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Summary/Abstract

Cancer is not one disease but many, making it very di cult to successfully develop
treatments that e ectively end it. Yet, a very promising approach still underde-
veloped is di erentiation therapy (DTH). As it has long been demonstrated, most
tumors are conformed by a cell population a great part of which is poorly di er-
entiated, exhibiting a loss of communication and tissue homeostasis among other
things. As a result, they can achieve several hallmarks essential to their identity
and chances of success. DTH has been proposed to be an e cient therapy and can
be combined with cytotoxic-based therapies, and successfully used as a treatment
for acute promyelocytic leukemia (APL). However, DTH has failed so far when deal-
ing with solid tumors. Why? It has been suggested that the high degree of spatial
intra-tumoral heterogeneity combined with the resilience of CSCs and their capa-
bility to repopulate tumors by themselves might act as a rewall to DTH drugs. In
order to test this possibility and assess the e ects of DTH on solid tumors, we pro-
pose a mathematical and computational study of DTH using a spatially extended
avascular tumor model. The results obtained support the previous hypothesis and
indirect evidence concerning the role of space and cancer tissue architecture.
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Preface

Because of its intrinsic complexity, a systems-level understanding of biological sys-
tems often requires the use of mathematical and computational tools beyond the
traditional methods of biological sciences. The success of these methods is illus-
trated by the rise of a new eld, Systems Biology, that has been percolating multiple
domains of the biological sciences over the last two decades, from molecular and cell
biology to complex diseases.

Many scienti c advances, particularly within biomedical research, take place
nowadays at the boundaries between disciplines. Old problems are being now re-
formulated in novel ways by taking advantage of fresh ways of looking at living
matter from mathematics, physics or engineering perspectives. Many di erent areas
exemplify how unique and useful interdisciplinarity is, and one of them is the Scien-
ti c modelling. This area aims at making a particular feature of the world easier to
understand, simulate and analyze, by properly formulating models of a given com-
plex biosystem. Furthermore, an important part of this eld is the study of diseases,
some of which are too complex to be captured in simple linear metaphors. In many
cases, models are becoming our bridge between disease and potential treatments. In
this context, the role of biomedical engineers proves to be key thanks to the capa-
bility to combine the modelling of systems with the biomedical research, which can
be put to good use in the study of diseases, sometimes thinking out of the box. It
is in this aspect in which | wish to contribute with my research.

The rst step towards that contribution has been the development of a novel com-
putational model that provides a deeper insight into the possible use of so called
di erentiation therapy for the treatment of solid tumors, and what are its main
strengths and weaknesses. Di erentiation therapy, or DTH, has already proven its
e ectiveness in liquid tumors, due to their low degree of heterogeneity amongst other
things, but its use against solid tumors has proven to be a challenge that needs to
be thoroughly studied, since many unknowns and questions remain open and need
to be addressed.

Hence, the objective of this work is to analyze the behavior of a spatially-
extended cancer cell population that is under a simulated DTH treatment, iden-
tifying key points of action during the simulated therapy, as well as the potential
weaknesses related to the ecology of the tumor that can be exploited to achieve
a successful outcome, which is an approach that not many studies have taken so
far. Furthermore, the key role of cancer stem cells (CSCs) is also considered and
focused upon. In a nutshell, the question posed here is: why DTH might have failed
so far to work in solid tumors and what would be needed to overcome its limitations?
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1 Introduction

One of the main diseases that overshadow our world nowadays is cancer, which is
not a single disease but rather a set conformed by multiple disorders. Its success
comes as a direct e ect of Darwinian evolution Greaves & Maley, 2012. Such
disorder comes from mutations that can happen in a single somatic cell, that turns
into a completely new one, the proliferative capability of which is increased, and can
trigger a series of events that include formation of a tumor and metastases. That is
due to the fact that, according to the clonal origin of cancerRialkow, 1976; Nowell,
1976; Sidransky et al., 1992; Wang et al, 2009a single mutation in one cell can
therefore give place to the development of an entire tumor. Nevertheless, random
mutations can take place in it, and new subpopulations of the tumor will originate.
Considering the fact that they live in a limited space with limited resources, they
will start competing, and following the Darwinian laws, only the ttest will survive.
Such populations capable of surviving will eventually elude the surveillance present
in the human body as exempli ed in Figure (1), being able to survive and thrive in
an otherwise hostile environment for them. In the process of development, cancer
cells reach "Hallmarks' Hanahan & Weinberg, 201} such as enabling immortality,
which provide them with the tools necessary to go from a normal cell to a hostile
machine capable of taking over their habitat and extending to other sites of the host,
eventually dominating their counterpart.

Reaching the aforementioned hallmarks serves as the starting point for the de-
velopment of cancer's deadliest trait: its metastatic action, which is the precursor of
tumor recurrence as seen in Figure (1). Studies suggest that metastases is respon-
sible for about 90% of all cancer death€Juan, 2015). Such critical statistic allows
for the understanding of how dangerous the aforementioned process is during the
development of cancer. Nevertheless, there are di erent threats that cells from the
primary tumor must overcome in order to successfully metastasize. Some examples
that allow for a better understanding of this process are the invasion of adjacent
tissues, intravasation, transport of cancer cells through the circulatory system and
extravasation and growth in a secondary organMazzocca & Carloni, 2009. Each
of this steps has a high degree of complexity, and that is the main reason why
though they would be ideal therapeutic targets, the lack of knowledge related to
their molecular functioning makes most therapies ine cient.

There is a number of classical, well-established therapies (and combinations of
them) that are being employed nowadays to ght cancer back. The most standard
treatments being employed are surgery, chemotherapy or radiotherapy. Surgery is a
common approach taken in many treatments, and it consists in the removal of cancer
from the body and some of its nearby tissue. Nevertheless, pain and infections as
well as cancer relapse are very common side e ects. The use of cytotoxic drugs in
order to kill fast-growing cells is another of the most remarkable approaches, called
chemotherapy, and is usually employed as a resort in the latter stages of development
of the disease. Furthermore, this technique can also be combined with radiotherapy,
which consists in the use of radiation to kill cancer cells and shrink tumors. Though



Figure 1: Branching clonal evolution of cancer, where selective pressures play a key
role. Following the clonal evolution of cancer, and with the acquisition of driver
mutations, successful waves of tumor expansion and the eventual development of
metastases is bound to take placeGreaves & Maley, 2012

one of the most used, current studies aim at reducing radiation therapy related tox-
icities, which is a common problem that arisesBaskar et al, 2013. Furthermore,
targeted therapies are also seeing its use increase as of lately, since targeting speci c
pathogenic pathways has proven to be an e ective approach, and an example of it
is immunotherapy, which is a therapy that works by either activating or suppress-
ing the immune system. Plenty of di erent approaches can be taken, such as the
administration of BCG vaccine for bladder cancer or administration of monoclonal
antibodies, used in di erent types of solid tumors among others. Other treatments
include hormone therapies and apoptosis inducers.

As can be extracted from the previous explanation, the mechanism of action
of both chemotherapy and radiotherapy is cell damage and, as a result, cell death
(Bhosle & Hall, 2009. Nonetheless, thismodus operanditriggers an undesired
evolutionary pressure on the cancerous cells. When being placed under survival-
threatening conditions, selective pressure will be placed upon the tumoral popula-
tion so that resistant cells can proliferate. Such cells will be characterized by the
capability of resisting therapeutic treatments, and the mechanism by which they
will do it can be very di erent (Greaves & Maley, 2012 Those clones will contain
“driver' mutations, that enable cancer cells to reach their objective.

In this context, there is a need to study cancer from an evolutionary and eco-
logical standpoint to nd alternatives to ght cancer resistance back. The approach
of evolutionary biology in this eld has long been overlookedMerlo et al., 2006).



Nonetheless, this is starting to changeGonzalez-Garcia et al., 2002; Maley et al.,
2004; Maley et al., 2009. As explained before, the main treatments employed lack

e ectiveness, since the selective pressures mentioned above cause undesirable side
e ects, being the trigger of metastases one of them. Hence, an ecological approach
can help shape a better strategy to ght back cancer, since cancer is a ected by
the interactions present between the individuals, in this case cancerous cells, and
their environment (Basanta & Anderson, 2013. This view is shared by any other
ecosystem of our world.

Some classic experiments paved the way to understand the role of competition
and mutation in evolving populations. For instance, an experimentLuria & Del-
brick, 1943 done with the purpose of understanding how a bacterial culture might
be a ected by the presence of a bacterial virus, or phage, showed that the exposure
of such culture to an aggressive threat posed selective pressure towards that popula-
tion, eventually resulting in selection of pre-existing mutants. Hence, this behavior
might take place in cancer as well, although research has shown that intratumor
heterogeneity and resistance to therapies comes as a combination of many di erent
factors, meaning that this problem is far more multi-dimensionalSottoriva et al.,
2013). Furthermore, that intratumor heterogeneity is closely tied to the presence of
cancer stem cells (CSCs), the asymmetrical division of which leads to the develop-
ment of such heterogeneous landscapRi¢h,2007; Lathia et al., 2011; Bao et al.,
2013).

Taking into account this principle, time can be expected to play a key role in
the capability of cancer to produce resistant mutants to therapies. Tumors need a
number of mutations before creating a neoplasm aggressive enough. Tumors such as
the ones that appear in the brain and nervous system, endocrine and the eye require
less mutations than others such as the ones appearing in the prostate and larynx
(Balmain et al., 1993). That is the main reason why early detection of cancer before
the appearance of intertumoral wide-spread heterogeneity reduces mortality, as well
as morbidity and costs Etzioni et al., 2003).

Within this framework, there is one interesting and promising alternative to the
traditional approach taken to ght cancer that can take into account many of the
premises previously mentioned, and that is di erentiation therapy. One of the main
traits of cancer cells is their ability to evade or block di erentiation, which results in
cell with greater potential to generate more cell types, as well as maintaining their
ability to self-renew. That is due to the fact that, as a cell continues di erentiating,
its potency decreases, since the di erentiation of a cell can be seen as the terminal
point of its growth, where all potency is lost Warren et al., 2010). Notice also the
morphological change that cells that have undergone di erentiation experience in
Figure (2).

As a result, a completely di erentiated cell has the minimal possible potency,
with only having one task as its purpose. Hence, cancer cells look for the possibility
of having a higher potency, including potential to self-renew as well as maintaining



Figure 2: (a) Transitions from cancer to di erentiated cells. This is a process in
which di erent mutagenic agents may play a key role moving forward. Extracted
from de Thé, 2018 (b) Two examples of leukemia cells (b) untreated and (c) treated
with DTH. Notice the shift from the round, featureless shape to the characteristic
terminal di erentiation phenotype.

a high rate of proliferation. As a result, a very important hallmark as sustaining
proliferative signaling can be reached. Taking this into account, di erentiation ther-
apy can be employed so that those cancer cells lose their potential as a result of a
certain drug or agent Spira & Carducci, 2003).

This therapy was suggested for the rst time 50 years agdP(erce & Wallace,
1971). They studied the e ect of using a given agent to di erentiate undi erentiated
cancer cells, and they analyzed the development of the tumor, eventually noticing
that di erentiated cells were unable to form a tumor by themselves. As a result, not
only the potency of undi erentiated cancer cells was understood, but also the possi-
bility of a transition from malignant, undi erentiated cells to benign di erentiated
cells was rst achieved. Hence, such therapy is based on one of the main hallmarks
of cancer, which is the block or loss of di erentiation, leading to undi erentiated,
highly potent cancer cells.

As it was also pointed out by Stuart Kau man (Kau man, 1971), cells in the or-
ganism are a ected by chemical uctuations, which cause the system to pass through
its di erent modes of stable behavior. Nonetheless, several experiments and models
(Hadorn, 1966; Rivera & Bennett, 2010 have shown that the organism uses only
a determined and small subsets of cell types that have no mutations, which means
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that there are plenty of subsets with mutations introducing the idea that epigenetic
cancer is, at the very least, possible. Among those mutations, di erent di erentia-
tion pathways may be a ected Jones & Baylin, 2002, inducing the development
of populations that follow this same mutations, subsequently developing a culture of
undi erentiated cells. As he also notes, this would mean that this neoplasia can be
di erentiated, turning its nature into non-malignant behavior, indicating that the
basis upon which di erentiation therapy works have been theorized for a long time.

This opens up a new spectrum of possibilities, since we could induce di erenti-
ation in cancer cells, turning previous malignant cells into benign cells by virtue of
molecular mutagenic agents. This is the part where di erentiation therapy can play
a big role moving forward. Though still in its early stages of development, especially
in solid tumors (Yan & Liu, 2016), there have been studies that have already proven
the e ectiveness of employing DTH to treat some kinds of tumors. Retinoic acid in
particular has been demonstrated to be a successful treatment for nasopharyngeal
carcinoma (Yan et al., 2014), as well as yielding e cient results for treating acute
promyelocytic leukemia Tallman et al., 2002). Furthermore, the use of such agent
against neuroblastoma in children has also delivered promising resultddtthay et
al., 2009). Nevertheless, this promising results are the beginning of what gures to
be a long road of study, since matters such as inter-tumor and inter-patient vari-
ability among others pose a hurdle towards the successful development of this new
branch of treatments (Yan & Liu, 2016).

Di erentiation therapy was rst successfully employed as treatment for acute
promyelocytic leukemia (APL) which is a subtype of acute myeloid leukemia char-
acterized by a speci ¢ abnormality, involving chromosomes 15 and 1Wélch et al.,
2012). More speci cally, it involves a translocation that a ects the retinoic acid-
alpha gene located in chromosome 17. Since in 95% of cases this gene is translocated
with a promyelocytic leukemia gene in chromosome 15, the use of trans retinoic acid
was surprisingly successful, even when not coupled with concomitant chemotherapy,
curing 70% of the patients Camacho, 2003; Sell, 2004 Furthermore, new research
has brought up many other possibilities for therapies. As such, targeting two onco-
genic events, one being IDH1/2 mutations and the other being the activation of
FLT3 mutations (Madan & Koe er, 2021 ), with di erent agents as therapy have
also been approved for di erent types of acute myeloid leukemia (AML) since 2017,
which serves as an example of how this types of therapy are still being developed
and perfected nowadays.

Nonetheless, the use of this type of therapy for solid tumors has many obstacles.
As noted in many research publications Gruz & Matushansky, 2012; Xu et al.,
2014; Yan & Liu, 2016; de Thé, 2018 there are many di erences between solid
and liquid tumors. First of all, the di erentiation pathways that minimally vary
in liquid tumors can be very di erent for solid tumors between types and patients,
even if they are the same histological type. Secondly, solid tumors involve a high
degree of cooperation between multiple oncogenic pathways, making them a much
more complex ecosystem than the one present in leukem¥o@elstein et al., 2013.
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