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ABSTRACT

Cancer stem cells (CSCs), constituting a subset of tumor cells, play a pivotal role in tumor
initiation, metastasis, and recurrence, their stemness as a hallmark of cancer. These cells
exhibit characteristics such as self-renewal, enhanced proliferation, ability to instigate
cancer relapse. During cancer progression, epithelial-mesenchymal transition (EMT)
transforms epithelial cells into mesenchymal cells contributing to metastasis. The EMT
process, intricately linked with cancer stem cell properties, facilitates differentiation and
self-renewal. The orchestration of these functions relies on the microenvironment within
tissues, specifically within the structure known as stem cell niche, formed through
interaction between a stem cell, and exterior cell, i.e., the surrounding cell, and the
extracellular matrix (ECM).

The ECM comprised of macromolecules and minerals like enzymes, collagen, and
glycoproteins, modulates various signaling pathways by secreting the proteases, cytokines,
chemokines, and vesicles. The urokinase-type plasminogen activator (uPA), a crucial
component of the ECM, is part of a system including binding proteins, serpin inhibitors,
active enzymes, and proenzymes. The uPA system’s intricate molecular arrangement
regulates the activation and inhibition of plasminogen and matrix-degrading protein
plasmin, leading to extracellular matrix (ECM) degradation. Notably, overexpression of
uPA/uPAR induces EMT in cancer cells, fostering invasiveness, metastasis, and
chemoresistance upon interaction with CSC. Given its involvement in tumor progression,

the uPA system contributes to poor prognoses and therapeutic resistance.

Understanding the interplay between EMT, plasminogen activation within
microenvironment and CSCs provides a promising avenue for cancer strategies.
Additionally, the rapid growth and metastatic potential of cancer cells are sustained by the
availability of nutrients and oxygen, further emphasizing the importance of exploring these
aspects of cancer therapeutics.

Insufficient oxygen in the tumor microenvironment gives rise to a localized oxygen-
deprived region known as hypoxia, a crucial factor in preserving the stemness properties of
CSCs and conferring resistance to chemotherapy and other tumor treatments. CSCs play a
pivotal role in various aspects of tumorigenesis including invasion, proliferation,
metastasis, drug resistance, and relapse. Hypoxia emerges as a significant contributor to the

maintenance of stemness within the tumor microenvironment, facilitating the activation of
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surrounding proteases that contribute to metastasis. These critical attributes contribute to
unfavorable prognoses of tumors and the development of therapeutic resistance.
Consequently, investigating the interplay between the hypoxic microenvironment and
CSCs presents an avenue for devising effective treatment strategies.

Hypoxia influences the tumor microenvironment’s stemness, with the activation of
surrounding proteases playing a key role in promising metastasis. These features promote
collectively contribute to poor prognosis and therapeutic resistance. Central to the hypoxic
pathway is Hypoxia-inducible factor-1 alpha ((HIF-1a) a transcription factor released by
the tumor in response to decreased oxygen levels. This response extends to both the tumor
and the immune system. Additionally, Cancer stem cells play a pivotal role in de-
differentiation, tumor cell recurrence, and resistance to treatment, coupled with augmented
metabolic potential. Furthermore, the survival of tumor cells and suppression of immune
response to cancer cells are influenced by the stimulation of transforming growth factor
(TGF-B) in tumor microenvironment (TME).

Firstly, this study investigates the invasion dynamics of cancer cells and stem cells,
considering chemotaxis and haptotaxis in both one-dimensional and two-dimensional
scenarios. The study delves into the role of uPA in conjunction with the EMT process.
Specifically, the focus is on understanding the dynamics of uPA and stem cells, their
interplay with EMT, and the impact of these parameters on cancer progression and
migration. A Mathematical model of tumor growth, is developed, employing Keller Segel
taxis to describe the invasion in the reaction-diffusion equation of the system. The resulting
nonlinear partial differential equation elucidates the tumor growth dynamics of stem cells
and EMT in integration with the plasminogen activation microenvironment. The findings
underscore the significant influence of the plasminogen activation system on cancer stem
cells in the presence of EMT.

Secondly, this study examines the impact of hypoxic conditions on cancer stem cells in the
context of EMT. A Mathematical model of tumor growth is developed for both one-
dimensional and two-dimensional cases, capturing the nonlinear partial differential
equation that characterizes stem cell tumor growth in a hypoxic microenvironment. The

results highlight the substantial effect of oxygen on cancer stem cells when EMT is present.

Thirdly, the novelty of this work lies in the incorporation of TGF- 3, cancer stem cells, and
HIF in association with tumor cells and TME. The proposed mathematical model induces

a system of differential equations to explore the interaction between cancer cells and the
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immune system. Notably, natural killer (NK) cells, CD4+T cells, circulating lymphocytes,
and CD8&+T cells are considered to investigate their impact on tumor growth. The model is
designed to elucidate the temporal dynamics of these interactions.

This proposed computational model stands as a robust method for studying tumor growth
in the context of immune and chemo interaction, providing valuable insights for the

investigation, planning, and implementation of host treatment.

Keywords: Cancer stem cell, HIF, Tumour growth, urokinase plasminogen activator,

Mathematical model, EMT, Immunotherapy and Chemotherapy
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TRUIfRIT & =9 H ST STdl 8, ST 8IdT &, Sl ST 1 THA O bl Wi

X1



FA 3R BIARRYY 3R 37 R ITARI F U TRy e &3 § Agaqul HRb
gl

Hroaht SRR & fafte Tgqelt  Heayel yftrer Fumd 8 R s,
TR, HeRe R, gaT ufaRiY $iR TRIghy e § 1 SguifRyd, ek e uaiaRor &
WA B §1E T H HedqU] TG Madl & &0 H SHRAT g, Sff HeRe R & e
FRA I Y- & U1 & Wihaul & AT YaH Hdl ¢ | I Agayul fa=wang
SR & Ulaepd UMWk iR Rifecly okl & oo & anem &t gl
URUMTAER=Y, BTSUIfad Y& Taiavur 3R Hea & o IRER fordT &1 ST guTdt
SURIR UMl &1 GaR B & e1Y Teb HHTTAd AT T bRell 6|

TRURIAT SR Y& vafarur & RANY &1 JHIRAd &al 7, s Aere R &1
IGIaT & | 3HT9-UMg & WIS 1 Fisharar T Hftyet fAurd 31 3 faivard fiyaes
e TR iR Rfecia ufaRiy & ggmar &t 81 ssuifdys arf & &g |
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Maximum CDS8+T cell recruitment
rate by cytokine.

CD8+T cell inactivation rate by
tumor cells

The simulated production rate of
CDS8+T cells influences the killing
of tumor cells by natural killer cells
The rate at which CD8+T cells are
stimulated to be produced; as a

Hy

gi

Kc

02

aB

The proliferation rate constant
of DCC

Fraction of circulating

lymphocytes  that become
natural killer cells

Death rate of natural killer cells

Recruitment of maximum
natural killer cell through
ligand-transduced tumor cells
Steepness of the recruitment
curve for CD8+T  cell
influenced by cytokines
Steepness coefficient of natural
killer cell recruitment curve
Maximum CD8+T cell
recruitment rate. Primed with
ligand-transduced cells,
challenged  with  ligand-
transduced cells

The steepness coefficient of the
CD8+T cell recruitment curve

Fractional tumor cell kills by
chemotherapy

Fractional natural killer cells
are killed by chemotherapy
Fractional CD8+T cells kill by
chemotherapy
Fractional circulating
lymphocyte cells are killed by
chemotherapy

The loss rate of CD4+T cells
due to interaction with tumor
cells

Maximum rate of TGF- J

production
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aq

a2

B1
B2

Wi
dn

bn

result, tumor cells interact with
circulating lymphocytes

The steepness coefficient of tumor -
CD8+T cell lysis term D when
primed with ligand-transduced cells
and challenged with ligand-
transduced cells

Regulatory function of CD8+T cells
by natural killer cells

A constant source of circulating
lymphocytes

Half saturation constant of the
CD4+T cells production rate

Half saturation constant of cytokine
production rate

Spontaneous demise and
differentiation ~ of  circulating
lymphocytes

Maximum CD4+T cell production
rate
Maximum production rate cytokine

Rate of chemotherapy drug decay
Spontaneous demise rate of CD4+T
cells

Rate of cytokine decay

Concentration of chemo when
production of HIF is half ((cell)
HIF constant

asi

as2

as3

O BY

avYB

CB1

CB2

CB3

OB

ds

LT

KLs

dh

Probability of  symmetric
division of a CSC
Probability of asymmetric
division of a CSC
Probability of  symmetric

differentiation of a CSC
Activation of CD4+T cells by
TGEF- B

Production of TGF-
CD4+T

TGF- B inhibitory parameter
for induction of tumor death

B by

Steepness coefficient of TGF-
B production

The magnitude of inhibition
associated with tumor growth
and TGF- 3

Natural death of TGF-
Natural death of CSCs

CD8+T
death/removal rate

Interaction of CSCs and
CD8+T leading to CSC death
Production of HIF

induced tumor
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