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Abstract

Recent studies showing that cancer organoids recapitulate the biology of primary cancers have
driven tremendous excitement in their potential to revolutionize drug discovery and
personalized medicine. Tumour heterogeneity at the genetic and phenotypic level drives
differential responses to therapeutic agents, and this heterogeneity is preserved in organoids
grown from colorectal cancers. The use of organoids as an alternative model system to 2D
cultures is growing in popularity but there is a bottleneck to their widespread utilization.
Organoids need to be produced on a large enough scale to adequately supply end users, from
university researchers to pharmaceutical companies. In addition, the reproducibility of data
from organoid experiments needs to be improved, in particular batch-to-batch variation needs
to be minimized. Currently, manual processing results in organoids of varied size and while
the majority are suitably functional, this means some organoids are too small to polarize, and
some have necrotic cores and are effectively too big. The first aim of this thesis was to
fractionate colorectal organoid subpopulations based on their size through the design of a
fluidised bed in order to generate a consistent product that should improve drug screening assay
reproducibility. The second aim was to study the molecular mechanisms underlying organoid
phenotypic heterogeneity using biophysically-purified organoid subpopulations to assess
whether organoid transcriptome is altered by their size.

This work resulted in a fluidised bed design that was able to remove single cells from a
heterogeneously-sized organoid population, however the current design will need to be
improved if it were to be commercially applied.

Fractionated colorectal cancer organoids responded to known colorectal cancer targeting
compounds (LGK974, 5-FU and Trametinib) and drug response variability was reduced when
a size-based fractionation step was included after cell expansion. The effects of organoid size
on biology were studied by RNA-seq. Hypoxia appeared to be the main contributor to
differences in gene expression between large and small organoids, which might indicate that
oxygen and nutrients are reduced at the centre of large organoids. In addition, the data
suggested that energy production and lipid metabolism pathways were selectively upregulated
in larger organoids. Taken together, these findings showed that organoid biology is affected by
their size and reinforces the importance of considering organoid size during the selection of
drug testing assays and in the interpretation of the mechanism of action of candidate

compounds.
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1. Introduction

1.1 Research and development productivity in drug discovery industry

Over the last five decades, there have been major advances in many of the scientific and
technological tools used in drug research. For instance, combinatorial chemistry has allowed a
huge growth in size of compound libraries that can be used in a screening campaign (Scannell
et al. 2012). Also, DNA-sequencing has become easier and orders of magnitude faster, aiding
the identification of new drug targets (Scannell et al. 2012). In addition, X-ray crystallography
has increased 400 times the number of three-dimensional protein structure entries in databases
during the last 30 years (see the RCSB Protein Data Bank database website), facilitating the
identification of improved lead compounds through structure-guided strategies. Furthermore,
high-throughput screening (HTS) has resulted in a ten-fold reduction in the cost of testing
compound libraries against protein targets since mid-1990s (Scannell et al. 2012; Zhang et al.
2012). However, in spite of constant increases in research and development (R&D)
expenditures, the number of new chemical entities that reach to the market has actually
decreased. Scannell et al. (2012 and 2016) have named this trend as “Eroom’s Law”. Eroom’s
Law is Moore’s Law backwards and explains that the number of new US Food and Drug
Administration (FDA)-approved drugs per billion US dollars of R&D spending in the drug
industry has halved approximately every 9 years since 1950 (Scannell et al. 2012; Scannell
2016) (Figure 1.1). The development of new drugs for human diseases is currently a long and
costly process largely due to the failure in late-stage clinical studies, especially phase III, of
promising drug candidates identified in initial in vitro screens to perform as intended in vivo.
It usually takes an average of 12 years and $1 billion from pre-clinical testing to approval of a
new drug (Van Norman 2016). There is no single reason that explains this productivity decline
and some causes are given below. Firstly, Pammolli et al. (2011) determined that
pharmaceutical companies invest in scientifically tougher areas with inherently lower
probabilities of success, since these translate into lower expected number of competitors and
therefore higher expected prices and revenues (Pammolli et al. 2011). Secondly, the use of new
technologies and innovative treatment ideas translate into an increase of regulatory hurdles for
efficacy, safety and quality (Scannell et al. 2012). Thirdly, our global state of knowledge in

human biology, especially regarding the complex inter-relationships that constitute biological



pathways, is still far behind other scientific and technical areas. In most cases, a biological
target that succeeded in the test tube did not have the expected results in patients when provided
with a custom-designed drug in a clinical setting, or worse still, led to critical side effects,
owing to the complexity of the targeted biological pathway, as well as, to effects on other
biological pathways (Cook et al. 2014). Fourthly, clinical trials are time consuming, expensive
and the primary source of trial failures arise from a lack of efficacy. Hwang et al. (2016)
assessed 640 phase III trials with novel therapeutics and found that 54% failed in clinical
development, with 57% of those due to inadequate efficacy, followed by 17% because of safety
concerns (Hwang et al. 2016). Therefore, it is important to develop robust systems that provide
the maximum amount of information about biological activity, toxicological profile,
biochemical mechanisms and off-target interactions of drug-candidate leads in the earliest
stage of drug discovery. In particular, since cancer is a highly heterogeneous disease, accurate
prediction of efficacy is critical to get novel treatments approved (Kondo & Inoue 2019). In
vitro biochemical assays, for example ligand-receptor binding assays, were previously the gold
standard for drug screening due to their simplicity and reproducibility. However, cell-based
assays have been shown to be suitable to address the early phase of drug discovery process
more efficiently (Michelini et al. 2010) due to their ability to detect more biologically relevant
characteristics of compounds in living systems. Available cell culture systems for cell-based
assays in drug screening are described below, along with the advantages and limitations of each

system.
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Figure 1.1 Overall trend in pharmaceutical R&D efficiency — Eroom’s Law

The number of new drugs approved by the FDA per billion US dollars (inflation-adjusted) spent on R&D has
halved roughly every 9 years since 1950, Figure from (Scannell et al. 2012).



1.1.1 Cell culture systems and animal models for cancer drug discovery

Historically, drug screening extensively relies on animal models as proxies for human beings
in drug target validation and ADMET (absorption, distribution, metabolism, excretion and
toxicity). Although these animal models provide very useful information for drug screening,
they are relatively expensive, low throughput and present ethical issues. As an alternative to
animal models, cell-based assays popularised in the 80’s as a simpler, faster and cost-effective
tool, as well as versatile and easily reproducible (Edmondson et al. 2014a). Nowadays,
automated cell-based assays are a routine procedure in drug discovery for target validation and
ADMET in the early stage of drug discovery, which reduce the need for large-scale and cost-
intensive animal testing. The majority of cell-based HTS assays are carried out in multi-well
plates as they can be easily miniaturized to increase throughput rates, in the order of 10,000
compounds tested per day (Zang et al. 2012). Currently, several types of in vitro, ex vivo and
in vivo human models are routinely used for drug screening and they are depicted in Figure 1.2

and described below.
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Figure 1.2 Human model systems used for cancer drug discovery

The two-dimensional in vitro systems include immortalised cell lines and primary cells. Three dimensional culture
models can be classified as in vitro spheroids and organoids, and ex vivo explants and patient-derived xenograft
organoids (PDXOs). The in vivo xenograft models that can be generated depending on the material implanted into
the immunodeficient mouse are cell line-derived xenograft (CDX), organoid-derived xenograft (ODX) and

patient-derived xenograft (PDX).



1.1.1.1 Two-dimensional (2D) cell culture systems

2D cell-based assays are the most used system because of their low cost and easy operation,
and they include single cells in suspension and monolayer cells on a 2D surface. There are two
different 2D cell culture systems, immortalised cell lines and primary cells.

In 1951, the first immortalised cancer line cultured, known as the Hel a cell line, was derived
from cervical cancer cells taken from Henrietta Lacks (Gillet et al. 2013). Since then,
immortalised human cancer-derived cell lines are the most widely used model to study the
biology of cancer and improve the efficacy of cancer treatment (Gillet et al. 2013).
Immortalised cell lines are generally highly proliferative, easier to culture and transfect, and
they can be obtained from cell banks, such as the American Type Culture Collection (ATCC).
These cells have acquired the ability to proliferate indefinitely either through random mutations
as in transformed cancer cell lines, or by deliberate modification such as artificial expression
of cancer genes (Kavsan et al. 2011). Most cell lines have been in culture for decades and they
are well adapted to the 2D culture environment, and as a result, often differ genetically and
phenotypically from their tissue origin and show a flat morphology. In order to overcome the
lack of histological architecture, tumour cell lines have been implanted into an
immunodeficient mouse to obtain cell line-derived xenografts (CDXs), which are further
discussed in Section 1.1.1.3.

In contrast to cell lines, primary cells are isolated directly from patient tumour or biopsy and
grown in vitro in 2D tend to be heterogeneous. Primary cells, since they have not been
transformed, are considered to better represent the tumour of origin, as they provide a snapshot
of the tumour of the stage collected. These models allow for the development of personalised
cancer therapy as demonstrated through functional screening of chemotherapeutic drugs,
modelling individual tumour response (Nelson et al. 2020). However, although an important
tool in cancer research, primary cells have a finite lifespan and limited expansion capacity. As
they age, they show morphological and functional changes, which is why they should ideally
be used for drug discovery and preclinical studies at an early passage (Kapatczyfiska et al.
2016).

The methods used for 2D cell cultures enable their preparation in large quantities at uniform
quality, which is necessary for high-throughput drug screening. However, 2D cell cultures
exhibit a flattened morphology and altered signalling networks compared to cancer cells in

tumour tissue in vivo, which influences therapeutic response. Also, immortalised cell lines lack



cellular heterogeneity in addition to physiological cell-cell and cell-matrix interactions that are
necessary to maintain in situ phenotypes. Three dimensional cell culture systems address some

of these limitations and these systems are presented below.

1.1.1.2 Three-dimensional (3D) cell culture systems

Solid tumours grow with a 3D shape in vivo, and this suggests that adding a third dimension in
3D cultures, provides another direction for cell-cell interactions, cell migration and cell
morphogenesis, which are critical in regulating cell cycle and tissue functions (Zang et al.
2012). For example, the monolayer culture of 2D systems results in unlimited access to a
serum-based medium that can lead to a selection procedure for certain cell types and thus,
another cause for poor translational quality to an in vivo tumour. In vivo, serum is lacking, and
nutrient, oxygen, and metabolite gradients are important for the tumour development. These
gradients are non-existent in 2D culture models, but 3D systems better mimic the complex
natural environment (van Tienderen et al. 2019).

During the last decade, the widespread implementation of 3D cell cultures provides a more
physiologically relevant platform for HTS during drug discovery due to 3D systems retaining
many of the in vivo-like phenotypes leading to a better reflection of compound interaction with
cells and tissues in vivo. In 3D cultures, cell-cell and cell-matrix interactions mimic more
closely the natural environment found in vivo, so that the cell morphology closely resembles
its natural shape in the body (Edmondson et al. 2014b). The main 3D culture models are in
vitro spheroids and organoids and ex vivo explants.

The simplest 3D tissue culture model is a spherical aggregate of cells, called a spheroid. Some
conventional 2D cell lines can be induced to form spheroids by simply seeding them in a low-
attachment round-bottom plate but they tend to adhere at the bottom of untreated plastic
surfaces (Kondo & Inoue 2019). The implementation of traditional techniques, such as cell
culture in a spinner flask, rotation culture, and hanging drop method, promotes conventional

cell lines to form spheroids as shown in Figure 1.3 (Kondo & Inoue 2019).
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Figure 1.3 Different techniques used for spheroid cultures

A. Spinner flask bioreactor is a cell agitation approach based on stirred suspensions and the impeller mixer
prevents cells sedimentation and also promotes cell-cell interaction in the culture medium. B. Rotatory bioreactor
rotates itself to maintain cells in a continuous suspension and prevents cells to adhere to the chamber wall. C.
Hanging drop method is based on sedimentation of the cells due to gravitational force which promotes cell-cell
interactions. A small droplet containing cell suspension with volume ranging from 20 to 30 pL is seeded onto the
lid of polystyrene microwell plate. After turning the plate upside down, the droplets hang and gravity allows the

cells to settle at the bottom for self-assembly (Vadivelu et al. 2017).

Furthermore, biological or synthetic scaffolds that provide anchorage for the cells can be used
for efficient 3D culture of established cell lines (Kondo & Inoue 2019). Commercially available
products such as BD Matrigel basement membrane matrix (BD Sciences), Cultrex basement
membrane extract (BME; Trevigen) and hyaluronic acid are commonly used biologically
derived matrices that contain extracellular matrix (ECM) components such as laminin and
collagen. Polyethylene glycol (PEG), polyvinyl alcohol (PVA), polylactide-co-glycolide
(PLG) and polycaprolactone (PLA) are common materials used to form synthetic scaffolds
(Edmondson et al. 2014a). Furthermore, the aforementioned gradients of nutrients, metabolites
and oxygen in 3D structures are responsible of spheroids containing cells in various stages with
a layered structure comprised of proliferating cells surrounding a more quiescent and hypoxic,
necrotic core (Edmondson et al. 2014a). Although spheroids show improved drug responses
than the corresponding 2D cell line, they frequently do not reproduce the biological
heterogeneity of the cancers from which they are derived, probably because of their genetic
and epigenetic adaptation to grow on plastic (Kondo & Inoue 2019). The representation of
different cell populations (e.g. stem cells, transit amplifying cells and differentiated cells) is
crucial to study the responses in drug development assays, as these cells may respond
differently to drug treatments. This limitation has been solved with the development of 3D

systems that enables the creation and growth of miniature organs called organoids. This in vitro



model is one of the technological advances that has become an essential tool in biomedical
research and is extensively described below.

An organoid is defined as an in vitro 3D cellular cluster grown from primary tissue, embryonic
stem cells (ESCs) or induced pluripotent stem cells (iPSCs), which consist of organ-specific
cell types that are capable of self-renewal and self-organization, and exhibit similar organ
functionality as the tissue of origin (Clevers 2016). The main characteristics that differentiate
organoids from other systems are that organoids have never been adapted for growth on plastic
and the 3D structure provides the right physical environment. In the last ten years, there has
been a dramatic surge in the number of publications related to organoids, however, this field
of research began many decades ago. Organoids were first described during the period of 1965-
1985, mostly in classic development biology experiments that sought to describe organogenesis
by cell dissociation and reaggregation experiments. A few years later, organoid popularity re-
emerged in the research group of Prof. Hans Clevers in Utrecht which resulted in two important
discoveries. Firstly, in 2007 Hans Clevers and Nick Barker demonstrated by lineage tracing
experiments that leucine rich repeat containing G protein coupled receptor 5 (Lgr5)+ cells in
the intestinal crypt had the capacity to form all different epithelial lineages over a 2 month
period in the mouse (Barker et al. 2007). Once identified LgrS5 as a stem cell marker, the second
important point took place in 2009 when Hans Clevers and Toshiro Sato developed the stem-
cell containing organoid culture system. A robust methodology was revealed to develop
organoids that not only recapitulated murine intestinal crypt physiology, but promoted the
successful expansion of a stem cell compartment, including Lgr5+ stem cells, propagating their
renewal and long term culture (Sato et al. 2009). Organoids are composed of stem cells, derived
from the tissue of origin that facilitate long term culture, which have the capacity to
differentiate into several epithelial lineages, capable of recapitulating relevant cell signalling
(Yin et al. 2016). Sato et al. (2009) grew the first organoids by suspending mouse intestinal
crypts in Matrigel (derived from Engelbreth-Holm-Swarm mouse sarcoma), which supports
growth within a 3D structure and its laminin-rich nature mimics the microenvironment of the
crypt base in vivo. In addition, the system requires the provision of culture medium including
growth factors specific to the organoid type. A cocktail of epidermal growth factor (EGF), and
Noggin and R-spondin provides the essential intestinal stem cell maintenance signal (Sato et
al. 2009). Adding R-spondin in the medium was the key point to achieve long-term organoid
cultures (discussed in Section 1.2.1.1). Furthermore, human organoid culture can now be

achieved using similar culture conditions and has taken a role in the field of translational



medicine (Sato et al. 2011). To date, organoid systems have been created for growth of tissue
from the small intestine (Sato et al. 2009), colon (Sato et al. 2011), stomach (Barker et al.
2010), liver (Huch, Dorrell, et al. 2013), lung (Rock et al. 2009), prostate (Karthaus et al. 2014),
pancreas (Boj et al. 2015), brain (Lancaster et al. 2013), among others. Organoids can be grown
from healthy but also from diseased tissues retaining the pathology such as tumour
heterogeneity and tumour specific functions when cultured from cancer cells. This enables the
testing of a range of therapeutic compounds in a patient-relevant model. However, organoids
also present some limitations that were described by Fatehullah et al. (2016) (Fatehullah et al.
2016):

- The lack of stromal components, including immune cells, limits their use in modelling
inflammatory responses to infection or drugs which is particularly limiting for
immunotherapies.

- Organoid growth from certain tissues may be a strict dependence on growth
factor/signalling gradients for maintaining balanced stem cell renewal and lineage
specification, and the current system presents limitations to mimic these gradients in
Matrigel matrix. To overcome this problem, microfluidic technology could be used to
mimic the chemical gradient of soluble or immobilised factors that are important in
stem cell research (Kim et al. 2019).

- The relative rigid ECM is a potential limitation to drug penetration because it behaves
as a physical barrier that restricts drug diffusion (Kaushik et al. 2016).

- Organoid cultures are often intrinsically heterogeneous in terms of viability, size and
shape, which complicates the analysis of drug toxicity and efficacy.

Despite the limitations described above, organoids represent a bridge between traditional 2D
cultures and in vivo mouse/human models, as they are more physiologically relevant than
monolayer culture models and are far more amenable to manipulation of niche components,
signalling pathways and genome editing than in vivo models described in the following section
(Fatehullah et al. 2016).

Although, organoid models have been designed to resemble in vivo tumour as closely as
possible, especially taking tumour heterogeneity into account, organoids mimic tumour
complexity only partially as they fail to fully capture tumour-stromal interactions which
influence drug sensitivity and resistance and are important for immune-oncology research
(Collins et al. 2020). This is due to the fact that most organoids are established through isolation

of stem cells and subsequent embedding of the cells in a 3D matrix and this leads to the loss of



stromal fibroblast and infiltrating immune cells (Meijer et al. 2017). Ex vivo tumour explants,
on the other hand, are formed by dissecting fresh tissue and placing these under defined culture
conditions (Collins et al. 2020). This enables to retain the complexity of tumours in vivo
without extensive manipulation of the tissue, often retaining multiple cell types and the
surrounding donor-derived ECM and stroma (Meijer et al. 2017; Hu et al. 2017) which means
that the tumour cells are surrounded by their original microenvironment, rather than artificial
matrices (Meijer 2017). The use of patient-relevant material, the ability to culture the
surrounding normal tissue in parallel and the preservation of the original architecture of the
tissue are some of the advantages that explant platform presents when compared with other
preclinical platforms, particularly 2D cell lines and cell line derived xenograft models (Powley
et al. 2020). Also, the generation and culture of ex vivo explants is relatively inexpensive
compared with the production and maintenance of mouse models or the isolation and culture
of organoids, which often require costly cell culture reagents and matrices for their
maintenance (Powley et al. 2020). A concern with the explant platform is that explants are only
retained intact for short periods of time, typically for up to 72 h, and extending the integrity of
explants for longer periods needs further research, possibly involving the development of
scaffolds or perfused channels to prolong the 3D architecture of the original tumours (Powley

et al. 2020).

1.1.1.3 In vivo xenograft models

In vivo models overcome some of the limitations presented above for organoids, such as the
lack of native microenvironment (e.g., ECM composition, growth factor gradients) or the lack
of interactions with immune cells, and consequently, the inability to model immune responses
(Langhans 2018). Immunodeficient mice capable of being engrafted with human cells and
tissue have become increasingly important to create xenograft models (Walsh et al. 2017).
Depending on the material implanted into the immunodeficient mouse, different models can
be generated;

- Cell line-derived xenografts (CDXs) are generated by implanting immortalised tumour
cell lines into an immunodeficient mouse. These were initially reported to provide a
more faithful representation of the tissue microenvironment than monolayer cultures,
since they have blood vessels and experience nutrient deprivation or hypoxia. However,

these cell lines propagated in vivo, are derived from cancer cells that have adapted to



growth outside a natural microenvironment, resulting in genetic changes that are
distinct from the genetic stress imposed in tumours in patients (Tentler et al. 2012).
Organoid-derived xenografts (ODXs) can be generated by injecting cultured organoids
(e.g. colorectal cancer organoids) into an immunodeficient mouse (Zhao et al. 2019).
Patient derived xenografts (PDXs) consist of the implantation of tissue or cells from a
patient’s tumour into an immunodeficient mouse, providing a more faithful
representation of the individual’s tumour. Since PDXs are passaged without in vitro
culture steps, PDX models allow the propagation and expansion of patient tumours for
subsequent 2D screening assays without significant genetic transformation of tumour
cells over multiple generations. Most PDXs are grown under the skin, however, in some
PDX models, tumour cells grow in physiologically-relevant tumour microenvironment
(TME) that mimic the oxygen, nutrient, and hormone levels that are found in patient’s
primary tumour site (Jung et al. 2018). It is worth mentioning that even with the best
models, the orthotopic site may be in the wrong physical location, e.g. not near a lymph
node. Also, the complexity of human TME is not recapitulated in immunodeficient
mice. For example, tumour-promoting cells within the TME, such as stromal cells and
vascular cells are often replaced by mouse components, which may behave differently
than human cells and may not be modulated by drugs that specifically target human
cells (Hirenallur-Shanthappa et al. 2017). PDXs are more predictive for clinical
outcome compared to other systems (Xu et al. 2018), but the financial aspect cannot be
ignored. PDX models need a substantial budget because the immunodeficient mice are
expensive and maintaining those mice in a clean environment also implies a high cost,
since it takes long time before tumours are engrafted and began to grow in PDX models
(Murayama & Gotoh 2019). Also, PDX models are not amenable to large-scale drug

sensitivity studies due to the high cost and low throughput capacity.

Of note, patient-derived xenograft organoids (PDXOs) ex vivo derived from PDXs bring the

added benefits of speed and scalability inherent to organoid systems which are ideal for high-

throughput, large-scale screening and simultaneous testing of multiple therapeutic strategies,

such as combination therapy (Nelson et al. 2020).

In summary, cellular models, including in vitro 2D and 3D cultures, and in vivo xenograft

models, have been successfully developed as an alternative to biochemical assays, due to their

ability to detect more biologically relevant characteristics of compounds in living organisms.

Furthermore, Table 1.1 summarises the advantages and limitations of these human model

10



systems. The statement ‘all models are wrong, but some are useful’ credited to the statistician
George Box (Box 1979), is very true in the study of cellular systems in drug discovery. Every

model has distinct advantages and disadvantages, and the more widely each model is used, the

better it is understood.
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Table 1.1 Advantages and limitations of the different human model systems

Retains heterogeneity

System Advantages Limitations
Eas.y .to grow Lack of heterogeneity
. Indefinite growth . .
Cell line . No microenvironment and vasculature
. Enables high-throughput .
In vitro . Very low predictive value
Inexpensive
2D — - — :
Maintain heterogeneity Limited lifespan
Primary cells Enables high-throughput Difficulties with isolation
Inexpensive No microenvironment and vasculature
Easy to grow/ propagated for long time
Spheroids Enables high-throughput Lack heterogeneity
P Includes microenvironment that mimics ECM Lack of vasculature
Relatively inexpensive
Retains heterogeneity
Propagated for long time Lack of vasculature
In vitro Organoids Enables high-throughput Variability across batches (viability, size, shape)
3D Includes microenvironment that mimics ECM
Relatively inexpensive
Retains heterogeneity
Relatively easy and fast to establish
PDXO Includes microenvironment that mimics ECM Lack of vasculature
Enables high throughput
Relatively inexpensive
, Retains heterogeneity Limited lifespan
Ex vivo . .
3D Explants Includes microenvironment and stromal components Low throughput
Relatively inexpensive Lack of vasculature
Lack of heterogeneity
CDX Includes microenvironment and vasculature Expensive / labour intensive
Take short time to be established Low throughput
Differences in microenvironments between mouse and human
; Expensive / labour intensive
In vivo . .
Includes microenvironment and vasculature Low throughput
xenograft ODX . . . . .
Retains heterogeneity Differences in microenvironments between mouse and human
models . .
Take long time to be established
High predictive power Expen]il(;/; /ﬂllzrﬂ;ﬁukrl ulllttenswe
PDX Includes microenvironment and vasculature £1p

Differences in microenvironments between mouse and human
Take long time to be established
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1.2 Colorectal cancer organoids for pre-clinical studies

1.2.1 Anatomy and function of the intestine

The mammalian gastrointestinal tract is comprised of the small and large intestine. The small
intestine begins at the pyloric sphincter of the stomach and is divided into the duodenum,
jejunum and ileum. This tube-like structure is composed of a range of cell types, which
facilitate some key roles including enzymatic digestion and absorption of nutrients. The large
intestine extends from the caecum, through the ascending colon, transverse colon, descending
colon, sigmoid colon, to the rectum, which opens to the anus. The main function of the large
intestine is to maintain fluid and electrolyte balance by absorption of water from food material.
It is also the main site for degradation of complex carbohydrates and nutrients by the gut
microbiota (Badder 2017a).

The gastrointestinal epithelium represents one of the organs with the fastest cellular turnover,
with a daily loss of 10 epithelial cells in humans (Tan & Barker 2014). The epithelium of the
small intestine arranges itself into finger-like projections known as villi (Figure 1.4), which
reach into the lumen of the intestine and serve to absorb nutrients. At the base of these villi are
the crypts of Lieberkiihn (‘crypts’, epithelial pockets or invaginations) that constitute
instructive niches for small reserves of multipotent cells (Tan & Barker 2014). Stem cells at
the crypts give rise to transit-amplifying (TA) cells, which in turn undergo many cycles of rapid
proliferation and progressively commit to one of several differentiated lineages as they migrate
upwards along the crypt-villus axis (Tan & Barker 2014). Two predominant specialized
epithelial lineages emerge, the absorptive and secretory cells. Absorptive enterocytes secrete
enzymes and assimilate nutrients, while secretory cells include hormone-secreting
enteroendocrine cells, mucous-secreting goblet cells and prostanoid-secreting Tuft cells (Tan
& Barker 2014). Goblet cells, identified through their expression of Mucin 2, provide
lubrication to soften the impact of mechanical stress from peristalsis of food through the gut.
Paneth cells, which help to maintain intestinal stem cell reserves by secreting Wnt, and also
have antimicrobial functions, are found in the crypts (Tan & Barker 2014). After 3-5 days,
migrating epithelial cells reach the villus tip, where they undergo apoptosis before being lost
into the intestinal lumen (Tan & Barker 2014). Paneth cells escape this rapid ascension to
certain death, and migrate downwards toward the crypt base where they remain 6-8 weeks

before being replaced by local progenitor populations (Tan & Barker 2014).
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In contrast to the small intestine, the epithelial lining of the colon does not contain absorptive
villi nor Paneth cells (Figure 1.4). This makes it much flatter on the luminal side and reflects
its role in stool compaction rather than food absorption (Tan & Barker 2014). The need of
efficiently expel stool its reflected by the presence of many more mucous secreting goblet cells
in the colon. The stem cells of the colon are located at the base of the crypt and are capable of
differentiating into multiple epithelial lineages including enterocytes, endocrine and goblet
cells (Tan & Barker 2014). As cells migrate from the base of the crypt towards the lumen of
the colon, they undergo differentiation until they are shed into the lumen at the apex of the
crypt.

Wnt signalling is an essential factor in normal intestinal function, especially for the
maintenance and self-renewal of epithelial stem cells located at the base of the crypts and it is

described in the next section.
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Figure 1.4 Schematic diagram of the small intestine and colon

The small intestine epithelium is organised into crypts and villi. Stem cells located at the bottom of the crypt give
raise to immature progenitor cells which terminally differentiate as they migrate up the villus, before being shed
into the lumen, which the exception of Paneth cells which migrate downwards and occupy the base of the crypt.
The colon is only made up of crypts. The base of the colonic crypts is composed of stem cells which are able to
self-renew and differentiate into various lineages whilst migrating to the tip of the crypt where they undergo

apoptosis before being discard into the lumen. Figure adapted from (Tan & Barker 2014).
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1.2.1.1 Wnt signalling pathway

The canonical (B-catenin dependent) Wnt signalling pathway plays a major role during
mammalian development, mediating effects on an array of target genes involved in
proliferation, cell adhesion and migration (Flanagan et al. 2018). Furthermore, almost all
colorectal cancers demonstrate hyperactivation of this pathway, which in many cases is
believed to be the initiating and driving event (Schatoff et al. 2017).

In the absence of WNT ligands (Figure 1.5A), the canonical Wnt signalling pathway remains
in a ‘off-state’ whereby a multi-protein destruction complex composed of the tumour
suppressor proteins axis inhibitor (AXIN) and Adenomatous Polyposis Coli (APC), glycogen
synthase kinase-3 (GSK3) and serine/threonine kinase-1 (CKl1), targets [-catenin for
degradation by ubiquitination and proteasomal degradation (Novellasdemunt et al. 2015).
Conversely, in the presence of WNT ligands (Figure 1.5B), the destruction complex is inhibited
following the binding of WNT ligand to the receptor Frizzled and its co-receptor lipoprotein
receptor-related protein 5/6 (LRP5/6). The cytoplasmic tail of LRP is phosphorylated, which
leads to the recruitment of AXIN and Dishevelled (DVL) to the activated receptor at the cell
membrane and prevents the formation of the B-catenin destruction complex (Spit et al. 2018).
Consequently, this allows -catenin to accumulate in the cytoplasm and its subsequent nuclear
translocation. In the nucleus, B-catenin displaces the repressor Groucho from T cell factor
(TCF)/lymphoid enhancer-binding factor (LEF) transcription factors (Merenda et al. 2020). 3-
catenin/TCF/LEF, form an active transcriptional complex, leading to the expression of WNT
target genes (Merenda et al. 2020).

Binding of R-spondin to the receptor LGRS can further potentiate Wnt signalling activation
and it is essential for the growth of wild type intestinal crypts in vitro. The LGR5/R-spondin
complex acts by neutralising the WNT target genes, Rnf43 and Znrf3, two transmembrane E3
ligases that remove WNT receptors from the stem cell surface. Therefore, in the absence of R-
spondin, activat