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Glioblastoma, a grade IV astrocytoma, is regarded as the most aggressive primary brain tumour with an overall
median survival of 16.0 months following the standard treatment regimen of surgical resection, followed by
radiotherapy and chemotherapy with temozolomide. The ability to understand and manipulate complex cancers
such as glioblastoma requires disease models to be clinically and translationally relevant and encompass the
cellular heterogeneity of such cancers. Therefore, brain cancer research models need to aim to recapitulate
glioblastoma stem cell function, whilst remaining amenable for analysis. The development of 3D cultures has
overcome some of these challenges, and cerebral organoids are emerging as cutting-edge tools in glioblastoma
research. The opportunity to generate cerebral organoids via induced pluripotent stem cells, and to perform co-
cultures with patient-derived cancer stem cells (GLICO model), has enabled the analysis of cancer development in

a context that better mimics brain tissue architecture.

glioblastoma cancer GLICO model

| 1. Introduction

Glioblastoma is the most common and most aggressive primary brain tumour, characterised by high recurrence
rates and exceptionally poor prognosis . Standard treatment involves intensive multimodal therapy including
tumour resection, tumour-treating fields (TTF) radiotherapy or standard radiotherapy, and chemotherapy with
Temozolomide (TMZ). The overall median survival is only 16.0 months, with tumour-treating fields (TTF)-treated
patients reaching an average of 20.9 months 2. Despite such intensive treatment, less than 30% of patients
survive more than 2 years 2. The inability to effectively treat glioblastoma is due, in part, to the ability of a
subpopulation of tumorigenic cells to infiltrate normal brain tissue, preventing complete surgical removal of cancer
cells, leading to subsequent recurrence . Improved treatments that target the source of chemotherapy resistance
and tumour recurrence are urgently needed, as the overall median survival rates have remained relatively

unchanged for 30 years [,

For glioblastoma to establish beyond the primary site within the brain, this subpopulation of cells must be able to
self-renew, generate differentiated tumour cells, and spawn a heterogeneous tumour 8. Glioblastoma, like
hematopoietic malignancies and other solid cancers, has been shown to comprise a small population of cancer
stem cells (CSCs) known as glioma stem cells (GSCs) @, which possess the capacity to recapitulate the
heterogeneity of the parent tumour after serial dilution and intracranial implantation into immune-compromised

mice 8. Moreover, GSCs demonstrate particularly infiltrative properties and are thought to be primary contributors
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to chemotherapy and radiotherapy resistance and tumour recurrence . Therefore, selectively targeting GSC
proliferation and invasion in combination with current therapies is seen as a viable option to improve treatment
outcomes for glioblastoma patients [2QIL1],

Proof-of-principle genetic studies have shown that blocking the self-renewal of GSCs leads to prolonged survival in
GSC patient-derived mouse efficacy studies 12, However, identifying optimal GSC-drug targets for clinical
translation remains elusive 13l Establishing disease models that recapitulate the function, heterogeneity, and
behaviour of glioblastoma within the brain is therefore a high priority for the evaluation of new therapeutics. Past
research into drug treatments for glioblastoma has often relied upon 2D cell culture methods—such as adherent cell
culture, in which commonly established cell lines grow in a monolayer attached to a flat surface 24!, Such methods
provided a foundation for basic research but have struggled to recapitulate essential features of glioblastoma cells
within the brain, such as tumour heterogeneity. Fortunately, recent developments have allowed primary patient-
derived tumour cells to be cultured in both 2D and 3D conditions (as both spheroids and organoids). These 3D
models can better mimic tumour growth and reflect tumour cell contact within the in vivo tumour microenvironment,
features which are not present in a traditional monolayer cell culture context 3. Additionally, 3D cultures will mimic
some of the physical barriers that therapeutic agents encounter when delivered in vivo that are not present in

typical 2D cultures, such as hypoxia and impeded diffusion 2415 ameliorating some of these limitations.

Recent studies have enabled drug screening using patient-derived glioblastoma 3D spheroid cultures 2817 Using
a 1536-well format and an ultra-high throughput proliferation assay, Quereda et al. 28 demonstrate the applicability
of this assay for large-scale high-throughput drug screening. Recent studies have also enabled the generation of a
patient-derived glioblastoma-cerebral organoid model in which the resultant tumours phenocopy the patient’s

original glioblastoma tumour 2, allowing the study of glioblastoma biology in a human brain model.

| 2. Patient-Derived Glioblastoma Organoids

The GSC subpopulation has often been associated with invasion as well as radiotherapy and chemotherapy
resistance 29, The interaction of GSCs with the tumour microenvironment and the ability for quiescence and
regeneration is what seems to promote survival and makes these cells difficult to target with chemotherapeutics
(21 GSCs are present throughout the entire glioblastoma tumour. They are localised in both the dense core
(hypoxic microenvironment) and at the proliferating edge (increased vascularisation) of the tumour L1722

surrounded by immune cells such as microglia, which all influence survival and the stem-like state of GSCs [171[23]
[24]

GSCs isolated from tumour biopsies have been shown to recapitulate the heterogeneity of the patient’s tumour
when differentiated in culture or upon xenotransplantation into immune-deficient mice 81231 \When commercialised
glioblastoma cell lines are grown in adherent 2D monolayer cultures without specialised media containing relevant
mitogens, they lack the intrinsic heterogeneity and 3D spatial organisation of the patient's parent tumour 281271,
Treatment efficacy assays performed on 2D adherent cells often do not translate well to clinical use, with drugs that

initially prove effective in the context of 2D cultured cell lines seldom yield equivalent results in a clinical trial setting
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(241281291 More refined model systems that allow the recapitulation of complex cancer phenotypes and retain the

ability to perform detailed analysis are urgently needed.

Patient-derived GSCs can be grown and sustained under specific culture conditions in vitro; with media
supplemented with growth factors such as epidermal growth factor and fibroblast growth factor-2 22, These
conditions can also be used for the expansion of neural stem cells, highlighting the close relationship between
these two types of cells . GSCs can be expanded in 2D adherent culture with supplemented media containing
relevant GSC growth factors, or as 3D neurospheres B9 Neurospheres, herein referred to as glioblastoma
spheroids, can be considered the first “3D model” of glioblastoma, as cells maintain a certain degree of 7
polarisation and 3D spatial organisation 21, Glioblastoma spheroids, however, have necrotic cores due to the
absence of vasculature and can achieve a maximum size of ~300—-400 um before needing disruption and replating
to survive 181821 On their own, glioblastoma spheroids are unable to form interactions with extracellular matrices or
other healthy cells required to generate the specific tumour microenvironment, so are unlikely to completely

replicate in vivo GSC behaviour 18],

Formation of human cerebral organoids involves stem cells, either iPSCs or AdSCs, which are sequentially
exposed to specific and appropriate exogenous signals to stimulate the developmental process. These conditions
allow stem cells to differentiate and aggregate to first form an organ bud/embryoid bodies, and over longer culture,
form a cerebral organoid. Mature cerebral organoids can contain differentiated astrocytes, mature neuronal cell
types, and even surprisingly microglia-like cells. Ramani et al., surprisingly observed microglial cells and astrocytes
in their organoids 3. Even though it is difficult to explain the development of non-ectodermal related cell types
under controlled differentiation conditions, cerebral organoids appear to have some degree of plasticity depending

on the differentiation cues.

Due to their potential utility for drug discovery and development, there are many organoid-glioblastoma models that
have been developed recently. Hubert et al. 18 cultured minced pieces of resected glioblastoma from patients
which successfully formed more complex organoid structures composed of multiple cell types. These organoids
recapitulate key glioblastoma features, such as hypoxic gradients, cellular morphology, spacial distribution, and
resistance to radiation, however, in vivo GSCs are not autonomous but are heavily influenced by tumour—host cell

interactions and the tumour microenvironment &, which this model does not particularly account for.

Along a similar vein are Bioprinted glioblastoma organoids, which are generated through patient-derived
dissociated glioblastoma cells combined with a decellularised porcine brain ‘bioink’ composed of extracellular
matrix proteins. On top of this, a layer of human umbilical vein endothelial cells is printed in the same bioink (241,
This model shows the invasion of the organoid into the surrounding endothelial cells and other key features of
glioblastoma such as a hypoxic gradient and the presence of multiple cell types. However, there is still a lack of

normal brain tissue for interaction as well as the requirement for costly specialised equipment.

Genetically modified cerebral organoids such as neoplastic cerebral organoids (neoCOR) have mutations

introduced to induce the expression of oncogenes to cause tumourigenesis within developing iPSC-derived
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organoids (2236l NeoCORs are composed of both healthy and tumour tissue, allowing the study of tumour—brain
interactions. However, their ability to recapitulate the heterogeneity of in situ glioblastoma remains to be seen, as
they are limited to known mutations of oncogenes that have been studied to date. Such tumour models are
advantageous to model glioblastoma initiation, but they hardly recapitulate the genomic complexity of

heterogenous patient tumours, so their utility for drug screening remains limited.

A novel approach to overcome this disadvantage has been pioneered by the laboratories of Howard Fine and
Amanda Linkous. This approach involves co-culture of patient-derived GSCs in the form of tumour spheroids, with
iPSC-derived human cerebral organoids 4. The authors co-cultured patient-derived GFP-tagged GSC cell lines
with mature cerebral organoids and were able to show that GSCs proliferate, form microtubules, and integrate into
the organoids. This model has been termed GLlIoma Cerebral Organoids (GLICO) [22I38], The authors showed that
different primary patient lines behaved in unique ways, with some showing diffuse invasion, others forming
honeycomb-like structures, and some forming regional ‘nodes’ of proliferation 2. The authors also found that co-
cultured GSCs with the greatest invasiveness were more lethal when transplanted into mice 3, suggesting that
the observed heterogeneity in growth and invasion in the GLICO model likely reflects certain intrinsic properties of

patient-derived GSCs.

The behaviour of cancer cells in this system not only mimic the original tumour, but also maintain key genetic
aberrations of the patient’s original tumour 22, EGFR amplification was identified in two of their primary lines and
was maintained in the GLICO model, but was lost in 2D adherent culture 19, indicating that this model may provide

a more suitable tumour microenvironment to preserve the genetic characteristics of the tumour in vivo.

Unlike animal brains, human cerebral organoids provide a more species-specific microenvironment which is
essential for GSCs to display their inherent characteristics 9. These models are versatile to characterise various
aspects of GSCs—invasion, protrusion, integration, microtubule formation, and interaction with mature neurons of
cerebral organoids #1142 However, current glioblastoma organoid models suffer from similar weaknesses of most
other organoid models, in that they commonly lack vascularisation and innate immune cells 2!, This is important
as GSC'’s ability to resist many treatment modalities is due in part to interactions with microglial immune cells and
increased vasculature within the tumour. Fortunately, methods to produce vascularised and immune-competent
organoids are being generated 241431 with some evidence suggesting microglia innately develop within cerebral
organoids generated using the protocol developed by Linkous and Fine BI48l vascularised organoids can be
genetically engineered by induced expression of human ETS variant 2 48], This allows the cerebral organoids to
form a complex vascular-like network. Alternatively, embedding human endothelial cells (hECs) into 9 atrigel before
cerebral organoids are incorporated allows the self-assembly of hECs into capillaries at the periphery of organoids,

which invade the vascular network 42,

3. Drug Screening Using a Patient-Derived Glioblastoma-
Cerebral Organoid Model
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Taking advantage of the GLICO model for higher-scale compound screening has not yet been achieved 48], ikely
due to the prohibitive costs and time taken to generate both human cerebral organoids, and a high-throughput drug
screening system suitable for these 3D cultures. Still, progress has been made towards proving the useability of
the GLICO model for these applications.

Utilising a genetically engineered luciferase-based assay to measure proliferation, Linkous et al. 19 were able to
show that different GLICO models utilising different patient-derived tumours have differential sensitivities to
chemotherapy (TMZ, BCNU) and radiotherapy. Interestingly, when the same patient samples were cultured in 2D,
they showed equal susceptibility to TMZ and BCNU which was not the case for the GLICO model where differential
sensitivity was seen 22, The use of secreted luciferase as an indirect measure for determining viable glioblastoma
cells within organoids offers simplicity, sensitivity, and scalability, making it amenable for high-throughput drug
screening 49l The limitation of the luciferase system, and other cell viability assays, is the inability to address key
complex features of glioblastoma such as invasion and cell morphology 8. Therefore, researchers propose live-
cell immunofluorescent imaging of GSC invasion into GLICOs alongside viability measures. Researcher's
proposed workflow (Figure 1), for smaller scale screening using the GLICO model is particularly practical for use in
most laboratories with accessible materials, accessible equipment, good for first pass, and no animal work
required. This model is also amenable for analysis, with separate measures of invasion, growth, and viability. This
workflow considers particularly important aspects of GSC function and how they may be altered upon therapeutic
treatments. The reduction in cost and time taken to culture arises from the use of spheroids for preliminary
screening prior to use of the GLICO model. The cost of generating and screening spheroids compared to

organoids is significantly lower when using spheres which have specific and defined methods for quantification.
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Figure 1. A potential workflow for drug screening using the GLICO model: 1. Generation of spheroid forming
primary glioblastoma (GB) cells and biobanking of patient samples. 2. Prospective drug screen on glioblastoma
spheroids. 3. Refined drug screen using patient-derived glioblastoma-cerebral organoid (GLICO) model. Created

with Biorender.com accessed on 25 September 2022.
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