [2]. In healthy tissue they are already in balance, however, to
initiate angiogenesis tumors produce proangiogenic factors like VEGF to disturb the
balance. When the balance is reached again by the addition of antiangiogenic agents
to the system, vascular normalization is induced. However, it is tough to attain that
balance with externally given drugs. At some point during therapy, the excess of an-
tiangiogenic agents tip the balance again in favor of vessel destruction, now starting
to kill functional vessels. Therefore normalization is a transient process that needs to
be carefully managed regarding drug dose and schedule to be actualized [23,24]. Nor-
malization of blood vessels also normalizes the tumor microenvironment by decreasing

hypoxia and IFP.

Normalization is found to generate synergistic results when used with combination
therapy. This synergy may be coming from the decrease in hypoxia which makes
tumor cells more sensitive to both chemotherapy and radiotherapy [25,26]. Another

contribution of this synergy may be its potential benefit in drug delivery.

In addition to that some antiangiogenic agents exhibit proangiogenic effects pro-
moting angiogenesis when they are used in low doses [27,28]. Increasing vessel density
and leakiness proangiogenesis are shown to increase oxygenation and help the delivery
of the drugs [29]. Figure 2.7 summarizes three different strategies for manipulating
tumor vasculature [30]. Destruction of vessels occurs when there is an excess of an-
tiangiogenic agents in the tumor microenvironment. When antiangiogenic agents are
given in an amount to balance the proangiogenic agents, vessel normalization appears.

External application of proangiogenic drugs further increases the vessel density.
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Figure 2.7. Effects of therapies manipulating tumor vessels [30].
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2.5. Drug Delivery in Tumors

Due to heterogeneity in the tumor microenvironment, sending drugs to tumor cells
are more problematic compared to healthy tissue. The primary source of heterogeneity
is abnormal tumor vessels. Vessels produced by angiogenesis mostly reside on tumor
peripheral region [15]. Due to solid and fluid pressures, vessels in the interior region of
tumors begin to collapse [20]. In addition to that, some of these vessels do not have
blood flow due to their tortuosity [9,31]. Because of this heterogeneity in vessels, some
parts of tumor do not have access to blood perfusion which would carry the drugs to

tumor cells.

Fluid pressure in vessels should be higher than the fluid pressure in tissue (IFP)
to maintain fluid extravasation from vessels to tissue. Fluid comes out from vessels at
a rate proportional to this difference [32]. The excess fluid in tissue is then collected
by the lymph system in healthy tissue at a rate proportional to IFP since the fluid
pressure inside lymph vessels are approximately zero [33]. Extravasated fluid in the
tissue, interstitial fluid (IF), then move along the IFP gradients in tissue. Due to the
increased leakiness as a result of angiogenesis, fluid starts to come out at a higher rate
in tumors than in healthy tissue. This fluid begins to accumulate in the tumor. Lymph
vessel also being collapsed from solid and fluid pressure and unfunctional enhances this

fluid accumulation and resulting in IFP to build up inside the tumors.

Leakiness of tumor vessels and lack of lymphatic system provide an opportunity
for delivering large drugs to the tumor called enhanced permeability and retention
effect (EPR) [9]. Large drugs which are extravasated exclusively from tumor vessels
having large pores in the body starts to accumulate around tumor vessels and stay

there long times to act on tumor cells due to lack of collection from lymph system.

On the other hand, severe IFP increase in tumors diminishes the difference be-
tween MVP and IFP, inhibiting any fluid extravasation by convection especially in the

central regions of the tumor.
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Commonly observed IFP profile with a plateau of high IFP in the tumor center
and sharply reducing to normal tissue pressure levels at tumor boundary, causes abnor-
mal fluid movements [19,34]. In the plateau region of IFP, no fluid movement occurs
since there is no fluid pressure gradient in that region. Delivery of drugs that depend
on convective transport fails when the fluid flow is not present. In the tumor boundary
where there is a significant pressure gradient, fluid moves from tumor to normal tissue

sweeping the drugs with that flow.

High IFP can also affect blood perfusion inside the vessels. If IFP increases up to
MVP around the vessels having large pores, the pressure gradient responsible for the
blood flow inside the vessels diminishes creating flow stasis [35,36]. A vessel in that

state can no longer supply the tumor with drugs.

Drugs that are carried by blood flow pass to tumor tissue by convective and
diffusive transport from blood vessels. After they extravasated, drugs continue to
move along the tissue due to diffusive and convective transport. According to the size
of the drug, the main transport mechanism differs. While the delivery of small drugs
depends on diffusion, large drugs depend on convection. The main mode of transport
can be determined by calculating the Peclet number. The path of drugs is depicted in
Figure 2.8.

High IFP creates a barrier for the delivery of large drugs by inhibiting convection
from the vessels and in the tumor tissue. Therefore, large drugs can extravasate only in
the peripheral region of tumors where later they are swept away towards healthy tissue
by the fluid flow. This state of delivery is worsened by the lack of functional vessels
in the central region of the tumor, overall resulting heterogeneous drug distribution
by inefficient delivery of large drugs in central regions of the tumor. Delivery of small
drugs depends on the availability of functional vessels inside the tumor. Due to the
heterogeneity of the tumor vasculature, small drugs also delivered to peripheral regions

of the tumor.
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Figure 2.8. Transport in tumor microenvironment [37].

Diffusion and convection of small and large drugs inside the tumor tissue also
affected by structure and density of ECM. ECM remodeled by tumor is usually denser
creating a barrier for delivery. In some tumors, the desmoplastic reaction occurs by
building a dense ECM capsule around tumor blocking the drug delivery which is asso-

ciated with chemoresistance [38].
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3. DEVELOPEMENT OF TUMOR GROWTH AND
TREATMENT RESPONSE MODEL

We developed a mathematical model to simulate tumor to observe the interaction
between tumor and its microenvironment and to quantify the response to various com-
bination therapies. Two-dimensional model includes tumor cell density, vessel density,
IFP and densities of various drugs and their nonlinear interactions. Tumor vessels
designed to replicate the heterogeneity, and common patterns in real tumors. Vessels
act as a distributor of fluid and various drugs to tumor according to physical transport

laws.

3.1. Tumor Growth

Tumor growth dynamics varies between different kind of tumors and even among
tumors of the same type. Tumor growth can be modeled using discrete and continu-
ous approaches. Discrete models approach tumor growth by considering a tumor mass
consist of discrete cells [39,40]. Each cell divides and interacts with its microenviron-
ment. Due to the massive number of cells in tumors (109 cells in 1em? of tumor [41]),
this approach is used to simulate very small cell populations limited by computational

power.

For continuous models, ecological models adapted to represent tumor cell pop-
ulation growth. Tumor growth dynamics are fitted to exponential, surface, sigmoid,
atypical, and multistep growth models [42]. Exponential growth better fits growth
dynamics of certain non-solid tumors. Surface growth assumes that tumor grows only
from a thin layer of dividing cells in the surface. Sigmoid growth models which are a
family of models with various types are the most commonly used approach to represent
tumor growth consisting of initial exponential phase linear phase followed by a plateau.
Atypical models produce sub-cubic growth for solid tumors and sub-exponential growth

for non-solid tumors. Multistep models are designed to account for irregular growth
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patterns caused by major events like the acquisition of a new mutation. The governing
equations for these models are given in Table 3.1 where p represents tumor cell pop-
ulation, k, K1, ke, a and b are model parameters used to fit the experimental data into

models.

Table 3.1. Models explaining tumor growth [42].

Model type Governing equation

Exponential growth dp/dt = kp
Surface growth dp/dt = k./p

Sigmoid growth dp/dt = k1p® — kop®

We chose logistic growth which is a sigmoid type growth equation to replicate the
increase in cell density (Equation 3.1 second term in right-hand side). The term enables
the tumor to grow up to a limiting capacity ny,, determined by microenvironmental
conditions. In continuous spatial growth models, tumor growth term is accompanied
by a term representing the dispersion of tumor cells around the computational domain.
In our framework, we utilize a diffusion term for that reason (Equation 3.1 the first
term in the right-hand side). Tumor growth coupled the vessel density to account for
enhanced growth with the availability of nutrients provided by blood vessels (Equation
3.1 the last term in right-hand side). Hence, the evolution of tumor cell density in the

computational domain can be calculated by Equation 3.1,

on(x,t)
ot

= D, V?n(x,t) + rn(l _ > + apnn(x, t)m(x,t) (3.1)

Niim
where n(x,t) is tumor cell density, D, is diffusion coefficient for tumor cells, r is the

growth rate, ny,, is the carrying capacity, a,,, is the coupling coefficient to vessels.

Additional terms can be added to Equation 3.1 to simulate effect of various
drugs. Effect of cytotoxic and cytostatic drugs may be included according to their

Pharmacodynamic (PD) relations with the tumor.
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Drug activity is measured by measuring plasma drug concentration and tumor
response to therapy. It varies from log-linear dose-response to responses that plateau
after relatively small concentration increments [5]. The activity of cytotoxic drugs on
tumor cells may be added with a minus term to Equation 3.1 that include the reaction
of tumor cells with drug concentration for various reaction type. Cytostatic drugs may
be added manipulation of tumor growth terms accordingly. Examples of both can be
found in Chapters 4 and 5. The simulations for tumor cell density demonstrates tumor

growth in Figure 3.1.

tumor densityln0 tumor density/n 0 tumor densityln‘J :
10 1.5 -10 1.5 -10 .5
1 1
0 0 0
0.5 0.5 5
10 10 10
0 0 0
10 0 10 10 0 10 10 0 10

Figure 3.1. Tumor growth in simulations.
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3.2. Vessel Growth

In mathematical models, vessel structure can be chosen to be continuous or dis-
crete according to according to the scope of the model. Discrete vessels provide the
convenience to include intravascular flow dynamics. They can be used to calculate

blood flow along the vessels by Poiseulle’s law for ideal pipe flow [43],

np* dP,

@= T 1289 dx

(3.2)

where () axial flow, p is vessel diameter, 7 is blood viscosity, and P, is vascular pressure.
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In this model, we used the heterogeneous vessel structure proposed by Kohandel

et al. [44],

om(x,t)

TR D, V?m(x,t) + m(x,t) (o + Bm(x,t) + ym(x,1)?) (3.3)

where m(x,t) is the density of tumor vessels, D,, is the diffusion coefficient for vessels,
a, f and v are phenomenological parameters for vessel growth. Local vessel growth
is represented in the second term in right-hand side, and the distribution of vessels
are represented by diffusion in the first term in the right-hand side of Equation 3.3.
Equation have two stable points at m = 0 and m = 1 and one unstable point in

m = 1/2 creating vessel islands.

Additional terms for angiogenic vessel growth may be added to Equation 3.3 ac-
cording to the scope of the model. Two different angiogenesis models are included in
Chapters 4 and 5. The simulations for tumor vessel density demonstrates vessel growth

in Figure 3.2.

vessel density vessel density

Figure 3.2. Vessel growth in simulations.
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3.3. Interstitial Fluid Pressure

In the lenght scale we build our model (order of 10~'mm), interstitial fluid can
be approximated to be continuous [45]. For a small element of volume V' which has a
surface S, the mass is equal to fv pdV where p is the density of fluid element. Then

the decrease in mass of a fluid element of volume V' is given by

d dp
dV = — —dvV. 34
5| / (3.4)

To conserve the mass, this quantity should be equal to fluid flux coming out from the

surface S of the volume element,

/ gy /S puds. (3.5)

By the divergence theorem Equation 3.5 is equal to,

/S puds = /V V.(pu)dV. (3.6)

Hence mass conservation for unit volume V' becomes,

/ —pdv+/ V.(pu)dV = 0. (3.7)

Since this equation should hold over the whole volume, continuity condition becomes,

dp
I + V.(pu) =0. (3.8)
which can be expanded into,
dp
— 4+uVp+pV.u=0. (3.9)

dt
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The first two terms in the left-hand side of Equation 3.9 is equal to the material
derivative Dp/Dt. Hence the equation becomes,

Dp

— V.au=0. 3.10

oy TPV (3.10)
If the fluid is incompressible, in another words, p is constant, Dp/Dt = 0. Then we

have the relation for mass continuity as,

V.-u=0. (3.11)

This is the condition for flow inside the tumor tissue when there is no sources
and sinks are available. In this framework, we have heterogeneously distributed fluid
sources inside the tissue which are the tumor blood vessels and sinks which are the
lymph vessels. Interstitial fluid builds up inside tumor tissue by the interchange fluid
from these sources and sinks into the tumor. For the steady-state fluid flow, the

continuity equation inside the tumor is:

V.-u= Jfluid7 (312)

Jfiwia = T'v — L'y, (3.13)

where Jypiq is the net fluid flux, I'y (1/s) represents the supply of the fluid from blood
vessels into the interstitial space and I'y (1/s) represents the fluid drainage from the

interstitial space into the lymph vessels.

Starling equation determines the fluid flux from vessels by taking into account

hydrostatic and oncotic forces.

[y = m(x, 1) [P, — P(x,t) — o,(m. — )], (3.14)



25

The same relation can be used to calculate the fluid flux from tissue to lymph vessels.
Assuming that the pressure inside the lymph vessels are approximately zero [33] and
the osmotic pressure contribution for the lymph vessels is negligible due to the highly

permeable lymphatics, lymph collection is equal to:
Fg = )\gP(X, t) (315)
Hence the continuity equation becomes:

V-u= Pb - Fg, (316)

V u=\m(x,t)[P, — P(x,t) — o,(m. — ;)] — MP(x,1). (3.17)

The parameters in these equations are the hydraulic conductivities of blood ves-
sels A\, and the lymphatics Ay, the vascular pressure P,, interstitial fluid pressure P
and the osmotic reflection coefficient o,. The capillary and the interstitial oncotic
pressures are denoted by 7. and m;, respectively. Hydraulic conductivities of blood

and lymph vessels are related to the hydraulic conductivity of vessel wall (L,) and the

S

vessel surface density (£) with the relation Ay, = L, 5.

Darcy’s law is decribes the flow through porous medium. Here, we use it to

describe the interstitial fluid flow within the tissue:
u=—-KVP, (3.18)
where K is the hydraulic conductivity of the interstitium (mm?/s/mmHg) and P is the

interstitial fluid pressure (IFP). By substituting Darcy’s law into continuity equation,

we obtain the expression:
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V. u=-V.(KVP) (3.19)

Assuming that K is uniform through the tissue,

V.-u=-KV?P (3.20)

By substituting Starling’s law into the continuity equation, we obtain the equation for

IFP in a solid tumor:

—~KV?P(x,t) = \ym(x,t) [P, — P(x,t) — 0,(7. — m;)] — MeP(x,1). (3.21)

3.4. Generalized Drug Equation

Pharmacokinetic (PK) models can be used to calculate the drug concentration
in the tumor site [46]. Physiology-based pharmacokinetic models are built which are
composed of compartment models to track how much drug reaches the tumor [47].
Compartment models divide the biological system to its parts to calculate how drugs
reach the intended sites. Each part is represented by a compartment which is a uniform
entity without spatial variation. For each compartment, there are rules for physical
transportation, absorption, metabolism, and elimination. Ordinary differential equa-
tions (ODEs) are used to build the compartment models. This model type calculates
steady-state distributions of drugs; therefore it lacks explaining the time-dependent

effects of the drugs [47].
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Figure 3.3. A simple compartment PK model for drug delivery in the tumor.

The effect of the drug on the target site is the subject of pharmacodynamic
(PD) models. Activation, reaction and binding relations of the drugs are quantified
for each compartment when they are applicable. Mechanistic drug interactions build
by the receptor theory [47]. Dynamical system analysis is used to explore the PK/PD
systems. PK/PD models together provide the information to optimize the planning of
dose and schedule of the drug. Combination of PK and PD results are demonstrated

in Figure 3.4.

Even though PK/PD models are crucial for understanding dose and response
relationships, the adaptation of them to tumors may not be reliable due to the tu-
mors being spatially heterogeneous. When the drugs do not reach to certain parts
of tumor in effective doses due to the barriers mentioned in this thesis, tumors may
develop drug resistance. Hence, it may be more suitable to couple PK/PD models to

a spatiotemporal modeling framework [49].
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Figure 3.4. PK/PD models to analyze drug delivery and response [48].

In this framework, to simulate drug delivery and activity, we tried to combine
PK/PD relations with our spatiotemporal tumor growth model. Drugs are carried
to the tumor by blood vessels and distributed through tumor microenvironment via
diffusion and convection. Vessels behave as spatially heterogeneous sources of the

drugs. Drugs that reach the tumor microenvironment act on their targets.

To quantify the drug distribution, a generalized equation is formed to account

for all paths of delivery, Equation 3.22:

8dz (X, t)

— ngi(x, t) - kidi(X, t), (322)

where d;(x,t) is the concentration of drug of choice, D; is the diffusion coefficient
in tumor tissue, kg is the retardation coefficient for interstitial convection, \; is the
transvascular diffusion coefficient of the drug, d¢ is the plasma drug concentration, o;

is the solvent drag reflection coefficient, and k; is the decay rate of the drugs. Drug
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extravasate from vessels by diffusion and convection in third and fourth terms in the
right-hand side of Equation 3.22, respectively. Then, they diffuse and convect through
tumor tissue in the first and second terms on the right-hand side. The fifth term is the
lymphatic collection, and the last term is the natural decay of the drug. Diffusion or
convection terms can be eliminated according to the main mode of transportation of

the drug determined by its size and microenvironmental properties.

Decrease in the drug amount in tumor microenvironment due to the activity the
drugs on tumor cells and vessels may be added to the Equation 3.22 with a minus term

according to their PD relations.

3.5. Solution Method

Complete models including interaction terms between components are constructed
in Chapters 4 and 5 on this base framework. In complete models, we have various cou-
pled nonlinear PDEs that have to be calculated simultaneously. We employed the finite
difference method for numerical solution of the equation system. Equations converted

into their dimensionless forms before construction of iterative solution scheme.

The idea behind the finite difference method comes from the definition of deriva-

tive of a smooth function u(z),

o' (z) = lim wzth) = u(x)

h—0 h (3:23)

If we discretize our spatiotemporal domain in small enough pieces, we can approximate
the solution of our PDEs iteratively in for all space and time points through simula-
tions. The finite difference method for calculation of derivatives comes from the Taylor
expansions of that function which are given in Equations 3.24 and 3.25 [50]:

h h

u(x + h) = u(z) + h'(z) + gu”(x) + gu(?’)(x) - ﬂu(‘l) (€1 (3.24)
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u(x — h) = u(z) — hu'(x) + ﬁu”(m) —

3) Py
5 u® () + 5 (€7) (3.25)

where {7 €]z, + h[ and £~ €]x — h,z[. If we subtract the Equation 3.25 from the
Equation 3.24, we reach the expression for the first derivatives:
h? _u(z+h) —ul(z —h)

u'(z) + Eu(?’) (&) = 5 . (3.26)

Hence, the central difference method is given by Equation 3.27, which ensures that for
small h:
u(z +h) —u(z —h)

W (z) = 0 (3.27)

W@ W)

with error [Zu®(¢)] < Ch?, where C' = SUDy e[y hoatho) g With & €]z — h, a2 + h

and h €]0, hol.

Second derivatives can be found adding Taylor expansions, Equations 3.24 and
3.25,
h? ~u(z+ h) —2u(z) + u(z — h)

u () + Eu“) (&) = o (3.28)

\u(4)(y>\

5 with § €]z — h, 2 + A

with error [Z2u(¥(¢)] < Ch?, where C' = SUD,y e (2 ho -t ho
and h €]0, hy|. Hence, the central difference method is given by Equation 3.29, which
ensures that for small A:

o () = u(x + h) — 212(2@ + u(z — h) (3.29)

To find numerical solutions, we created a grid to solve the discretized versions of
dimensionless model equations according to the finite difference method. The 2-D grid
is composed of 1512151 space grid points divided by uniform steps of dx and dy where

dxr = dy = 0.063mm given in Figure 3.5. Numerical solutions of PDEs are found for
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each space grid point in between time intervals divided to 1401 uniform steps of time

length dt where dt = 0.52hours.

151x151 grid points

dx=0.06mm X

Figure 3.5. Spatial computational domain.

In 2-D space grid, the finite difference method for derivatives can be written as:

' Wit1,; — Ui—1,5
A e s 3.30
(2% QdI ( )
for the first derivatives in x, and for second derivatives in x, it is equal to:
po_ Wip1g — 2Uij Ui
i = 02 (3.31)

After implementing discretization of space and time in difference equations, ini-
tial values are given as input to calculate updated values of derivatives in each space
point in each time iteration. On the boundaries, specific boundary conditions are used

for each biologic components which can be found in detail in Chapter 4 and 5.
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Model is composed of equations with different characteristic times. Tumor and
vessel growth (slow equations) have a much longer characteristic time compared to that
of change in pressure and dispersion of chemicals (fast equations) in the computational
domain. We discretize dz, dy, and dt to values associated with tumor and vessel growth.

Therefore, all fast equations are solved in steady-state.

Jacobi method is used to calculate the convergent values of steady-state solutions
for each time step. First, these steady state equations are discretized by the finite
difference method in space. Initial values u’(x) are given as input, and pseudo-time
stepping progress is applied to find the updated values. The solutions in whole spatial
domain are updated until difference of two adjacent solution in pseudo time is approx-
imately zero (u"*!(x) — u™(x) & 0). This is the convergence condition, and when it is
reached, the pseudo-time iteration stops, giving the steady-state solution for each fast

equation between each time step dt.

Steady-state equations are discretized in space since they have no time depen-
dency at a specific time step. All of our steady-state equations of the form given in

Equation 3.32 having a Laplacian:

Vu(x,y) = f(u(z,y)), (3.32)

which can be expanded as:

*u(z,y) N O*u(x, y)

a.TQ ayg = f(u(m, y>>7 (333)

We discretize the equation using finite difference method, we acquire the equation:

Uirly — 2U5 + Uim1j | Uige1 — 2Uij + Ujjo1
dr? + dy2 = f(ui’j), (334)
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since dx and dy is equal, we can rewrite the Equation 3.34 as,

1 1
Ui 5 = Z(UJH_L]' + Ui—1,5 + Ui j+1 + u,;,j_l) — Zf(uz’])de’Z (335)
Then using Jacobi method, we introduce the pseudo-time progression to find subse-

quent values:

uzjl = U+ Z(ui-i-l,j Tty Uy Uy — 4%‘,;’) - Zlf(“z‘,j)de- (3.36)

This equation can be divided to two parts:
ujy =g+ A (3.37)

The first term in right-hand side u;'; which is the value from the previous iteration
and the second term Aw;’; which is the residual part of the nth iteration. After many
iterations, the residual part should become smaller approaching to zero and finally
converge into the steady-state value of the equation. Once, steady state values of fast
equations are found for time step k, time dependent slow equations are calculated

taking into account their interactions with solutions of fast equations.
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4. EFFECT OF NORMALIZATION IN CHEMOTHERAPY
DELIVERY AND RESPONSE

The abnormal structure of tumor vasculature is one of the leading causes of
insufficient and spatially heterogeneous drug delivery in solid tumors. Tortuous and
highly permeable tumor vessels along with the lack of a functional lymphatic system
cause interstitial fluid pressure (IFP) to increase within tumors. This elevated IFP
results in the inefficient penetration of large drug particles into the tumor, whose

primary transport mechanism is convection [19,51].

The abnormalities in tumor vasculature are caused by dysregulation of angiogen-
esis. Tumors initiate angiogenesis to form a vascular network that can provide oxygen
and nutrients to sustain its rapid growth. The production of VEGF, a growth factor
that promotes angiogenesis, is triggered by the chronic hypoxic conditions that are
prevalent in tumors. Besides inducing angiogenesis, it leads to hyperpermeable blood
vessels by enlarging pores and loosening the junctions between the endothelial cells
that line the capillary wall [3,52]. Subsequently, excessive fluid extravasation from
these vessels results in a uniformly elevated IFP in the central region of tumor nearly
reaching the levels of microvascular pressure (MVP) while at the tumor periphery,
IFP falls to normal tissue levels [51,53,54]. This common profile of IFP within tu-
mors has been identified as a significant transport barrier to therapeutic agents and
large molecules [51,55]. When IFP approaches MVP, pressure gradients along vessels
are diminished and blood flow stasis occurs, diminishing the functionality of existing
vessels [36,56,57]. Furthermore, uniformity of IFP in interior regions of tumors termi-
nates the convection within tumor interstitium, hindering the transportation of large
drugs [51]. While the lack of a transvascular pressure gradient inhibits convective ex-
travasation of drugs, sharp IFP gradient at tumor periphery creates an outward fluid
flow from tumors that sweeps drugs away into normal tissues [51]. Together these

factors lead to the decreased drug exposure of tumor cells.
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It has been revealed that the application of antiangiogenic agents can decrease
vessel wall permeability and vessel density, transiently restoring some of the normal
function and structure of abnormal tumor vessels [2,3,58]. This process, which is called
vascular normalization, is associated with a decrease in IFP and an increase in perfu-
sion. Therefore, this state of vasculature enables increased delivery of both drug and
oxygen/nutrients to the targeted tumor cells [58,59]. Normalization enhances convec-
tion of drug particles from vessels into tumor interstitium by restoring transvascular
pressure gradients through IFP reduction [32,35,58]. It has shown some favorable
results in preclinical and clinical trials regarding the enhancement of the delivery of
large therapeutics such as nanoparticles [35,60,61]. Since nanoparticles benefit from
the enhanced permeability and retention effect (EPR), they are distributed in higher
amounts to tumors relative to normal tissue. Accumulation of nanoparticles in normal
tissues is relatively small compared to the standard small molecule chemotherapies,
leading to decreased toxicity and side effects. However, the main transport mechanism
for large drugs is convection in tumor microenvironment. Hence, when IFP is high,
extravasation via convection is inhibited. Normalization due to its ability to decrease
IFP seems promising in drug delivery for large drugs with its potential of restoring

convective transportation.

In both clinical and preclinical studies, it has been shown that antiangiogenic
drugs demonstrate anti-tumor effects in various cancer types [62]. However, rather than
using antiangiogenic agents alone, studies reveal that the combination of these agents
with chemotherapy drugs yields favorable results with increased therapeutic activity.
In some clinical studies [63-65], bevacizumab combined with conventional chemother-
apy has increased the survival and response rates among patients with gastrointestinal
cancer compared to bevacizumab alone. This finding that antiangiogenic therapy in
combination with chemotherapy can improve the efficacy of treatment has been ob-
served for patients with various cancers including non-small cell lung cancer [66,67],

breast cancer [68-70] and ovarian cancer [71].
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It is evident that there is a transient time window for vessel normalization [72,73].
In order to improve drug delivery, chemotherapy should coincide with this transient
state of improved vessel integrity. Prolonged or excessive application of antiangiogenic
agents can reduce microvascular density to the point that drug delivery is compromised
[74]. Therefore, dosing and scheduling of combined therapy with antiangiogenic agents
must be carefully tailored to augment the delivery and response to chemotherapy [2]. It
is suggested that rather than uninterrupted application, intermittent cycles which can

create re-normalization should be employed for antiangiogenic agent scheduling [75].

4.1. Related Literature Review in Modeling of Tumor

Due to the complex and interdisciplinary nature of the subject, there is a consid-
erable amount of computational efforts on tumor vascularization and its consequences
for the tumor microenvironment and drug delivery. Development of vasculature and
intravascular flow dynamics are studied comprehensively [18, 20, 76-79] and in many
studies chemotherapy is given through the discrete vessel system in order to calculate
drug delivery to capillaries and tumor [20,76,77,79,80]. Mathematical models have
included transvascular and interstitial delivery of drugs [20, 79,80]. In addition to
that, Wu et al. added tumor response to chemotherapy by applying nanoparticles and
evaluating the decrease in tumor radius during chemotherapy for different microen-
vironmental conditions [20]. There are also some studies about the optimization of
combination therapy in tumors [81]. In studies by the groups of Urszula Ledzewicz
and Heinz Schaettler, changes in tumor volume after the administration of cytotoxic
and antiangiogenic agents have been investigated by proposing a mathematical model
and seeking optimal solutions for different treatment cases [82,83]. Compartment mod-
els have also been used to explore how antiangiogenic agents may provide assistance
to chemotherapy agents in reducing the volume of drug-resistant tumors, and by us-
ing a bifurcation diagram it is shown that the co-administration of antiangiogenic and
chemotherapy drugs can reduce tumor size more effectively compared to chemotherapy

alone [84].
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Applications of chemotherapy drugs together with antiangiogenic agents have
been studied by Panovska et al. to cut the supply of nutrients [85]. Stephanou et al.
showed that random pruning of vessels by anti-angogenic agents improves drug delivery
by using 2-D and 3-D vessel networks [86]. However, they did not associate this benefit
with normalization of vasculature. Jain and colleagues laid out the general groundwork
for relations between vessel normalization and IFP by relating vessel properties and
interstitial hydraulic conductivity to changes in pressure profile due to normalization
[32]. The subject is further investigated by Wu et al. by building a 3-D model of
angiogenesis and adding intravascular flow to the computational framework [18]. They
observed slow blood flow within the tumors due to almost constant MVP and elevated
IFP profile. They show the coupling between intravascular and transvascular flux.
Kohandel et al. showed that normalization enhances tumor response to chemotherapy
and identified the most beneficial scheduling for combined therapy in terms of tumor
response [44]. The size range of nanoparticles that could benefit from normalization

has also been investigated [60].

4.2. Mathematical Model

In this study, following the continuous mathematical model developed by Ko-
handel et al. [44] which couples tumor growth and vasculature, we built a framework
for tumor dynamics and its microenvironment including IFP. We use this system to
evaluate the improvement in nanoparticle delivery resulting from vessel normalization.
As the tumor grows, a homogeneous distribution of vessels is altered by the addition
of new leaky vessels to the system, representing angiogenesis. As a consequence of
angiogenesis and the absence of lymph vessels, IFP starts to build up inside the tumor
inhibiting the fluid exchange between vessels and tumor and inhibiting nanoparticle
delivery. Simulations give the distribution of the nanoparticles in the tumor in a time-
dependent manner as they exit the vessels and are transported through interstitium.
The activity of the drugs on tumor cells is determined according to the results of
experimental trials by Sengupta et al. [87]. We apply drugs in small doses given in

subsequent bolus injections. During drug therapy, both vessels and tumor respond
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dynamically. After injections of antiangiogenic agents, a decrease in vessel density ac-
companies the changes in vessel transport parameters, initiating the normalized state.
Combining chemotherapy with applications of antiangiogenic agents, we are able to
identify the benefits of a normalized state by observing the effects of different schedul-
ing on IFP decrease, extravasation of drugs and tumor shrinkage. We found that in
adjuvant combination of drugs, IFP and vessel density decrease together resulting in
an increase in the average extravasation of nanoparticles per unit area in the interior
region of tumor. In concurrent combination of drugs, IFP decrease is higher but vessel
decrease is higher as well, creating a smaller enhancement in average extravasation per
unit tumor area. However, even though average extravasation is smaller in this case,
we observe an increase in homogeneity in drug distribution. Nanoparticles begin to
extravasate even in the center of tumor through sparsely distributed vessels due to
the sharp decrease in IFP. Therefore normalization enabled the drugs to reach deeper

regions of the tumor.

4.3. Model Equations

4.3.1. Tumor cells, vasculature and IFP

Following Kohandel et al. [44], the Equations 4.1 and 4.2 are used to model the
spatio-temporal distribution of tumor cells and the heterogeneous tumor vasculature.
In Equation 4.1, the first term models the diffusion of tumor cells, where D,, is the diffu-
sion coefficient, and the second term describes the tumor growth rate, where ny;,, is the
carrying capacity and r is the growth rate. In the absence of the third and fourth terms,
the Equation 4.1 has two fixed points: an unstable fixed point at n = 0 where there is
no cell population and a stable fixed point at n = ny;,, where the population reaches its
maximal density. The coupling terms a,,n(x,t)m(x,t) and d,n(x,t)d(x,t) indicate
the interactions of tumor cells with vasculature and chemotherapy drug, respectively.
Tumor cells proliferate at an increased rate «,,,, when they have vessels supplying them

with nutrients and tumor cells are eliminated at rate d, if chemotherapy drug d(x,t)
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is present.
t
ang;, ) = D, V2n(x,t) + rn(l _n > + (X, t)m(x,t) — dyn(x, t)d(x,t). (4.1)
Niim

The tumor vasculature network exhibits abnormal dynamics with tortuous and
highly permeable vessels which are structurally and functionally different from normal
vasculature. In order to create this heterogeneous structure, a coarse-grained model
is used to produce islands of vessels. In Equation 4.2, the average blood vessel distri-
bution is represented with m(x,t) and the equation is formulated to produce islands
of vascularized space with the term m(x,t)(a + Sm(x,t) + ym(x,t)?) which has two
stable points m = 1 and m = 0 corresponding to the presence and absence of vessels,
respectively. Representation of tumor-induced angiogenesis is modified in this model
by recruiting the terms «,,n(1 — n/ny,)m and 5,,V.(mVn). Here, the former at-
tains positive values for tumor periphery due to the low cell density and in the central
regions when cell density exceeds ny,, the term becomes negative creating a behavior
which resembles to real tumors that has generally high vascularization in periphery
and low vessel density in the center due to the growth-induced stresses [88]. The latter
term leads the vessels that are produced in the periphery towards the tumor core. In
this novel form, parameters relate to angiogenesis, S,,, and a,,, are changed as 0.5
and 0.25, respectively. Remaining set of the parameters related to tumor and vessel
growth can be found in Kohandel et al. [44]. A,m(x,t)A(x,t) is the reaction of tumor
vessels to antiangiogenic agent A(x,t), which results in the elimination of vessels in

the presence of antiangiogenic agent.

W = D, V?’m(x,t) + m(x,t) (o + Bm(x,t) + ym(x,1)*) + BunV - (mVn)
+anmn<1 - )m—A,,m<x, HA(x, ). (4.2)
Niim

For the initial configuration of tumor cells, a Gaussian distribution is assumed while
the initial vascular distribution is obtained by starting from a random, positively dis-

tributed initial condition of tumor vessels.



Table 4.1. Interstitial fluid transport parameters.

Parameter | Unit Tumor Normal
(LPl1io0d cm/mmHg-s | 1.86x10%* | 3.6x10%*
(2] blood cm?/cm? 200P 70"

b 1/mmHg:s 3.72x10¢ | 2.52x 1076
by 1/mmHg:s 04 6.66x 104¢
Py mmHg 15 15

oy (m, —m;) | mmHg 2.2x10% | 9.12

P.g' mmHg 15 5.9

K cm?/mmHg-s | 2.5x1072 | 2.5x107®
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* [32], * [89], “calculated from LpE, 9 [90,91], © [20] and

'Pg = P, — 0, (m, — m;), effective microvascular pressure.

Steady state IFP can be found by substituting Darcy’s law and Starling’s law into
the continuity equation. Detailed derivation can be found on Chapter 3. Interstitial
fluid pressure P(x,t) for each time point is given by the relation:

—~KV?P(x,t) = \ym(x,t) [P, — P(x,t) — 0y(m. — ;)] — MP(x,1). (4.3)

Pressure is initially taken to be the normal tissue value P, and the initial pressure
profile is set based on the solution of the above equation with the initial condition
for tumor vasculature. The boundary condition ensures that pressure reduces to the

normal value P in host tissue.
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4.3.2. Antiangiogenic agent and chemotherapy drug

For the transport of antiangiogenic agents A(x,t), a diffusion equation is used:

DA(x, 1)

T DAVZA(x,t) + Aam(x,t) (A, — A(x,t)) — DeA(x,t) — kaA(x,t), (4.4)

where D, is the diffusion coefficient of antiangiogenic agents in tissue, A4 is the
transvascular diffusion coefficient of antiangiogenic agents, A, is the plasma antian-
giogenic agent concentration and k4 is the decay rate of antiangiogenic agents. The
terms on the right hand side represent the diffusion of the antiangiogenic agents in the
interstitium, diffusion through the vessels, the drainage of agents to the lymph vessels

and the decay rate of the agents, respectively.

We consider liposomal delivery vehicles for chemotherapy drug with their con-
centration denoted by d(x,t). Since they are relatively large (~ 100 nm), a convection-

diffusion equation is used for the transport of these drug molecules:

d(x, )
ot

= DgV2d(x,t) + V - (kpd(x,t) KV P) + Ty(1 — a4)d, — Ted(x, 1)

— dyd(x,t)n(x, t) — ked(x,1), (4.5)

where Dy is the diffusion coefficient of drugs in the tissue, kg is the retardation coeffi-
cient for interstitial convection, d, is the plasma drug concentration, o4 is the solvent
drag reflection coefficient, d, is the rate of drug elimination as a result of reaction with
tumor cells and ky is the decay rate of the drugs. The terms on the right hand side
represent the diffusion and the convection of the drugs in the interstitium, convection
of the drugs through the vessels, the drainage of the drugs into the lymphatics, the
consumption of drugs as a result of tumor cell interaction and the decay of the drug,
respectively. Diffusion of the drug from the blood vessels is assumed to be negligible

since transvascular transport of large drugs is convection-dominated.
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Table 4.2. Parameters related to transport of 100 nm liposomes and antiangiogenic

" [92]

agents.
Parameter | Unit Tumor Normal
Dy cm?/s 2.5x10792 2.5x10792
kg - 0.35° 0.35°
1 —o04 - 0.87¢ 0
Py cm/s 5%x3.42x 10774 | 5%x0.88x 1074
Ad 1/s 4x10°° 1.4x107"e
A 1/hours | 1/1357 1/1357
t1/2 hours 45.29 45.29
d, - 1 0
kq 1/s 1.65%x10° 1.65x10°¢
Dy em?/s | 4x107 4x10°77
A 1/s 4x10%8 1.4x107
A, - 1 1
kA 1/s 1.65x10°6 1.65x10°6

b estimated from [93]

¢ estimated using o4 = (1 — (1 — a)2)2 with ratio of drug to pore radius,

a =100 nm/500 nm [94]

4 diffusional permeabilities taken to be %5 of the effective permeabilities measured

in [95]

¢ calculated using Pdé

Since the time scale of the tumor growth is much larger than the time scale for

the transport and distribution of the drug molecules, both antiangiogenic agent and

chemotherapy drug equations are solved in steady state, i.e.

dd(xt) _ 9AG) _

ot ot
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Both drugs are administered to the plasma with bolus injection in each adminis-

tration through an exponential decay function:

A(t) = Age™ "0, (4.6)

dy(t) = doe ™12, (4.7)

In these equations, the terms Ay, dy and tf/Q, t‘f /2 indicate the peak plasma concen-
tration and the plasma half-lives of the antiangiogenic agent and chemotherapy drug,
respectively. No-flux boundary conditions are used for the antiangiogenic agent and

the chemotherapy drug.

Parameters related to transport of interstitial fluid and transport of liposomes
and antiangiogenic agents are listed in Table 4.1 and Table 4.2, respectively. Some
of the effective parameters in the equations above dynamically change to mimic the
changes in tumor and its microenvironment. As the tumor grows, lymph vessels are
diminished to ensure that there are no lymph vessels inside the tumor. Without the
presence of tumor, vessel density can increase up to a specific value (the dimensionless
value of 1). When vessel density is greater than 1, it implies that they were produced by
angiogenesis and leaky, thus their hydraulic conductivity is increased up to levels that
is observed in tumors. During antiangiogenic treatment, vessel density is decreased
and when it decreases below 1, normalization occurs and the hydraulic conductivity

returns to normal tissue levels.
4.4. Results

We started the simulations with a small tumor (0.2 mm radius) and left it to grow
for 30 days to an approximate radius of 13.5 mm. Vessels which were initially set as
randomly distributed islands in the computational domain evolved into a heterogeneous

state throughout the simulations due to the presence of tumor cells. Figure 4.1 shows
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Figure 4.1. Control case showing vessel and tumor densities and IFP for days 19, 23

and 27.

o

o

(=]

vessel and tumor densities and IFP for contol case as time progress form day 19 to
day 27. As the tumor grows, vessel islands become sparse in the interior region but
their density increases by angiogenesis and they become leaky. By the end of the
simulation, the leakiness of tumor vessels and the lack of lymphatic drainage inside
the tumor causes elevated pressure in the interior region of tumor very similar to that

suggested in literature [51,53] (Figure 4.1, IFP/Pe).

We experimented with various drug regimens. To illustrate the improvement in
drug delivery, we designed the cases given in Figure 4.2. From top to bottom, reg-
imens for antiangiogenic agents alone (case-1), chemotherapy alone (case-2) and the

combined therapy of antiangiogenic agents and chemotherapy drug (case-3 and case-4)
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which show plasma concentrations for each drug over time.Dimensionless dose values
are fixed in order to replicate the treatment response observed in [87]. Antiangiogenic
treatment is adjusted such that at the end of administrations there is approximately
a 50% decrease in MVD inside the tumor. A fixed chemotherapy drug dose is ad-
ministered on days 23, 25 and 27 while we change the day of antiangiogenic agent
administration starting from the days 15, 17, 19, 21 and 23, continue to give them ev-
ery other day in 4 or 5 pulses. We decrease the dose of antiangiogenic agents throughout
the therapy because a better response in drug delivery is obtained with this way in our
simulations. We present here four cases where only antiangiogenic agent administration
starts on day 23, only chemotherapy drug on day 23, neoadjuvant therapy with an-
tiangiogenic agents on day 19 and chemotherapy drug on day 23 and finally concurrent
therapy with both of drugs starting on day 23. The most beneficial results regarding
the amounts of drugs extravasate in the interior parts of the tumor are yielded when

the antiangiogenic treatment starts at day 19 (case-3 in Fig 4.2).

™
.
........

1.5 T T T
Z'r, 1 | |——chemotherapy drug dpldpo
n . . .
8 0.5 |eenesn anti-angiogenic agent ApIApO
1 1 1
15 17 19 21 23 25 27 29

time (days)

Figure 4.2. Drug regimens.
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Tumor density and chemotherapy drug extravasation coefficient (I'y(1 — 04)) are
calculated for day 27 which corresponds with last application chemotherapy drug in
Figure 4.4. As expected, antiangiogenic agents don’t have a profound effect on tumor
cell density when they are applied alone (Figure 4.4, case-1). In all cases, we observed
greater drug extravasation near the tumor rim due to decreasing IFP in that region
(Figure 4.4). It can be seen that fluid flow from vessels to the tumor is poor in the
interior region for case-2, but it starts to enhance in the same region in case-3 and
case-4. The main reason for this change is the introduction of a pressure gradient
in the tumor center restoring drug convection. Therefore, in both case-3 and case-4,
tumor cell density is decreased in the interior region (Figure 4.4 and Figure 4.4-b) as

a consequence of increased drug extravasation in the interior region of the tumor.
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We calculate the space average of cell density and IFP in each time step. Average

cell density is calculated as

ffAim n(x,y,t) dxdy
ffAint dX dy

(4.8)

over area A;,, whose boundary is set by the condition n(x,y,t) > 1 which represents
the interior region of tumor (corresponds to r < 6 mm for a tumor of radius 10mm).

Average IFP is calculated as

ffA P(x,y,t)dxdy
[[, dxdy

(4.9)

over area A whose boundary is set by the condition n(x,y,¢) > 0.1 which represents

the value over whole tumor.

Equations 4.8 and 4.9 are used to calculate average IFP and average cell density,
respectively in Figure 4.4. When we evaluate average pressure over the entire area
of the tumor, we observe a synergistic effect in reducing pressure arising from the
combined application of antiangiogenic agent and chemotherapy which can be seen in
Figure 4.4-a, especially for case-4. This synergistic effect also exhibits itself in tumor
cell density in a less pronounced manner that can be observed from Figure 4.4-b. This
indicates improved combination treatment efficacy as an indirect result of decreasing

IFP.

According to our results, drug extravasation from vessels in the interior region
of the tumor is nearly doubled for combination cases (Figure 4.5-a, case-3 and case-
4 compared to case-2). However, this improvement is not directly reflected on drug
exposure due to reduced vessel density by antiangiogenic agents. Figure 4.5 shows drug
extravasation rate from vessels and total drug exposure per unit area in the interior
region of tumor by the end of the simulation. Total drug exposure of unit area in tumor
during treatment only improves approximately 20-25%. IFP during the applications of

chemotherapy drug was the lowest for concurrent therapy (case-4). However, regarding
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Figure 4.4. Average IFP over whole tumor and average cell density in the interior

region of tumor.
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Figure 4.5. Drug extravasation rate from vessels and total drug exposure per unit

area in the interior region of tumor by the end of the simulation.
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tumor regression adjuvant therapy (case-3) performed better, agreeing with the results

of Kohandel et al. [44].

Even though decrease in vessel density and leakiness cuts off the supply of drugs,
the decrease in IFP appearing for the same reasons seems to compensate in the interior
region of tumor, resulting in better drug extravasation. When two drugs are given
closer temporally, the resulting IFP decrease is maximized. This enables the convective
extravasation of nanoparticles deep into tumors to places that are not exposed to drugs

without combination therapy.

In order to evaluate the effect of chemotherapy drugs that target tumor cell pro-
liferation, we modified Equation 4.1 such that the chemotherapy drugs would directly
act on tumor growth. The terms responsible for tumor growth (2nd and 3rd terms in
the right-hand side of Equation 4.1 are multiplied by (1 — d(z,t)/dna:) Where dpap 18
maximum drug concentration that extravasated inside the tumor. Figure 4.6 shows
tumor density and chemotherapy drug extravasation coefficient (I'y(1 — 04)) calculated
for day 27 which corresponds with the last application of chemotherapy drug for the
chemotherapy drugs that inhibit tumor growth. In this scenario, small changes are
seen in tumor cell densities between combination therapy and chemotherapy alone.
However, we observe that in this form, extravasation of drugs is also increased in the
central region as seen in Fig4.6, implying that normalization is also beneficial in this

scenario.

4.5. Discussion

Using a mathematical model, we assessed whether antiangiogenic therapy could
increase liposome delivery due to normalization of tumor vessels. In order to do that,
we first developed a dynamic vessel structure that exhibits properties of tumor vessels

created by angiogenesis as well as inherent vessels in the tissue.
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Figure 4.6. Tumor density and chemotherapy drug extravasation coefficient for drugs

acting on tumor cell proliferation.
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As the tumor grows, vessels in the central region begin to disappear due to in-
creased tumor cell density in that region. Angiogenesis occurs in the tumor creating
additional leaky vessels. The emergent vessel density is consistent with that observed
in [98], with decreasing density towards the tumor center along with randomly appear-
ing clusters of vessels. IFP is found to be elevated throughout the tumor up to the
levels of MVP and decreases sharply around the tumor rim as it is observed in various

studies in the literature [51,53,54].

We apply antiangiogenic agents in various regimens combined with chemother-
apy and focus on large drugs (liposomes) whose delivery mainly depends on convection.
As a result of the decrease in vessel density and leakiness due to the antiangiogenic
activity, we expect a decrease in pressure which brings about a higher pressure differ-
ence between tumor and vessels. Transvascular convection depends on this pressure
difference, hydraulic conductivity and density of vessels at the unit area. Since an-
tiangiogenic agents decrease hydraulic conductivity (i.e. leakiness) and vessel density,
by cutting the supply of drugs, the resulting increase in pressure difference should

compensate for these effects, restoring extravasation in remaining vessels.

In all simulations, liposome extravasation predominantly occurs in the tumor
periphery due to low IFP levels in this area, hence drugs preferentially accumulate in
there. Our result has been confirmed by experimental studies of drug distribution using
large drugs such as micelles [99, 100], nanoprobes [101] and liposomes [98,102-105] in

which peripheral accumulation of large drugs is observed.

As the application time between antiangiogenic agents and liposomes becomes
shorter, the resulting decrease in IFP is maximized. This enables the convective ex-
travasation of nanoparticles deep into tumors to places that could not previously be
exposed to drugs before and liposome extravasation begins to appear in central region.
However, that does not bring about maximum accumulation of liposomes consistently
at all times. There is a trade-off between total drug accumulation and how deeply drug

can penetrate inside the tumor.
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In our study, we find a balance between these two situations. It also shows
us that [FP and drug accumulation are not always correlated, rather the maximum
accumulation is achieved through the complex interplay between IFP, vessel density and
leakiness. Current research by Stapleton et al. also supports this view; in their mouse
study, they point out that IFP is correlated with blood perfusion, blood perfusion is
correlated with liposome accumulation and the relationship between IFP and liposome

accumulation is limited [102].

In another significant study, tumor-bearing animals are subjected to combination
therapy with liposomes and the antiangiogenic agent pazopanib in order to evaluate
the effect of normalization via imaging drug distribution [104]. As a result of the
decrease in MVP, they also observed a resulting decrease in IFP. Similar to our results,
IFP is not the determinant of drug accumulation in their work. They have found that
decreased leakiness of vessels inhibits delivery even though there is an IFP decrease as
a result of antiangiogenic therapy. They have collected data for a single time point and
observed a decrease in doxil penetration in combination therapy. They also point out
that functional measures of normalization may not occur simultaneously which is also
the case for our study. Throughout the combination therapy, we also observe periods
where drug extravasation is limited and others where drug extravasation is improved.
They have found the vessel permeability as a limiting factor in their study, however
MVD [106] and tumor blood flow and blood volume [107] are also determinants of large
drug accumulation. This shows that these measures of normalization are tumor type
dependent and even within the same tumor they are dynamic which leads to variation

in drug distribution.

Among many different schedules, most of our trials did not show improvement in
drug accumulation. We see that the dose of antiangiogenic agents should be carefully
determined to ensure any delivery benefit. As stated by [74], when we apply a large dose
of antiangiogenic agents, significant I[FP decrease is observed but the decrease in vessel

permeability and the lack of vessel density lead to impaired liposome extravasation.



o4

At the other extreme, when we give small amounts of ant-angiogenic agents, it is
seen that IFP decrease is not enough to make a significant improvement to liposome

extravasation.

In this model, intravascular flow is approximated as uniform to focus on the ef-
fects of transvascular delivery benefit of normalization. Due to abnormal vasculature,
tumors are known to have impaired blood perfusion [108] because of the simultaneous
presence of functional and non-functional vessels. In this work, we simulate structural
normalization of vessels without considering functional normalization which is asso-
ciated with intravascular flow and results in increased perfusion [74]. Vessels within
the tumor in this model have uniform functionality in terms of supplying blood flow.
Hence, by decreasing vessel density in microenvironment due to antiangiogenic activity,
we are decreasing blood perfusion. However, on the contrary, normalization is expected
to enhance intravascular flow by decreasing pore size which restores intravascular pres-
sure gradients and pruning non-functional vessels that interrupt circulation. Therefore,
normalization brings about improved blood perfusion whereas here we decrease per-
fusion and improve the delivery only through improved convective extravasation by
decreased IFP. In our simulations, the delivery benefit is underestimated since we de-
crease blood perfusion as a part of antiangiogenic activity. In [104], they observed that
MVD decrease did not change liposome accumulation because the eliminated vessels
are the ones that are thought to be nonfunctional. In our previous study, we con-
structed a spherical tumor with uniform vessel density to investigate the benefit from
normalization therapy and the results showed increased delivery in the interior regions

of tumors of certain sizes [109].

In animal studies, it has been shown that the bulk accumulation of liposomes is
not representative of efficacy since it is not informative about the drug accumulation
within specific regions of tumors [106,110] and heterogeneous drug accumulation may
result in tumor repopulation [111]. Therefore, it is important to understand the factors
that yield heterogeneous accumulation and strive to avoid them to generate effective

treatments.



25

According to our results, it is plausible that administering targeted therapies us-
ing large drugs, normalization should be more useful since it can provide a simultaneous
access to both tumor rim and center. The dose of chemotherapy should be increased
in order to ensure similar drug exposure despite the sparser vessel density caused by
antiangiogenic activity. This is the reason why targeted therapies are more suitable
to seize the benefits from normalization, as they can be applied in greater doses with-
out harming healthy tissue. When convective extravasation is restored in the central
region, drugs can immediately reach to tumor center and increase the probability of

treatment success and tumor eradication.
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5. PROANGIOGENIC TREATMENT STRATEGIES TO
ENHANCE DRUG DELIVERY AND TREATMENT
RESPONSE

Angiogenesis, which is triggered and governed predominantly by the members of
the vascular endothelial growth factor (VEGF) and angiopoietin (Ang) family, plays a
significant role in tumor growth and cancer cell metastasis. Tumors utilize angiogenesis
to form a vascular network that provides oxygen and nutrients supply tumor cells need
to grow. VEGF is present in high concentrations around tumor blood vessels and hy-
poxic regions. Besides inducing angiogenesis, VEGF leads to hyper-permeable tumor
blood vessels by enlarging pores and loosening the junctions between the endothelial
cells that line the capillary wall [112-114]. Angiogenesis is a major component con-
tributing the abnormalities in the tumor microenvironment. These abnormalities not
only sustain the microenvironmental conditions that increase malignancy, but they also

create difficulties in drug delivery [3,13].

Due to its role in cancer progression, angiogenesis is a target for therapy. Con-
ventional antiangiogenic therapies, composed of vascular disrupting agents and an-
giogenesis inhibitors used to combine with chemotherapy or alone to starve tumors.
However, the interaction of angiogenesis inhibitors with tumor microenvironment is
complex, making clinical success unreliable. Nevertheless, advancements appear for
antiangiogenic agents that provide the opportunity to utilize them in therapy in new

ways.

Studies have shown that the down-regulation of VEGF signaling by using antian-
giogenic agents can remodel the tumor vasculature, restoring some normal function and
structure, a process referred to as vascular normalization [2,3]. During vascular nor-
malization, blood flow to the tumor is improved at the expense of reducing tumor blood
vessel density. In combination with chemotherapy, vascular normalization can result in

better blood perfusion and drug delivery and controlled tumor growth [4,115,116]. This
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state is transient since it depends on the balance between the proangiogenic and antian-
giogenic factors, hence, to seize its benefits in clinical settings, treatment scheduling

and the dose of antiangiogenic agents should be adjusted accordingly.

A novel approach for targeting tumor vasculature, asserting that the stimulation
of tumor angiogenesis may have synergistic effects when combined with chemother-
apy, is called vascular promotion therapy. In this approach, contrary to the vascular
normalization, the density of tumor blood vessels is increasing. The idea behind it
comes from the evidence concerning the agonistic effect of RGD-mimetic integrin in-
hibitors [27,28,117]. They are shown to increase vessel density and tumor growth
by increasing angiogenesis [27]. Cilengitide, an antiangiogenic drug that targets in-
tegrins a, (3, ., B5 and a3 [118] has exhibited proangiogenic effects when applied in
low doses [27]. Therapy with low-dose cilengitide is observed to increase VEGF medi-
ated angiogenesis [27-29,119] which is associated with an increase in the recycling and

signaling of the VEGFR-2 [119].

Enhancement in drug delivery with the help of pro-angiogenic drug has been
demonstrated for small chemotherapy drugs. According to a recent experiment con-
ducted on mouse using lung and pancreatic cancer models in vivo, it is stated that
using low-dose Cilengitide and Verapamil increased tumor angiogenesis and leakiness
resulting in an increase in the delivery of chemotherapeutic agent Gemcitabine [29].
This strategy provided substantial benefits for cancer therapy such that it decreased

tumor size dramatically compared to only Gemcitabine application.

In this work, it is aimed to explore the potential benefit of vascular promotion
in drug delivery and its effects on the tumor microenvironment and ultimately on
the treatment response by building a mathematical model simulating tumor and its
microenvironment. Proangiogenic drugs are applied to tumor-vessel growth model to
simulate vascular promotion in combination with conventional and large chemotherapy

drugs to achieve chemotherapy drug delivery and treatment response benefit.
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Proangiogenic drugs can lead to changes in the dynamics of tumor microenviron-
ment in many ways. We expected to have greater vessel density which would aid both
diffusion and perfusion limited delivery of drugs. This could also decrease the regions
of hypoxia, making tumor cells more responsive to therapy. On the other hand, by
proangiogenesis, we are supplying the rapidly dividing tumor cells with more nutrients
making the tumor growth escalate. Microenvironmental abnormalities such as leaky
vessels produced by angiogenesis and lack of functional lymphatics inside the tumor
cause IFP to elevate within the tumor. Increasing the blood vessel density and leakiness
by proangiogenesis would result in a further increase in IFP which is already high inside
the tumor. Eventually, we expect to see a decrease in transvascular and intratumoral
convective transport. Considering all these factors, enhancement in drug delivery by
proangiogenic agents is worth investigating further since drug delivery inside the tumor

had to be subject to physical rules of transport.

5.1. Related Literature Review in Modeling of Tumor

Targeting vessel growth in the context of its synergistic effects with therapy
has been studied with the help of mathematical models previously in the literature.
d’Onofrio and Gandolfi proposed a model for chemotherapy considering the interaction
between tumor and vessel growth [120]. They have found multi-stability in solutions
for continuous administration of drugs which may account for failures in therapy and
for periodic administrations of the drug, the possibility of the existence of an optimal
delivery frequency that minimizes the average tumor volume. In another study, a cylin-
drical tumor cord around the vessel is modeled to focus on the effect of different drug
regimens and the changes in drug dose and binding, and vessel properties on the tumor
exposed to Doxorubicin [121]. Jain et al. modeled IFP inside the tumor and analyzed
the microenvironmental conditions that can lower IFP to increase drug delivery [32].
In addition to that, physical barriers to drug delivery and mathematical models con-
cerning this subject which proposed treatment strategies for better drug delivery are
reviewed in a study by Stylianopoulos et al. [122]. To work on this subject, we build a

mathematical model based on our previously proposed model with coupled partial dif-
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ferential equations (PDEs) representing the change in biological components in tumor
microenvironment [123]. In that previous framework, the conditions in which tumor
vessel normalization yielded therapeutic benefit by enhancing drug delivery were deter-
mined. Chemotherapy strategies including their interactions with vasculature studied
mathematically also in the literature to find the limitations of the tumor-vasculature

system on drug delivery and treatment response.

5.2. Mathematical Model

In this model, a novel approach is taken to explore the effect of proangiogenesis
on vessel structure. Dependence of angiogenesis to VEGF density is built into the
model equations. Proangiogenic and chemotherapy drugs are applied to the system to
be informed about their synergistic effects on drug delivery. To capture the impact of
proangiogenesis in the distinct transport mechanisms for different sizes of chemotherapy
drugs, we picked two types of chemotherapy drugs representing large and small sizes

to exemplify the main transport mechanism as convection and diffusion, respectively.

We observed that combining proangiogenic drugs with chemotherapy can enhance
tumor regression compared to only chemotherapy application and this synergistic ef-
fect is achieved through the better delivery of chemotherapy drugs. It is found that
the faster drug acts on the tumor cells, the more significant difference in treatment
outcomes occurs between these two cases. According to our results, for this scenario
to be successful for large chemotherapy drugs, the chemotherapy drug should decrease
the tumor cell density enough to lower IFP below microvascular pressure (MVP) in the
early stages of therapy. We studied proangiogenic therapy on tumors with high and
low vessel densities and found that tumor regression is similar for tumors with different

vessel configurations.
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5.3. Model Equations

In this study, we build a mathematical model following our previously proposed
model where biological components in the tumor microenvironment are changing in
time due to biological processes and their coupled interactions [123]. Non-linear PDEs
are employed for each component to determine these changes. The system of equations
is solved by adopting the finite difference method for PDEs. Details about solution
method can be found in Chapter 3.

5.3.1. Tumor cells, vasculature, and IFP

Equation 5.1 governing the change of tumor cell density (n(z,t)) was taken from
our previous mathematical model [123]. It includes diffusion of tumor cells, the growth
of the tumor cells up to the carrying capacity of the microenvironment, vasculature
driven growth and destruction of vessels by chemotherapy drugs (d;(z,t),i = {1,2})

in the right-hand side, respectively. Initial tumor density is set up as a Gaussian

distribution.
% — D, V(1) + ran(z, )(1 — ”(”’t)) + i, O)m(z, 1) — dn(z, )di(z, 1),
Niim

(5.1)

where dy(z,t) and dy(z,t) represent small and large drugs, respectively.

We constructed vessel density equation (Equation 5.2) to create a heterogeneous
vessel structure with an increased vessel density in the tumor periphery and a hypo-
vascular tumor core [124] due to the collapse of vessels in there with the increased solid
pressure and IFP [88]. Vessel islands (m(z,t)) are produced by the second term in
the right-hand side which is introduced in the mathematical model of tumor growth by
Kohandel et al. [44]. The term collapses the equation to the two stable points at m = 1
and m = 0 and one unstable point at m = 1/2, creating vessel islands in the compu-
tational domain. Development of vascular structure in the tumor microenvironment is

enhanced by angiogenesis which is dependent on VEGF availability.
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Angiogenesis is represented in the third and fourth terms where the vessels are
produced in the presence of VEGF (V' (z,t)) and move through the interior regions
of the tumor, respectively. The last term is recruited for generating the sparsity of
vessels due to vascular collapse. It is fixed to have nonzero for values of n(z,t) greater
than ng,. For that range, it attains negative values to eliminate the overgrowth of
the vessels. Vessel density is initiated as a map of random numbers between 0 and 1.

Parameters related to tumor growth can be found on Table 5.1.

om(z,t)

5% D, V?*m(z,t) + m(z,t)(a + Bm(z,t) + ym(z,t)*) + o, n(z, 1)V (z,t)

+ 8., V.(mVn) — rmnﬁj’ t)m(ac, t). (5.2)
VEGF which is essential for angiogenesis is initially produced by tumor cells with
the second term in the right-hand side of Equation 5.3. Without the application of
proangiogenic drugs, VEGF density can increase up to the values that could enhance
the vessel density to a limiting value m,,.,. When the proangiogenic drug is present,
VEGF density is increased in the tumor microenvironment (the third term in Equation
5.3). gy is the constant rate of production which is equal to 2210~ *mg/mm3s and
12210~ *mg/mm?3s in healthy tissue and in tumor, respectively [45]. VEGF density
is initially zero in the computational domain, and it is set to build up as the tumor
grows. In simulations, steady state of VEGF equation is solved since its evolution is

AV (x,t)

faster compared to timescales associated with tumor and vessel growth (== = 0).

VL) _ pyw2v (e, 1)+ gy (1 - 0

a mmaz

Wi, t)+AyV(z, t) Az, t)—k,V(x,t). (5.3)

Leakiness of tumor vessels and lack of functional lymphatics inside the tumor [90]
lead to an increase in interstitial fluid pressure within the tumor governed by Equation
5.4. Interstitial flow (IF) is proportional to gradient of IFP and steady-state mass
continuity guaranties that divergence of IF which is equal to Laplacian of IFP (Equation
5.4, term on the left hand side) is given by the difference of the supply of fluid from
blood vessels (first term on right-hand side) and the collection of fluid by lymphatic



Table 5.1. Dimensionless tumor and vessel growth parameters.

Parameter | Value | Parameter | Value
Tn 0.75 Niim 1.5
Qi 1.15 T 0.7
al 1 I m 0.5
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system (second term in right-hand side). In simulations, lymphatics are only available

at tumor boundary and outside the tumor.

Detailed derivation of Equation 5.4 can be found in Chapter 3. Initial and bound-

ary values are set to its normal tissue value F.

“KV2P(x,t) = Am(x, 1) [Py — P(x,1) — 0y(me — )] — MP(x,8).  (5.4)

Here, we related hydraulic conductivity of tumor vessels to the density of tumor cells
according to relation given by Equation 5.5 to make it heterogeneous. This relation
derived from [125], in that, dimensionless pamater a = R\/W , which determines
the shape of IFP profile found by Jain et al. [32] is used to make hydraulic conductivity

of vessels heterogeneous,
N = H, exp(bn(z,t) — 3) (5.5)
where H,, is equal to hydraulic conductivity of normal vessels.
5.3.2. Proangiogenic and chemotherapy drugs
In the model, a proangiogenic drug that shows the properties of small size drug
is chosen. To scrutinize the effect of proangiogenic therapy on chemotherapy drug

delivery, small and large size chemotherapy drugs are used. Doxorubicin is used to

represent small drugs and 100nm liposomes are used to represent large drugs.
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Proangiogenic drugs administered to blood plasma extravasate and are distributed
through tumor interstitium by diffusion in the second and first terms of the right-hand
side of Equation 5.6, respectively. The last term is responsible for the decay of the
drug in the tumor interstitium. Transport parameters for proangiogenic drugs can be

found in Chapter 4, Table 4.2.

0A(x,t)

5 = DAV?A(z,t) + Aam(z,t)(A, — A(x,t)) — kaA(z, ). (5.6)

Proangiogenic drugs are known to increase the leakiness of tumor vessel, so when they
are available, the relation determining the hydraulic conductivity in Equation 5.5 is

modified to account for that increase.

o = Hyexp(bn(z,t) — 3) + krA(z, ). (5.7)

Main modes of transport which are dictated by Peclet Numbers are different for small
and large drugs. For small drugs, diffusion overweights convection in the tumor mi-
croenvironment. Hence, the small drugs (d; (z,t)) are modeled to diffuse through vessels
and tumor interstitium in the second and first term in the right-hand side of Equation
5.8, respectively. Then, they react with tumor cells by the third term and decay in
microenvironment by the fourth term. Transport parameters of small chemotherapy

drug Doxorubicin is used to represent small drugs which are given in Table 5.2.

Table 5.2. Transport parameters of small chemotherpy drug Doxorubicin.

Parameter | Healthy Tissue | Tumor Unit

D, 1.58210710 3.421071% | m?/s
A 3.7521077 2.42107% | m/s

adl (l’, t)

ot = D1V2d1<3§', t) + )\1m<1’, t)(dlp - dl(.fb', t)) - dhndl(l', t)n(:v, t) — kldl(l’, t)

(5.8)
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For large drugs (ds(z,t)), convection is the main mode of transport since their
diffusion is slower. Drugs extravasate by convection given by the third term in the right-
hand side of Equation 5.9. Then they diffuse and convect through the interstitium by
the first and second terms, respectively. Following terms represent the collection of
drugs with the lymph vessels around the tumor, reaction with tumor cells and drug
decay. 100nm liposomes are used to represent large drugs. Transport parameters of

liposomes can be found in Chapter 4, Table 4.2.

8(12(33’, t)

e DyV2dy(x,t) + V - (kpdy(x, 1) KV P) + Tydy(z,t) (1 — 09) — [ydy(x,t)

— dopda(x, t)n(x,t) — kodo(z,t). (5.9)

In Equation 5.9, transvascular blood flow in convection term is represented by I, =
Aom(x,t) [P, — P(x,t) — o,(m. — ;)] , and fluid flow to lymph vessel is represented by
Fg = )\gP(X, t).

Since the time scale associated with their movements are shorter than that of
the main equations of the model like tumor and vessel growth, all drug equations are
solved for steady state (%, % =0).

Chemotherapy drugs are given to blood stream in bolus injections in days 23, 25,
and 27. Proangiogenic agents are given either together or before the administration
of chemotherapy drugs in bolus injections. Bolus injections in plasma are determined
by exponentially decaying functions A,(t) = Age™" tfﬂ, and d;(t) = d'é)e_t/ tf??, where
Ag,d}, and 7714/27 tfi/Q, indicate the peak plasma concentration and the plasma half-lives

of the proangiogenic agent and chemotherapy drugs, respectively.
5.4. Results
To explore the benefit from proangiogenic drugs, we tried giving them before the

onset of chemotherapy and during chemotherapy. The most significant improvement

in tumor regression is observed when proangiogenic, and chemotherapy drugs are given
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together (concurrent therapy). We present the simulations of six cases that demonstrate

the effect of proangiogenic drugs which are summarized in Table 5.3.

Table 5.3. Proangiogenic drugs and chemotherapy combinations.

Cases | Drug combinations

(I) Control case - no drugs

(IT) Only proangiogenic drugs

(I1I) Only large chemotherapy drugs

(IV) Concurrent combinations of proangiogenic and large chemotherapy drugs
(V) Only small chemotherapy drugs

(VI) Concurrent combinations of proangiogenic and small chemotherapy drugs

Concurrent therapy simulations are conducted on tumors having high and low
vessel densities to understand their effects on tumors with different microenvironmen-
tal conditions. Simulations include (I) control case where no drug applications on
tumor, (II) only proangiogenic drugs applications, (III) only chemotherapy with large
drugs (LD) applications, (IV) concurrent applications of both proangiogenic drug and
chemotherapy with LD, (V) only chemotherapy with small drug (SD) applications and
(VI) concurrent applications of both proangiogenic drug and chemotherapy with SD
which are summarized in Table 5.3. Simulation results for these cases at the end of day

30 are shown in Figure 5.1 and Figure 5.2 for high and low vessel densities, respectively.

In our simulations, drug delivery enhancement from proangiogenic agents resulted
in more tumor cell eradication in concurrent therapy (IV and VI in Figure 5.1 and
Figure 5.2) compared to chemotherapy alone (IIT and V in Figure 5.1 and Figure 5.2).
However, a more developed vasculature resulting from proangiogenic agents provided a
faster tumor growth, these two opposite effects competed with each other and brought

about a similar regression in tumors having only chemotherapy and concurrent therapy.
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Figure 5.1. Tumor cell and vessel density for tumors with high vessel density.
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Figure 5.2. Tumor cell and vessel density for tumors with low vessel density.

To see an increase in tumor regression in concurrent therapy compared to chemother-
apy alone, we increased the reaction rate of chemotherapy drugs with tumor cells. By
the increased reaction rate, the enhancement in regression between these two cases
(III vs. IV and V vs. VI) becomes more pronounced. Therefore, we concluded that

aggressive chemotherapy drugs worked better with proangiogenic strategies.

Total number of tumor cells are measured through treatment period until the end
of simulations on day 30 in tumors with a) high and b) low vessel density for six differ-
ent cases (I-VI) are shown in Figure 5.3 Percentage improvement in tumor regression
was almost the same for tumors with high and low vessel densities (Figure 5.3). For all
the six cases presented here (I-VI), we observed around 30% decrease in total tumor
cell number at the end of concurrent therapy (case-IV) compared to chemotherapy
with large drugs (case-II1) and around 15% decrease at the end of concurrent therapy

(case-VI) compared to chemotherapy with small drugs (case-V).
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Figure 5.3. Total number of tumor cells in time.

IFP is measured along the radial distance from tumor center (corresponds to 0 in
the x axis) at day 26, which is the middle of the treatment period. IFP is captured in
tumors with a)high and b)low vessel density for six different cases (I-VI) in Figure 5.4.
We observed the well-established high IFP plateau at pressure equal to MVP in the
center of tumor ( [51,126]) in tumor with high vessel density and a lower IFP profile
reaching around MVP value in tumor center for low vessel density in associated control
cases (case-1 of a) and b) in Fig 5.4). As expected, adding the proangiogenic agent
to therapy scenarios increased IFP (I vs. II, IIT vs. IV and V vs. VI in Figure 5.4).
However, this increase was not enough to eliminate the drug delivery improvement

proangiogenic agents provide.
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Figure 5.4. IFP along the radius of tumor.
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5.5. Discussion

Proangiogenesis that is occurred via applications of low concentrations «, 33/, 35
inhibitors have been shown to increase VEGF mediated angiogenesis [27, 28] resulting
in tumor growth indirectly by increasing vessel density [27]. Accordingly, we construct
the relations governing the increase in tumor density in connection with vascular growth

(Equation 5.1) to observe this indirect effect.

In vessel density equation (Equation 5.2) angiogenesis is connected to VEGF
content. Proangiogenic agents increase this VEGF content in our model in compliance
with observations in literature, to further increase the vessel density. Vessel density
varies among different tumors, and the degree of vascularization of tumor relates to
clinical outcome [127]. We analyzed how the initial configuration of vessels affect the
progress of therapy by creating highly and poorly vascularized tumors by adjusting our
model. We found that for tumors with high and low vessel density proangiogenic drugs
prove to be more helpful in decreasing the tumor density compared to chemotherapy
alone. Furthermore, the difference in treatment outcomes was merely the same for

tumors having high and low vessel densities.

Consistent with our results, increase in vessel density during therapy shown to be
associated with better outcome in the work of McCormack et al. [128]. In breast cancer
xenografts experiments with trastuzumab shown that tumors responsive to the drug
showed increased vessel density by the action of the drug. There was a correlation with
response to the drug with vessel density. Wong et al. [29] demonstrated many benefits
of vascular promotion in their work on mice. They showed that Gemcitabine delivery
increased in Lewis lung carcinoma and pancreatic cancer making treatment more effi-
cient by application of proangiogenic doses of Cilengitide and vasodilator Verapamil.
They stated that delivery is increased even in the center of the tumor which is also
consistent with our findings. In Figures 5.1 and 5.2, it can be seen that in combination
therapy cases tumor density is lower in tumor center compared to only chemotherapy

application case.
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Proangiogenic therapy has the potential to reduce hypoxia which leads to treat-
ment resistance in tumors. This resistance is one of the main reasons for unfavorable
outcomes from treatments and can trigger mechanisms that lead to tumor regrowth [30].

Decrease in hypoxia by proangiogenic therapy is observed in Wong et al. [29].

It was surprising to see proangiogenic drugs can have synergistic effects enhancing
therapy outcome when large chemotherapy drugs are used. We expect it to be chal-
lenging since in that case, IFP would be high enough to inhibit extravasation of large
chemotherapy drugs. However, we observed that if the chemotherapy drug reacts fast
and decreases the density of tumor cells sufficient to reduce IFP to sub-MVP levels,
enhancement in drug delivery occurs (cases III vs. IV and VI vs. V in Figure 5.1 and

Figure 5.2).

It is reasonable to conceive that if IFP profile has reached to its maximum at-
tainable value MVP and above MVP levels and has a steep curve, to effectively discard
large drugs from blood vessels, IFP needs to fall below MVP levels to sustain convective
transport across vessels. The relationship of IFP profile with tumor parameters are
derived in work by Jain et al. [32]. They formed a parameter a determining the shape
of IFP profile such that a = R\/W where K is the tissue hydraulic conductivity,
L, is the hydraulic permeability of vessels and S/V is the surface area of vessel wall per
unit volume of tissue. Keeping other parameters constant Ozturk et al. showed how
IFP value and steepness of its profile increase with tumor size [129]. Steeper the IFP
curve, the harder it becomes to reduce IFP. If that is the case, we expect proangiogenic
therapy to halt the convective delivery of large drugs. This scenario can occur in the

treatment of large tumors with leaky vessels.

Antiangiogenic agent Cilengitide which exhibit proangiogenic action when used
in low doses, is a drug with low toxicity, creating low side effects. It is mostly tried on
gliomas as an antiangiogenic agent in high dosed treatment regimens since gliomas are
highly vascularized tumors that are a target for antiangiogenic therapy [130]. However,

Cilengitide has not shown benefit in clinical outcomes.
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Many dose-escalating studies are conducted for Cilengitide, and 2000 mg is shown
to be the suitable dose for gliomas [131]. Likewise, greater antitumor activity has been
observed among patients having a high dose, 2000 mg, in a randomized phase-II study
of recurrent glioblastoma multiforme [132]. It has modest activity in another trial
on patients with recurrent glioblastoma, even though the drug reached to therapeutic
concentrations [133]. However, in another study, Cilengitide induced normalization is
inferred to enhance delivery of temozolomide in the maintenance therapy for Phase
I/11a patients [134]. Cilengitide is observed to have synergistic effects with also radio-
therapy. Improvement in outcome is seen when radiation is delivered in normalization
window [135]. The effects of radiation are significantly enhanced in the combination of

cilengitide and radiotherapy [136].

Even though the clinical results about the antiangiogenic use of Cilengitide are
disappointing, proangiogenesis has potential regarding improving physical transport
in the tumor microenvironment. By increasing vessel density and leakiness, it may
allow low doses of chemotherapy drugs to reach the tumor more efficiently. It has
the potential to minimize the side effects of chemotherapy, therefore elongating the
therapy [4]. One problem with Cilengitide is its fast clearance from blood, poor blood-
brain barrier entrance and high uptake by kidney and liver [137]. All these unfavorable
scenarios can be overcome by achieving stable doses of the drug by embedding them
into nanoparticles. These effects would be more pronounced for the drugs that depend

upon the EPR effect.
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6. CONCLUSION

In this thesis, a base mathematical model is built for simulating the nonlinear
interaction between tumor growth and angiogenesis during drug therapies. Physical
aspects are taken into account when designing the tumor simulator. This novel tumor
simulator can calculate the distribution of drugs considering their path from blood
vessels to the tumor and back to the lymph system. Their activity on the tumor,
as well as the response of the tumor to these drugs, are quantified. Effect of drug
combinations, different doses, and treatment schedules are explored for each case to
find the most beneficial and remarkable circumstances that determine the outcome of

each therapy.

Tumor simulator is adapted to visualize and quantify the effects of normalization
in Chapter 4. This adaptation successfully replicates the angiogenesis and resulting
vessel distributions commonly observed in real tumors which have a high vessel density
in tumor periphery and low vessel density in the tumor center. IFP profile also showed
the pressure profile found in actual tumors. A treatment scheduling is proposed for
more even distribution of drugs inside the tumor. Finding an optimized schedule and
drug dose to achieve normalization, we are able to send the chemotherapy drugs to
tumor center. Synergistic effect of normalization with chemotherapy is shown as an
enhanced response to chemotherapy. Other major findings include deductions about
antiangiogenic drug and IFP interplay and how the dose of antiangiogenic therapy
changes the fate of the chemotherapy. By doing trials on the different scheduling
of antiangiogenic agents, we found a local minimum in treatment outcome of tumor
density four days before application chemotherapy which verified the existence of ”the
normalization window” suggested by experimental and clinical work in literature. In
addition to that IFP is found to be not directly correlated to treatment outcome.
Instead, normalization benefit found to be the consequence of the complex interplay

between vessels, tumor, and IFP.
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Tumor simulator is also used to explore proangiogenic therapies in Chapter 5.
This time, different vessel configurations are used to understand the effects of therapies
on tumors with different properties. Tumors have the capacity to produce high and low
vessel density are simulated. Angiogenesis process is changed in the model to account
for the association with its promoter component VEGF. We tried two different drugs
to evaluate the effects of proangiogenesis on different transport mechanisms. Small
drugs are used to explore proangiogenesis for diffusion-dominated transport of the
drugs, and large drugs are used to examine convection dominated transport. The
treatment scheduling of combination therapy that yields the best tumor response in
terms of tumor shrinkage is proposed as the concurrent therapy of chemotherapy and
proangiogenic drugs. Effects of proangiogenesis on treatment response depended on the
competition between increased tumor cell proliferation due to enhanced angiogenesis
and enhanced drug delivery via increased cell density. Results point out that to tip the
balance in favor of tumor shrinkage, fast-acting chemotherapy drugs should be used in

the therapy.
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