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Abstract

Glioblastoma (GBM) is the most common and aggressive brain
tumour in adults. The prognosis for the average patient is very poor with
median survival times of only 12-15 months. Despite treatment (surgical
debulking and adjuvant chemoradiotherapy), glioblastoma tumours inevitably
recur, which is attributed to the existence of cancer stem cell subpopulations,
known as glioma stem cells (GSC). GSCs are highly infiltrative and have
been shown to significantly contribute to tumour growth and recurrence.
However, GSCs remain moving targets in terms of their adaptive molecular
phenotype which hampers targeted treatment strategies against GSCs. Here
we have developed model systems to investigate aspects of adaptive GSC
phenotypic behaviour including invasion, epithelial-mesenchymal transition
(EMT) and cellular networks, which all contribute to the overall
aggressiveness of GBM tumours.

Specifically, we have developed a human-human assembloid assay,
whereby patient derived GSC spheroids spontaneously fuse and infiltrate
human cerebral organoids (hCOs). This enabled us to dynamically model and
quantify the GSC tissue invasion process. Importantly, the assay
differentiates between the invasive behaviour of malignant and non-
malignant control cell types, also indicating different invasion timelines
across different patient-derived GSC models.

Additionally, we have explored conditions that promote the
transcriptional upregulation of an EMT profile in GSC subpopulations derived
from GBM tumour specimens. These GSCs have characteristics of a
mesenchymal GSC subpopulation that warrants further functional
investigation. We propose that this previously unidentified cell population
may contribute to a more infiltrative tumour phenotype through the EMT
pathway.

We have also further validated an inducible cellular network in GSCs
using chemical inhibition of Rho associated protein kinase (ROCK). Such an
in vitro system recapitulates features of cellular networks discovered in vivo
in an accessible manner for the study of functional cell co-operation
mechanisms. Specifically, we have determined the ability of networked cells
to transfer mitochondria intercellularly and propose this as a mechanism that
critically contributes to a radioresistant GSC phenotype.

By modelling the phenotypic plasticity of GSCs, with the ability of cells
to invade and infiltrate, demonstrate EMT transcriptional upregulation as well



Vi

as the formation of cellular networks, we have paved a way for the
interrogation of GSC functional biology ex vivo. This is expected to
complement time and resource-intense in vivo experimentation in rodents,
hence aiding the identification of GSC-directed therapeutic strategies that
target key adaptive GSC phenotypes in the treatment of GBM.
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Chapter i. Introduction
i.1 Glioblastoma multiforme (GBM)

i.1.1 Classification

Globally, the incidence of tumours of the brain and central nervous
system account for around 250,000 new cancer cases annually and are the
cause of 189,000 deaths [1]. Although there are over 100 types of brain
tumours, glioma is an umbrella classification for malignant brain tumours of
glial origin. Gliomas are classified based on shared histological and
morphological features of glial lineages (astrocytomas, ependymomas,
oligodendrogliomas) and they are graded based on World Health
Organisation (WHO) classification [2]. There are 4 glioma grades with an
increasing degree of aggressiveness: low grade gliomas (LGG) are graded
| & Il and high grade gliomas (HGG) Il & IV. Glioblastoma multiforme (GBM)
is the most common and aggressive primary brain tumour (45% of all
gliomas) [3] and classified as a grade IV astrocytoma [2]. GBM tumours are
diffusely infiltrative neoplasms which exhibit hypercellularity, nuclear atypia
and microvascular proliferation and/or necrosis [2].

i.1.2 Incidence and prognosis

Globally the incidence of GBM is 3-5 per 100,000 people [4], with
approximately 2,100 new cases diagnosed in England annually [5]. Through
multistep mutational gain, grade Ill anaplastic astrocytomas can progress to
grade IV, making up 40% of GBM incidences, whereas 60% of GBMs arise
de novo [6].

Patients often present with a range of symptoms, attributed to rapid
expansion and displacement of brain structures, such as progressive
headaches, focal neurological signs and, in 23% of patients, seizures [7], and
are diagnosed at a median age of 65 years [8]. Diagnosis is performed using
contrast enhanced magnetic resource imaging (MRI) with GBM tumours
typically appearing as an enhancing, necrotic mass which is surrounded by
non-enhancing abnormalities consisting of edema and infiltrative tissue. This
is also sometimes observed with hemorrhage, cystic changes or multicentric
enhancement [9]. Diagnosis can be further confirmed with differentiation from
other tumour types based on perfusion-weighted imaging. Dynamic
susceptibility contrast MRl measures cerebral blood volume, thus providing



information regarding microvessel density and area [10, 11], which can
further identify GBM from other tumours due to its hallmark feature of
microvascular proliferation [12].

Following MRI diagnosis, patients often undergo neurosurgery for
tumour debulking and biopsies for pathology confirmation of diagnosis and
subclassification. While historically classification has been based solely on
histological resemblance to cells of the glial lineage, the 2016 WHO release
for CNS tumours classification included molecular parameters including
isocitrate dehydrogenase (IDH) mutational status and detection of a 1p/19q
chromosomal co-deletion [2]. These new IDH based classifications,
IDH-wildtype, IDH-mutant or ‘not otherwise specified’ (NOS), now allows for
prediction of prognosis [13, 14]. IDH-wildtype tumours indicate a de novo or
primary tumour, whereas a IDH-mutant status indicates progression from a
lower grade (often previously undetected) gliomas [15, 16]. NOS tumours
were classified before the WHO 2016 update and therefore did not take into
account IDH classification or IDH status could not be determined [2].

The overall global 5-year survival for GBM is only 6.8% [8], which
drops to 3.4% for 5-year survival in England [5]. Patients up to the age of 69
have a medial survival of 14.9 months, with maximal treatment of debulking
neurosurgery with chemo- and radiotherapy [17, 18]. However, this prognosis
significantly drops with increases in age, with patients over the age of 70
unlikely to receive maximal treatment [5].

i.1.3 Current treatments and challenges

GBM tumours are notoriously difficult to treat and with little
advancement in treatment options or prognosis in the last 30 years, standard
of care remains to be maximal safe surgical resection of the tumour mass
followed by radiotherapy and chemotherapy [19-21]. However, the existence
of tumour heterogeneity fuelled by populations of glioma stem cells (GSCs)
and contribute to treatment resistance provide a great challenge for the
treatment of GBM.

i.1.3.1 Primary GBM

GBM had a highly diffuse and infiltrative growth pattern with
dissemination throughout the brain along white matter tracts significantly
decreasing the likelihood of complete surgical resection [17, 22, 23]. Only



gross total resection is associated with improved outcome in both
newly-diagnosed and recurrent GBM, despite the indication in some studies
of gradual improvements in outcome with resections increasing over 78%
[24-31]. Although resection aims to leave as little tumour as possible as this
correlates with survival [32], only maximal safe resection is performed to
prevent new postoperative neurological deficits as this is a negative
prognostic factor [33, 34].

However, advancements in imaging techniques such as functional
MRI and positron emission tomography (PET) provide better delineation of
tumours to aid surgical planning and optimum surgical trajectories to help
ensure maximal safe resection is achieved [25, 35-37]. Additionally,
intraoperative imaging such as ultrasound, stereotactic navigation systems
using anatomical and functional MRI datasets with intraoperative MRI, along
with the fluorescent dye 5-aminolevulinic acid (5-ALA) which visualised
tumour tissue and, in some cases, functional monitoring, maximise the
chance of achieving maximal safe resection while further reducing the chance
for new neurological deficits [24, 38, 39].

Following maximal safe surgical resection patients most commonly
undergo radiotherapy with concomitant chemotherapeutic agent
temozolomide (TMZ) followed by six 28 cycles of adjuvant TMZ [40, 41].
Patients follow the Stupp regime [40] for radiotherapy treatment, often
between 50-60 Gy, which has been shown to improve overall survival by 2.5
months, and progression-free survival by 1.9 months [41, 42]. Higher doses
of radiotherapy have not been associated with any additional survival benefit,
but an increased incidence of injury to the normal brain. Patients also receive
TMZ, a DNA alkylating agent, which triggers apoptosis through the induction
of DNA damage and cytotoxicity synergistic with the mechanisms of
radiotherapy induced apoptosis [43—45]. Despite combined treatments of
radio- and chemotherapy, 2 year survival only increased from 10.4% to
26.1% [41] this still remains a poor prognosis and many elderly patients over
the age of 70 do not receive maximal treatment due to increased toxicities
and therefore do not benefit from this increased survival [46].

i.1.3.2 Recurrent GBM

One of the major challenges when treating GBM is that tumours
invariably recur after a median interval of less than 7 months [40] at which
time median overall survival is 22-24 weeks [47—49]. Recurring tumours are



highly resistant to treatment [50] and thus the National Comprehensive
Cancer Network guidelines recommend clinical trials for those patients who
are eligible [51]. Although some patients may be offered temozolomide
rechallenge, vascular endothelial growth factor (VEGF) targeted therapy
bevacizumab or re-irradiation, these have not shown a survival benefit in
either randomised trials or in palliative care [52-54]. The only treatment
option with survival benefit for recurrent GBM tumours is complete resection
which is not appropriate in every case [31], and due to the diffuse growth
pattern of the tumours is unlikely to be achieved.

i.1.3.3 GBM heterogeneity

The failure to effectively treat GBM has been attributed to the presence
of one of its hallmark features heterogeneity. Intertumoural heterogeneity,
differences exhibited between patients, has led to the subtyping of tumours
for prognostic value. However, this is significantly complicated in GBM with
high levels of intratumoural heterogeneity whereby cells across the same
tumour can differ with respect to mutational load, histology, and/or
transcriptional and epigenetic landscape.

i.1.3.3.1 Intertumoural heterogeneity: genetic subtypes

As previously described tumours are molecularly diagnosed with IDH
status indicating whether the tumour is de novo (IDH-wildtype) or a secondary
(IDH-mutant) [15, 16]. Subgrouping based on IDH is therefore routinely
performed in clinics due to the prognostic implications for patients in either
category.

Bulk sequencing of tumours has since determined three GBM
subtypes based on genetic alteration patterns, DNA copy number and
transcriptional  signatures:  classical (TGCA-classical),  proneural
(TCGA-proneural) and mesenchymal (TCGA-mesenchymal) [55-57].

TCGA-classical subtype is characterised by the amplification of
chromosome 7 and consequently high expression of EGFR. Deletion of
CDKNA2A and loss of chromosome 10 were also associated with the
TCGA-classical subtype. High expression of neural stem cells marker
NESTIN as well as members of the NOTCH (NOTCH3, JAG1, and LFNG)
and Sonic hedgehog (SMO, GAS1, and GLI2) pathways were also frequently
detected.



TCGA-proneural tumours showed frequent loss of TP53 and loss of
heterozygosity as well as features such as PDGFRA alterations along with
point mutations in IDH1. The TCGA-proneural subtype was also associated
with high expression of oligodendrocytic developmental genes such as
PDGFRA, NKX2-2, and OLIG2.

TCGA-mesenchymal tumours displayed activated pathways such as
PI3K/Akt, as a result of mutations in NF1 and PTEN, and NF-kB. Upregulation
of mesenchymal markers such as YKL40 and MET indicate features of
epithelial-mesenchymal-transition (EMT).

In the first instance there were suggested to be four subtypes including
neural (TCGA-neural), however subsequent analysis revealed this
expression signature to be non-tumour specific [58, 59]. TCGA-neural was
previously associated with the tumour margin and therefore may have
resulted from normal tissue contamination. This perhaps explains the lack of
characteristic gene abnormalities in the TCGA-neural subtype compared to
the other remaining subtypes [60, 61] and as a result TCGA-neural is no
longer considered and was removed as a GBM subtype [56].

Although there is suggestion of prognostic value of the three
established subgroupings, with classical or mesenchymal GBM showing
reduced mortality with more intensive therapy [55, 57], this stratification is not
currently routinely performed in clinic. The clinical adoption of this
stratification may come following the development of therapies targeting the
specific genetic subtypes.

i.1.3.3.2 Intratumoural heterogeneity: histological subtypes

Differences within the same tumour, evidence of intratumoural
heterogeneity, can be identified histologically.

Gliosarcoma (GS) tumours, a rare histologic variant seen in 2.8% of
GBM, [62] exhibits both neural compartments as well as a sarcomatous
compartment [63—74]. Sarcomatous components of GS are often positive for
reticulin, a marker of connective tissue, but not GFAP, a marker of astrocytes
[66]. The mesenchymal component is often similar to fibrosarcoma and may
also exhibit mesodermal-like morphologies resembling cartilage, osseous,
adipocytic, and smooth and skeletal muscle entities [67, 68, 72, 74-77].
Clinical presentation of GS, in relation to diagnosis age and tumour location,
is similar to GBM and therefore follows the same treatment course. However,
GS has a poorer prognosis with median overall survival 9.8 months [78], for



reasons that are yet to be elucidated. Originally it was proposed sarcomatous
compartments arose due to infiltration of transformed cells, such as vascular
smooth muscle or histiocytic cells originating from outside of the tumour.
Genetic analysis however determined both neural and sarcomatous
compartments within the same tumour harbour the same genetic alterations,
suggesting they arose from a monoclonal cell of origin [65, 66, 71]. This
suggests that intratumoural heterogeneity, not only on the basis of genetic
abnormalities but also histologically, may carry clinical implications influencing
patient treatment response and survival. Despite the presence of a
sarcomatous compartment being the major difference between GBM and GS,
the contribution of mesodermal-like entities to tumour growth and a decrease
in survival, is currently unknown.

i.1.3.3.3 Intratumoural heterogeneity: genetic subtypes

Although patients can be separated and subtyped based on genetic
mutations (TCGA-classical/mesenchymal/proneural) multi-region sampling
and single cell-RNA sequencing (scRNA-seq) revealed intratumoural
heterogeneity with the coexistence of multiple TCGA- subtypes within the
same tumour [79, 80]. Additionally, the composition of subtypes within one
tumour has also been shown to change over time and following therapy in
longitudinal analysis [56, 81]. The existence of multiple subtypes within one
tumour has been associated with poorer prognosis indicating the
heterogenous nature of GBM tumours influencing aggressiveness and a
challenge for effective treatment [79].

i.1.3.3.4 Intratumoural heterogeneity: cellular states

The intratumoural heterogeneity exhibited in GBM patients is not only
thought to be governed by genetic mutations, but also transcriptional and
epigenetic abrogations. Recent scRNA-seq has determined malignant cells,
within IDH-wildtype GBM tumours, exist in four cellular states. which mimic
developmental cell types: oligodendrocyte progenitor cell-like
(NEFTEL-OPC), neural progenitor cell-like (NEFTEL-NPC),
mesenchymal-like (NEFTEL-MES) and astrocyte cell-like (NEFTEL-AP)
[82, 83].



NEFTEL-OPC state was associated with markers of the
oligodendroglial lineage such as OLIG1, OMG, PLP1, PLLP, TNR and
ALCAM and influenced by copy number amplifications in PDGFRA

NEFTEL-NPC was further subdivided into NEFTL-NPC1, which
included association with OPC related genes such as OLIG1 and TNR, and
NEFTL-NPC2 which was associated with neuronal lineage genes such as
STMN1, STMN2, STMN4, DLX5-AS1 and DLX6-AS1. Both subdivisions are
influenced overall with copy number amplifications in CDK4.

NEFTEL-MES state is associated with genes involved in stress
(e.g. DDIT3), glycolysis (e.g ENO2, LDHA) and response to hypoxia
(e.g. HILPDA). This is also subdivided on the basis of association with
hypoxia signatures with NEFTL-MES1 independent of hypoxia and
NEFTL-MES2 dependent. Both subdivisions are influenced with point
mutations at the NF1 loci.

NEFTEL-AC cells were associated with astrocytic markers S100B,
GFAP, SLC1A3, GLAST and MLC1 and are influenced by copy number
amplifications in EGFR.

Although these states were associated with signatures relating to
neural developmental cell types, these states were shown to be influenced
by abrogations in key genetic drivers. The background genetic drivers within
a particular patient may therefore sustain the predominance of a particular
cellular state and therefore explain tumour subgroupings based on bulk RNA
sequencing [55]. Following Patal et al showing individual GBM cells able to
harbour TGCA- genetic subgroup signatures [79], ~15% of cells were also
shown by Neftal et al to exist as a hybrid of two cellular states. The existence
of cells of transcriptionally intermediate states and lineage tracing
experiments show the plasticity of cell states within GBM tumours with the
ability for transition between the states [83]. The influence of these cellular
states on prognosis and treatment response have yet to be determined, but
the cellular plasticity exhibited by GBM cells exemplifies why a pan
therapeutic agent has not previously succeeded in the treatment of this
disease.

How GBM tumours arise and then sustain these highly heterogeneous
and plastic cells populations have been attributed to the existence of
cancerous GSCs.



Intertumoural heterogeneity

Variety between different patient’s tumours

Genetic

e |DH status
e TCGA subtypes
o TCGA-classical- chromosome
7 amplification, high EGFR
expression
o TCGA-proneural- TP53 loss,
PFGFRA alternations
o TCGA-mesenchymal- NF1,
PTEN and NF-xB

Histological
e Gliosarcoma
o Rare histological subtype
o Evidence of both neural and
sarcomatous compartments
o Poor prognosis of 9.8 months
median survival

Intratumoural heterogeneity

Variety within the same patient’s tumour

Genetic

e More than one TCGA subtype found to
exist within one tumour
o Multi-region sampling
o Single cell RNA sequencing

Transcriptional
e Single cell RNA sequencing revealed
cells within one tumour exists in one of
four cellular states

o NEFTEL-OPC- associated with
oligodendroglia markers and
copy number amplifications of
PDGFRA

o NEFTEL-NPC- associated with
copy number amplifications in
CDK4, subdivided based on
association with
oligodendroglia markers
(NEFTEL-NPCH1) or neural
lineage markers (NEFTEL-
NPC2)

o NEFTEL-MES- associated with
NF1 mutations, subdivided
based on association with
hypoxia dependent (NEFTEL-
MES1) or independent
signatures (NEFTEL-MES2)

o NEFTEL-AP- EGFR copy
number amplification with
association of astrocytic
markers

Table i.1 Summary of heterogeneity in GBM tumours.

i.2 Cancer stem cells

Cancer stem cells (CSC) are subpopulations of cells, within tumours,
with capabilities of self-renewal, differentiation and tumourigenicity when
transplanted into an animal host [84]. Consequently, CSCs are implicated
both in cancer initiation and treatment resistance.



Due to tumours containing heterogeneous neoplastic cell populations
with influences from the tumour microenvironment led to the postulation of
similarity between tumourigenicity and normal development healing
processes where sustained stem cell populations are present within tissues.
The CSC hypothesis was underpinned following the ability of a single
leukaemic cell into mice exhibited the ability of producing a lethal tumour
within 2 weeks [85]. Subsequent investigations showed the ability of a subset
of leukemic cells to sustain proliferation with self renewal properties, and
differentiate maintaining original tumour cell phenotypes [86, 87]. Following
the identification of a CSC population within leukaemia a similar population
was sought in other tumour types such as breast [88], prostate [89], colorectal
[90, 91], and pancreatic cancer [92].

i.2.1 Glioma stem cells (GSCs)

i.2.1.1 GBM’s cell of origin

Despite many efforts to characterise GBM tumours at the genomic
level, GBM’s cell of origin is still not determined and is an area of great
debate. Some argue transformation of differentiated astrocytes give rise to
GBM tumours, whereas others suggest tumours form as a result of
transformation of a neural stem cell (NSC) to a GSC population [93]. Although
some studies were able to show genetic alterations in differentiated
astrocytes was sufficient to form GBM in mouse models [94], others could not
replicate this and only determined alterations in NSCs were capable of
generating GBM tumours [95-98]. Many recent studies focus on the notion
that NSCs residing in the adult subventricular zone (SVZ) may be the GBM
cell of origin, notably following the determination of transcriptional similarity
in immature cells of the SVZ with GBM cells [98, 99]. Overexpression of
mutant IDH, known to drive progression of lower grade gliomas to GBM, in
SVZ NSCs was shown in mouse models to induce hyperplasia and early
indications of GBM formation [100]. Following the detection of shared
mutations in matched human GBM tissue and normal SVZ tissue in half of
the sequenced patients further indicates GBMs arise from a malignant NSC
cell of origin [98]. Recent single cell RNA-sequencing (scRNA-seq) suggests
that tumours then recapitulate normal neurodevelopmental cell types and
therefore hierarchy as they develop and progress [80].
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i.2.1.2 GSCs support tumour growth and recurrence

GSC populations have been shown to not only initiate tumours but also
recapitulate tumour heterogeneity following orthotopic injection into mice
[101, 102], and have been identified functionally, [101, 103] and through
primary tumour sequencing [79, 83, 104]. These GSC populations are
marked with stemness markers similar to that which are indicative of NSCs,
such as SOX2 [105, 106], NESTIN [107, 108], OLIG2 [109], vimentin (VIM)
[110] and MYC [111], indicating a sustaining neoplastic NSC-like GSC
population within GBM tumours, not just an initiation cell of origin.

Due to the highly infiltrative nature of GBM, populations of GSCs can
invade surrounding healthy brain parenchyma far enough for total surgical
resection to be impossible [112]. These self-renewing GSC populations,
following invasion, reside throughout the brain therefore evading treatment
allowing formation of another tumour at a secondary site and promote its
growth by supporting angiogenesis [113]. GSCs are characteristically
radio- and chemotherapy resistant [114-116], and therefore support the
growth of secondary tumours. These secondary tumours forming from
already highly infiltrative and treatment resistant populations consequently
mean recurrent tumours are more aggressive [116]. Despite high levels of
mutational load being rarely detected in primary GBM tumours,
hypermutation signatures are frequently detected in recurrent tumours
[117-122]. Hypermutation signatures are associated with defective mismatch
repair (MMR) genes, with potential implications for response to
immunotherapy [117-119, 121-123]. Hypermutations are thought to arise
either de novo, with fundamental defects in DNA polymerase and MMR
genes, or associated with acquired treatment resistance driven by MMR
defects following treatment with alkylating agent TMZ [122]. Despite the
mechanism by which hypermutational signatures arise, resulting tumours are
highly treatment resistant and are associated with poor patient survival [122].
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i.2.1.3 GSCs are regulated by intrinsic and extrinsic factors

GSCs are thought to be sustained and regulated within GBM tumours
with influence from intrinsic mechanisms such as genetics, epigenetics and
metabolism as well as extrinsic factors such as the microenvironment, niche
factors and the immune system (Fig i.1).

[ Microenvironment ]

[ Niche Factors ]

Extrinsic ]

| 4 { Metabolism ]

—
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—

Genetic }‘

[ Epigenetic }‘

Figure i.1 Extrinsic and intrinsic factors regulating GSCs. Extrinsic factors
include microenvironment, immune system and niche factors in combination
with intrinsic factors such as metabolism, genetics and epigenetics. Adapted
from Lathia et al [124].

i.2.1.3.1 Intrinsic mechanisms

Advances in sequencing technology has allowed interrogation of the
genomic landscape of GBM tumours [55, 60, 83]. Alterations of EGFR, IDH1,
PDGFRA, HDM2, PI3BKCA and the TERT promoter through gain of function
mutations or amplifications are frequently detected. Mutations or deletions
are also detected in PTEN, TP53, CDKN2A, NF1, ATRX and RB1 tumour
suppressors [124]. The role of genetics is complicated by the frequency of
specific alterations differing between samples from different locations of the
same tumour and between patients further indicating the high levels of
heterogeneity within GBM [55, 104]. This makes it more complicated when
trying to understand the driving mutations between clones during tumour
evolution.
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Heterogeneity is also evident with respect to epigenetic regulation
throughout GBM tumours. Epigenome wide mapping of cellular chromatin
states found SOX2, POU3F2, SALL2 and OLIG2 to be master transcriptional
regulators of specifically the TCGA-proneural GBM subtype [125]. However,
many other factors have also been shown to recruit chromatin remodelers to
promote maintenance of GSC stem cell state, such as STAT3 [126], FOXM1
[127], GLI1 [128], ASCL1 [129], ZFX [130], NANOG [131] and ZFHX4 [132].
Additionally, the epigenetic methylation status of the O-6-methylguanine-
DNA methyltransferase (MGMT) gene within GBM tumours influences
therapeutic response to TMZ chemotherapy [133]. TMZ has been shown to
only be efficacious with MGMT methylation and consequently TMZ is often
withheld from patients with unmethylated MGMT tumours where the benefit
of TMZ is minimal [133, 134]. However, there is a decrease in MGMT
methylation in recurrent GBM tumours [135, 136]. As a result, this epigenetic
change from primary to recurrent tumour eliminates TMZ for rechallenge as
a secondary treatment option in these tumours. Although it is clear there is a
role and influence of both genetics and epigenetics on GSC population’s stem
cell state and susceptibility to treatment, this relationship still needs clarifying
and further interrogation required.

GSCs reside in microenvironments which have limited access to
nutrients such as glucose and oxygen and as a result demonstrate metabolic
shift to aerobic glycolysis, demonstrating the Warburg effect [137]. The
hypoxic conditions within GBM tumours results in the upregulation of HIF-2a
promoting the maintenance of self-renewal, proliferation and survival of
GSCs [138]. Additionally, to outcompete other tumour components,
specifically GSCs have been shown to upregulate the GLUT3 transporter for
glucose uptake [139]. GSCs exploit the production of reactive oxygen
species, generated as a consequence of their altered metabolic programmes,
becoming dependent on NOS2 activity to promote tumour growth [140].
GSCs metabolic programmes are not only plastic, responding to the tumour
microenvironment but are exploited by recurrent tumours through IDH
mutations. Mutations are thought to induce a loss of differentiation potential
of GSCs, maintaining their stem cell state and promote genetic instability
through aberrant hypermethylation of DNA and histones [141]. There have
been efforts to exploit GSC altered metabolic programmes with the use of
compounds such as KHS101 which can cause GSC specific apoptosis, a
consequence not observed in treatment on normal neural progenitors (NPs)
[142].
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More interrogation of the relationship between genetics, epigenetics
and metabolism is needed to understand how their interplay regulates a stem
cell state of GSCs and how this contributes to tumour growth and recurrence
in an effort to exploit for treatment.

i.2.1.3.2 Extrinsic factors

GSCs are not only maintained as a result of intrinsic mechanisms but
are also influenced by extrinsic factors.

GSCs hijack developmental processes within the brain niche as a
means to increase survival and maintain their undifferentiated state and thus
show up-regulation of pathways such as Notch, BMP, NF-kB and Wnt
[129, 143—145]. These niche factors provide survival advantage as GSCs
acquire features of normal stem and progenitor populations. For example, the
canonical Wnt signalling cascade is known to be a key regulator in both adult
and embryonic stem cells [146, 147] and plays a pivotal role in normal brain
development [148]. Upregulation of the Wnt pathway is evident in a subset of
GBM tumours and aberrant Wnt signalling is implicated in not only GSC
maintenance but tumour invasiveness and therapeutic resistance [149, 150].
Additionally, amplification of factors such as PLAGL2 are shown to suppress
terminal differentiation of not only NSCs but also GSCs through modulation
of the Wnt/B-catenin pathway [151]. Widespread activation of the Wnt
pathway is evident at the chromatin level with loss of Polycomb-mediated
repression and through activation of chromatin remodeller ASCL1 [129].
Therefore, GSCs are indicated to reside in Wnt specific niches within GBM
tumours as a means to maintain their stem cell state [149].

Immune suppression is a well-established feature and hallmark of
many tumours [152]. Despite it being known that immune surveillance is
activated when the brain is in a pathogenic state [153], immunosuppression
has been characterised as a feature of GBM [154] through GSC mediated
modulation of T-cells and tumour associated microglia/macrophage function.
GSCs have been shown to evade attenuation by T-cell through the secretion
of T-cell checkpoint molecule PD-L1 contained in extracellular vesicles [155].
Additionally, the secretion of TGF3 and IL-10 by GSCs have shown to favour
the immunosuppressive (M2) phenotype of tumour associated microglia and
macrophages [156—158]. GSCs attenuation of the immune system in an effort
to evade detection and immune mediated apoptosis has thus sparked interest
in immunotherapies targeting GBM tumours. Through reversal of the
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immunosuppressive microenvironment it is hoped the brain’s endogenous
immune surveillance could contribute to the targeting of neoplastic cells.

Due to their highly infiltrative behaviour, GSCs are remarkably
adaptive to new environments. To sustain and repopulate tumours in distant
locations throughout the brain from the original tumour GSCs interact with the
angiogenic environment to help supply nutrients. By using an Olig2-Wnt7
signalling axis GSCs are able to invade along blood vessels [159]. This
ensures expanding primary tumours, and secondary site tumours are in close
contact to existing vasculature to promote neoangiogenesis using vessel
angioproteins and tumour derived VEGF [113, 160, 161]. There are also
interactions between many components of stroma which support tumours
and maintain GSC stemness characteristics. High levels of extracellular
matrix (ECM) components, such as extracellular matrix glycoprotein tenascin
C (TNC), contributes to matrix stiffness which in turn activates integrin
mechanosignalling pathways [162]. Subsequent upregulation of integrins,
such as integrin-a7, promotes GSC proliferation, invasiveness and stemness
through activation of pathways such as NOTCH [163, 164]. NOTCH is also
activated, maintaining GSCs self renewal, through the engagement of
NOTCH ligands on endothelial cells by GSCs at the perivascular niche
[165, 166].

To determine more effective ways of treating GBM disease, with a
focus on targeting GSCs, it is imperative to accurately isolate and model
GSCs. Investigation of the extrinsic and intrinsic factors that play a role in the
maintenance of the GSC state, will increase our understanding of their
influence on tumour heterogeneity, invasion, treatment resistance and
contribution to recurrence.

i.2.1.4 Isolation and modelling of GSCs

GSCs are often identified and isolated using methodologies based on
surface cellular markers as well as exploiting similarities to NSC and promote
growth through the use of medium supporting NSC growth: glioma NSC
(gNSC) conditions. GSC behaviour can be further modelled using a variety
of in vitro and in vivo models such as neurosphere and adherent cultures,
organoid generation as well as engineered and xenograft murine models,
each with both advantages and limitations discussed in Table i.2.
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GSC model Advantages Limitations References
Sorting based on Can enrich for a stem cell The use of individual marks has [101, 167-171]
surface cellular population from tumour been disputed with currently no
markers (such as samples. evidence of individual marker
CD133 and CD15) reproducibly isolating cells that

meet functional GSC criteria.
Isolation of these populations
using one marker may be
problematic with worries of the
integrity of surface markers
following single cell dissociation.
Additionally, selecting for a
specific marker may also reduce
heterogeneity in the stem cell
fraction of these GBM tumours.

In vitro neurosphere Utilises functional assay for Does not determine tumour [102, 171, 172]
culture self-renewal capability of formation capability. Loss of
isolated population and interactions with
maintains 3D interactions in microenvironment factors.
population. High throughput Percentage of enriched GSCs
system. will vary sphere to sphere as well

as depending on passage and
length of time in culture. Not
suitable for assays which require
homogeneity.

Adherent culture on May reduce spontaneous Does not determine tumour [102, 173, 174]
poly-lysine/laminin differentiation compared to formation capability. Loss of
neurosphere culture. tumour heterogeneity with a
Provides more homogeneity dependency on selected culture
which is more suitable for medium whereby all GSC
some assays. High fractions may not be isolated and
throughput system. sustained. May reduce
heterogeneity with serial
passaging.
Three-dimensional Allows for interactions with Reduction in throughput [175-178]
GSC ‘organoid- multicellular compartments. compared to adherent culture
spheroids’ and Able to model hypoxic and with complex establishment and
biomaterial other biological gradients. maintenance. Does not contain
scaffolds all tumour interactions such as

vasculature and microglia. Is
often only one tumour

compartment.
Genetically Allows the following of Initiation processes are not fully [95, 100, 179—
engineered and tumour initiation as well as mimicked compared to the 181]

syngeneic mouse progression. Also, able to human disease. Resultant
models integrate influences from tumours do not fully recapitulate
microenvironment including human disease. Murine models
tumour stroma and immune also have a lower throughput as

system. there are high costs and are

labour intensive.

Patient-derived Allows the study of human Does not allow interrogation of [101, 182-185]
xenograft models tumours with cellular tumour initiation events. Either
interactions within a more requires immediate generation
physiological environment. following surgery or subsequent

implantation of GSCs following
isolation and maintenance by
one of the other modelling
techniques, thus adding
additional limitations.

Table i.2 Various models used within GBM research for investigation of
invasion. Advantages and disadvantages of each model is noted.



16

i.2.1.4.1 Previously derived patient GSC cell lines used within this study

Within this study we utilise a variety of previously isolated GSC lines.
Lines were derived using NSC based culture conditions, with a dependency
on FGF and EGF, serum free as cells continually cultured in serum conditions
were shown to no longer reflect patient heterogeneity and disease [102].
Cells were isolated from freshly resected dissociated tumour specimens and
grown adherently with the use of poly-ornithine and laminin [173, 174]. The
GSC lines used within this study were derived from a variety of patients and
reflect different subtypes of GBM [142], as described in Table i3.

Model Disease IDH1 [ Notes

GBM1 Primary GBM wt Subtypes: TCGA-classical, TCGA-proneural

GBM4 Primary GBM wt Subtype: TCGA-mesenchymal,
TCGA-classical, TCGA-proneural

GBM11 GS wt Subtype: TCGA-mesenchymal

GBM13 Primary GBM wt Subtype: TCGA-proneural

GBM20 Recurrent GBM wt Subtypes: TCGA-proneural,
TCGA-mesenchymal

OX2E Primary GBM wt Derived from tumour edge

OX2 CE Primary GBM wt Derived from mix of tumour core and edge

GBM30P Primary GBM wt -

GBM30RC Recurrent GBM unknown Derived from tumour core

GBM30RE Recurrent GBM unknown Derived from tumour edge

GBM40C GBM unknown Derived from tumour core

GBM40E GBM unknown Derived from tumour edge

Table i.3 Patient tumour characteristics from which patient cell lines
were derived and used within this study. Disease, IDH1 status and notes
regarding either tumour subtype or region of specimen used to derive line is
noted. Wildtype= wt.

i.3 GBM invasion

One of the greatest challenges when trying to treat GBM is its highly
invasive behaviour. GSCs have been shown to have an elevated invasive
potential compared to other tumour compartments [186] indicating these to
be the cells which invade up to several centimetres away from the tumour
mass [187, 188]. As a result, GSC populations that have migrated from the
tumour mass remain following maximal safe surgery and can consequently
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drive proximal and distant tumour recurrence within 2 years of first line
treatment [116, 187, 189]. However, unlike many other solid tumours, GBM
rarely metastasises outside of the brain indicating unique invasion
mechanisms [190-192].

i.3.1 Invasion routes

Cancer cells have been shown to invade either in groups, as
mesenchymal chains, clusters or multicellular sheets or as single cells in a
blebbing amoeboid or elongation mesenchymal mode [193]. Although other
cancers that metastasise to the brain, such as carcinoma, have been shown
to invade within the brain as groups of cells, GBM exhibits single cell invasion
primarily as a result of mesenchymal movement [194—-196].

In mesenchymal single cell invasion cells develop polarized
cytoskeletal extensions with integrin mediated focal adhesion points at the
leading edge indicating migration direction [193, 197]. Movement is then
mediated via Rho-pathway mediated adhesion, and cellular contractility
[198]. Therefore, cells undergo cytoskeleton remodelling, becoming
elongated and spindle-like as they move [199, 200]. Subsequently, to allow
for movement cells secrete proteases such as matrix-metalloproteinases 2,
9 and 14, serine proteases UPA and cell surface proteases [201, 202] for
proteolytic degradation of surrounding ECM components [203].

GBM has been described to hijack migratory routes, using pre-existing
structures within the brain, adopted by immature neurons and NPs [202].
These structures include white matter tracts, brain parenchyma, perivascular
space and the leptomeningeal space [204]. Some are used as migratory
routes such as perivascular space surrounding blood vessels [205] and white
matter tracts such as the corpus callosum as a means to invade the
contralateral hemisphere [188, 206-208]. However, the brain parenchyma
provides higher physical resistance with tight spaces for invading cells due to
the high proportion of neuronal and glial cell bodies [202, 209, 210]. As a
result, GBM tumours remodel surrounding ECM with the dysregulation of
components such as upregulation of hyaluronan, vitronectin and collagens
and downregulation of thrombospondin and versican to aid invasion [194,
211-213]. On the other hand, in the perivascular space GBM cells have been
shown to upregulate components such as thrombospondin and SPARC
indicating the adaptation of GBM invasion mechanisms with respect to
invading microenvironment [214, 215].
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i.3.2 Invasion networks

i.3.2.1 In vivo cellular network formation

Cellular networks have recently been implicated as another invasion
mechanism within GBM. Tunnelling microtubule-like structures within GBM
have been detected in xenograft [216, 217] and genetic GBM murine models
[218] and described as tumour microtubules (TMs). These ultra-long,
long-lived TMs with thick extensions interconnected, forming multicellular
networks of glioma cells. TMs were found at the invasive front of tumours and
within cell populations which have invaded the contralateral brain
hemisphere, indicating their role in tumour dissemination [216]. TMs of cells
at the invasive front of GBM tumours were found to resemble neurite growth
cone-like structures [216], which function by leading and steering axons
during outgrowth [219], furthering the indicating the role of TMs in
dissemination.

Interconnected GBM cells were not only shown to use TMs as a
means of dissemination but formation of multicellular networks permitting
cell-cell communication and radioresistance. Osswald et al demonstrated the
ability of GBM networks to communicate via calcium signalling using TMs
[216]. Additionally, TM connected networked demonstrated resistance to
radiation with less cell death than unconnected cells not involved in the
network [216], indicating a survival advantage for interconnected networked
cells.

Jung et al described that glioma TMs could be categorised into
interconnecting or invasive subtypes [220]. Although the conversion between
the two subtypes has not yet been explicitly shown, the ability to convert may
allow cells to disseminate, invading over long distances and then
interconnecting cells would be able to be protected from radiation therapy.

i.3.2.2 In vitro cellular network formation

The phenomenon of cellular networking has not only been described
in vivo but also able to be modelled in in vitro conditions.

The RhoA pathway is known to be a regulator of actin cytoskeletal
dynamics with downstream effectors such as LIM domain kinases (LIMK1/2)
and RHO-associated serine/threonine kinase proteins (ROCK1/2) [221-223].
Pan inhibition of ROCK1/2 proteins, via chemical Y-27632 treatment for 24
hours, demonstrates long neurite extensions with interconnectivity inducing
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a cellular network of GSCs in 2D in vitro conditions [224]. As shown in vivo
[216], GSCs within ROCK inhibitor induced (ROCKi) networks demonstrated
multicellular cooperation with transmission of calcium waves as well an
increase in number of organelles (lysosomes and mitochondria) within
cellular projections. Additionally, in vitro ROCKi GSC networks also
demonstrated resistance to radiation with increased cell viability and
increased oxygen consumption in response to high doses of radiation (20
Gy). ROCKIi networks via Y-27632 treatment were indicated to not induce
cellular differentiation, with no increased expression of neural differentiation
markers NEUROD1 and NTRK2 [225, 226] as determined by RNA-seq.
ROCKI networked cells demonstrated similar proliferation as control GSCs,
as determined by Ki67 staining, no upregulation of neuronal differentiation
pathways as determined by mRNA-seq, and the reversal of the cellular
projection phenotype within 8 hours of ROCK inhibitor washout [224].
However, some questions remained regarding the demonstration whether
Y-27632 directly inhibits the kinase activity of ROCK and whether inhibition
is still observed with upstream pathway activation. Additionally, although
neurite length is shown to extend it is unclear whether these extensions are
formed using existing neurofilaments or are formed de novo. Although the
trafficking of organelles is alluded to both in vitro [224] and in vivo [216]
currently there is a lack of demonstrating regarding movement of organelles
from one cell to another through cellular networks. Although Y-27632
successfully demonstrated the induction of a cellular network phenotype, how
this phenotype compares to phenotypes induced as a result of exposure to
other network inducers, such as Matrigel [227], is not yet known.

Modelling of GSC cellular networks using ROCK inhibition enabled
more mechanistic insight to the behaviour of cells within cellular networks
[224]. Also modelling in 2D allowed live cell tracking, simple cell harvesting
for mRNA sequencing and direct comparisons of networked and
non-networked phenotypes. Although this work was conducted in 2D
Y-27632 inhibition of ROCK was found to induce cellular networked
outgrowths in spheroid conditions [217].
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i.3.3 Models for GBM invasion

Traditionally 2D models, often the scratch wound assay, were used to
investigate migration and invasion mechanisms. However, this lacked many
factors and cell types to represent the complexity of tumour cells invading
within the brain. Although the scratch wound assay allows interrogation of the
influence of simple factors, other models which gain in physiologically
relevance have been developed and adopted. Each of these models have
their own advantages and disadvantages when studying invasion in GBM.

These are discussed in Table i4.

Model Advantages Disadvantages References
2D Scratch wound Relatively simple and low- Simple 2D environment is [210, 228-
in vitro assay cost assay with high not very physiologically 230]
throughput. Allows the relevant. Actually, only
real time tracking of single shows migration, not
cells in real time. invasion. Requires
suppression of the cell
cycle otherwise cannot
separate the migratory
behaviour from
proliferation. Simple
variables such as wound
width and ECM coating
can greatly affect
migration velocity of cells.
Boyden chamber Relatively simple and low Difficult to distinguish [230-232]
3D cost with high throughput/ migration or invasion. Not
in vitro Allows study interactions all components commonly
of matrix components. used to create 3D matrix
are brain ECM
components. These
matrices and their
percentage composition
is also static which is not
the case within the brain.
Bioscaffolds More complex matrices Are often unable to [194, 233—
better repopulate the sustain more than one 237]
brain ECM with relevant cell type which are shown
components. More of the to have an influence on
properties of different invasion capability
brain components can be therefore lacks tumour-
tested with control over stroma complexity and
features such as brain structures.
elasticity, density or
stiffness. Allows real time
cell tracking in a 3D
environment with high
throughput. Does model
invasion.
Microfluidic Co-culture systems allow Still cannot get full cellular [238-240]
co-culture the use of gel scaffolds complexity or native brain
and therefore the control environment which
over physical scaffold together influences
properties. Can determine invasion. More technically
the influence of different complex and expensive
cells in co-culture with therefore reducing
GBM cells and the effect throughput.
of shear force, mimicking
blood flow, on invasion.
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Allows real time cell
tracking in a 3D
environment.

allowing for study of the

different invasion routes.

Allows study of the effect
of blood flow. Tumours
can be tracked in vivo.

therefore influence.
Although tumours often
recapitulate invasion
patterns still need to
consider murine context
being different.
Technically difficult with
higher costs and
therefore limited
throughput. Limited in
vivo imaging resolutions
may require end point
analysis. Associated
ethical issues with the
use of animal models.

Ex vivo Organotypic Preserves complex cell However, there is limited [214, 241-
brain slice interactions and brain tissue stability not 246]
structure, therefore allows allowing for long term
for the study of the study. Also lacks blood
different invasion routes. flow and immune
Allows from more than compartment. Although
one slice per animal blood vessels and
helping to increase endothelial cells are
throughput/ use of less present there is lack
animals. Higher resolution shear force due to no
imaging than in vitro. flow. No immune
compartment if GSCs are
patient derived.
In vivo Orthotopic Cellular complexity with a Lacks immune [247-254]
xenograft physiological environment compartment and

Table i.4 Various models used within GBM research for investigation of
invasion. Advantages and disadvantages of each model is noted.

i.4 Organoids

Organoids are defined as “3D structures grown from stem cells and
consisting of multiple organ specific cell types that self-organises with
spatially restricted lineage commitment and some organ specific function”
[255-257]. Simply, they resemble an organ in vitro. Organoid methodology is
based on classical developmental investigations involving cell dissociation
and reaggregation [258—-261]. Organoid methodologies describe formation
with the use of either pluripotent stem cells (PSCs) ((embryonic stem cells
(ESC) or induced pluripotent stem cells (iPSC)) or organ restricted adult stem
cells (aSCs) [262, 263].

Organoids have potential uses in uncovering developmental
processes or disease mechanisms, as well as organ replacement therapy,
drug screens and personalised therapy [256]. Genetic manipulation of cells
from healthy individuals, or disease affected individuals, either PSC or aSC,
can give an indication of how subsequent organ development is affected, in
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direct comparison to normal controls [264]. Organoids have also been
employed in studying the effect infectious disease has on particular organs,
such as in the case of Zika virus infection [265—-268].

PSC-organoids often recapitulate in vivo developmental processes
with structures forming as cells undergo multi-step differentiation as a
consequence of specifically timed exposure to particular growth factors.
PSC-derived organoids are wusually structurally complex containing
multicellular compartments containing mesenchymal, epithelial and/or
endothelial cell types [263]. Following the development of PSC-derived
organoids for the brain [269], methodology was developed for the stomach
[270], liver [271], intestine [272], lung [273] and kidney [274].

Contrasting to PSC-derived organoids which can recapitulate
developmental processes, aSC-dervied organoid model processes involved
in adult tissue repair. As a result, aSC-derived organoids can only be
established from tissue compartments with regenerative capacity and
therefore currently only represent epithelial compartments of organs [263].
Consequently aSC-derived organoids lack complexity due to lacking
compartments such as stroma, nerves and vasculature [275], however they
do recapitulate the architecture and functional features of original epithelium
[276-279]. Additionally, aSC-organoids can be directly derived from both
normal and diseased [280] or malignant tissue [281], and if done so from the
same patient can allow direct comparison and potential application in
personalised medicine. aSC-derived organoid protocols were first developed
for the intestine [276, 282] and then for normal and cancerous organoids
including for the stomach [277], esophagus [276], salivary gland [283],
fallopian tube [284], ovary [285], liver [279, 286, 287], prostate [288],
pancreas [278], breast [289], airway [290], colon [281], taste buds [291],
endometrium [292], kidney [293] and brain [175].

i.4.1 Cerebral organoids (COs)

Due to the inaccessibility to normal brain tissue, brain-like cerebral
organoids are often PSC-derived. Lancaster et al developed methodology for
self-assembling PSC-derived COs using either ESCs or iPSCs [256, 294].
From the generation of embryoid bodies (EBs), allowing for differentiation of
the three germ layers (mesoderm, ectoderm and endoderm), cells are
directed towards a neural lineage, based on initial work by Xia et al [295].
Following embedding of resulting neuroectodermal tissue in Matrigel
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scaffolds Lancaster et al describe the expansion and growth of COs was
enabled by increased nutrient absorption after transfer to spinning
bioreactors. Resulting COs form complex structures, with rosette-like
neuroepithelia surrounding cavities reminiscent of ventricles as well as
display markers of discrete brain regions [256, 294].

Since the establishment of Lancaster et al's CO protocol there has
been many adaptations such as the use of photostimuli to investigate the
maturation of retinoid-like photoreceptors within COs [296], the development
of brain-region specific COs [297-299], the use of stackable mini-bioreactors
to increase throughput [265] and for the investigation of vascular flow
microfluidic chips [300], or in vivo intracerebral in vivo grafting [301].
Development of methodology has allowed CO technology to be applied to the
investigation of various aspects affecting development and disease such as
foetal brain development [302, 303], evolutionary diversion of human specific
brain development mechanisms [304], autism [305] and exposure to Zika
virus [265-268].

i.4.1.1 Cerebral organoids as a model for GBM

Following the development of CO methodology, they have
subsequently been used as a model to study many aspects of GBM disease.
GBM COs largely separate into two groups, tumour organoids and
multicompartment organoids.

i.4.1.1.1 GBM tumour organoids

GBM tumour organoids, whereby all tissue within the CO is malignant,
can be derived using both PSC or aSC starting material.

PSC-derived GBM COs are used primarily for the study of tumour
formation through oncogenic initiation events. Genetic engineering
techniques, such as CRISPR-Cas9, can be employed to facilitate oncogenic
gene expression in PSCs. This has been shown to be successful with the
delivering of plasmids either before the EBs are embedded in Matrigel [176],
or following full CO formation [177]. Resulting COs showed to contain
GBM-like cells which transcriptionally categorised into the TCGA-GBM
subtypes which were immunopositive for GSC markers and exhibited an
invasive phenotype when orthotopically xenografted [177]. Although
mutations within the TP53 gene region were sufficient to produce GBM
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resembling cells within it may be difficult to model multi-step mutational
abrogations, also it is still unclear how closely these tumourigenic trajectories
resemble the process of tumour initiation within patients.

ASC-derived GBM tumour COs are able to be derived using patient
derived GSCs. These tumour COs are able to recapitulate some architecture
characteristics of GBM tumours with a gradient of GSC density, with a highly
proliferative outer region and a hypoxic core with slower cycling GSCs [175].
When orthotopically transplanted or frozen and recovered in a biobank,
aSC-GBM COs were shown to be able to retain histological and invasive
features of parental tumours [175, 306]. aSC-GBM COs provide the
possibility of personalised treatments for patient’s, although they lack vital
interactions with the normal brain which will have implications for treatment
and biological disease understanding.

i.4.1.1.2 Multicompartment GBM organoids

To model long term behaviour, many studies co-culture GBM cells with
normal PSC-derived COs to mimic conditions with interactions between GBM
and normal cells [177, 307-311]. Through  monitoring via
immunofluorescence microscopy successful tumour formation within COs
can be determined qualitatively in real time, and tumour patterns detected as
a result of invasion throughout the CO. Resulting GBM tumours reflect,
histologically and transcriptionally, parental tumours even following long term
culture [177, 308-311]. However as patient derived GSCs were isolated from
established tumours, subsequent formation of tumours within COs may not
reflect incipient cancer initiation. Although the isolation of cells from
aSC-derived GBM tumours and then co-culture with normal COs may provide
more insight into this aspect.

Many of these studies described the co-culture of healthy COs with
single cell solutions of GBM cells [177, 308-311], therefore the single cell
invasive behaviour is replicated as the cells are already singular. As a result,
this does not replicate how cells at the edge of GBM dissociate from the
tumour mass to invade the normal brain. Additionally, although some studies
describe different invasion patterns between different GBM patient derived
lines, these studies fail to fully interrogate specifically this invasive behaviour
and the mechanisms which govern this.

However, da Silva et al describe an assembloid system, whereby
spheroids of patient derived GSCs spontaneously invade normal early stage
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COs following uninfluenced co-culture [307]. They focus on the invasion
behaviour of GSCs as the spheroids attach, fuse and infiltrate across the CO.
Additionally they uncovered major differences in invasive potential between
malignant GSCs and non-malignant NPs. Although this assembloid assay
provided a model to interrogate invasion mechanisms that specifically govern
GSC malignant invasion, the COs were derived from mouse ESCs.
Therefore, with adaptations, with the use of human PSC-derived COs, a
human-human system may provide an insight into more translatable
mechanisms of GBM invasion within the brain.

i.5 Neuromesodermal Progenitors (NMPs)

During early development a bipotent progenitor population, NMPs,
contribute to both the posterior spinal cord and adjacent paraxial mesoderm.

i.5.1 Discovery

Morphological observations in 1884 first led to the proposition that the
posterior spinal cord was mesoderm-derived, rather than ectoderm, in
second neurulation [312]. Following grafting of GFP embryonic tissues into
wildtype embryos to investigate the elongation of the body axis, at E8.5 the
node-streak border (NSB) was identified to contain cells which provided long
term contribution to both the neural tube and paraxial mesoderm within the
mouse [313, 314]. Fate-mapping experiments in both mouse and chick
embryos revealed cells residing in the NSB, primitive streak (PS) and caudal
lateral epiblast (CLE) contributed to cells of both neural and mesodermal
lineage (Fig i.2) [315-318].
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Figure i.2 NMPs within posterior of elongating body axis contribute to
both neural and mesodermal lineages. Schematics of E7.5 (A) and E8.5
(B) mouse embryos indicating NMP (green/red) cell populations found in
regions of node-streak border (NSB), caudal lateral epiblast (CLE) and
primitive streak (PS). At E8.5 these NMPs give rise to new neural (green) and
mesoderm progenitors (red). Adapted from Henrique et al [319].

i.5.2 Defining NMPs

Currently there are no unique markers defining NMPs. Within the CLE
and PS, correlating to the determined position of NMPs, immunostainings
and fate mapping mouse embryos revealed cells co-expressing early neural
marker sex determining region Y-box 2 (Sox2) and early mesoderm marker
brachyury (T) [320]. Additionally, T/SOX2 co-expressing cells within chick
and human embryos were found within these regions, and in the chick these
T/SOX2 cells were found to contribute to the neural tube and paraxial
mesoderm [318]. As a result, NMPs have been defined by the co-expression
of T and SOX2.

Sox2 is a member of the SOX (sex determining region Y box) gene
family of transcription factors [321, 322]. Despite sharing 80% homology, and
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therefore redundancy, with other SoxB1 subfamily members Sox1 and Sox3
[323, 324], failure of Sox2-deficient embryos to form epiblast and therefore
die around implantation [325], the specific roles of Sox2 in embryonic
development are indispensable.

T is a member of the T-box transcription box family and is required for
mesoderm and body axis formation [326]. It was first described in 1927 with
mutant traits affecting tail length in mice and hence is often referred to as ‘T’
[327]. Expression of T is found to coincide with primitive streak formation and
is maintained in the mesoderm of tail bud during axis elongation with later
restriction to the notochord [326]. As a result, homozygous mouse embryos
result in early body axis truncation and absence of mesoderm derived
structures with embryos consequently dying in early stages of development
[328] [329-332].

Post developmentally the expression of T dramatically reduces with
low expression restricted to the testis and in some thyroid tissues [326, 333,
334]. However, the overexpression of T has been detected in a selection of
epithelial tumours and is associated with poor prognosis with the activation
of the EMT pathway, increased cell proliferation and resistance to radio- and
chemotherapy [334-357]. Gene duplications of T is a hallmark of central
nervous system (CNS) tumour chordomas [334] and the consequential
amplified expression is attributed to the highly aggressive and stemness
characteristics of these tumours [351, 358, 359].

i.5.3 In vitro derivation

Following the determination of signals that govern NMP generation
and maintenance, in vitro NMP models were generated using FGF and Wnt
signalling [320, 360—365]. Although using slightly different protocols, ESCs,
epiblast stem cells or iPSCs, both mouse and human, have been used to
produce in vitro differentiated NMPs (ANMPs) using FGF2 and a Wnt agonist
(GSK3g inhibitor CHIR99021) [319]. Following 3-7 days of FGF/CHIR99021
exposure results in cells co-expressing T and SOX2 indicating an NMP state.
Resulting dNMPs can then be further differentiated along neural or
mesodermal lineages [320, 360, 366]. /n vitro dANMPs, when grafted into chick
and mouse embryos, have also been shown to contribute to the neural tube
and paraxial mesoderm [360]. Additionally, clones derived from a single
dNMP have been shown to possess dual fate potential [366], and
transcriptomic data indicating sufficient similarity to post-gastrulation isolated
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NMPs, indicating in vitro dNMPs appear to model their in vivo counterparts
[365, 367].

i.5.4 Applications of in vitro NMPs

Identification of an NMP population and development of protocols for
the derivation of dNMPs has allowed the opportunity of many applications.
Following the ability of AINMP derived to generate progenitors which colonise
the enteric nervous system in mice, indicating ability to functionally rescue
disorders such as Hirschsprung, presents dNMP as a possible cell based
therapy [368]. Low passaging and therefore a lower tumour potential further
supports the use of dNMPs as a cell based therapy. In vitro modelling may
provide new insights into development, such as of the spinal cord, as well as
study disease pathology in addition to small molecule screening.
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Chapter ii

Materials and Methods

ii.1 Brain tumour patient sample collection

Brain tumour stem cells were isolated from surgically resected tumour
tissue from either Sheffield Teaching Hospital (SHF_ cells,
Ref: 16/WA/0380), or Leeds General Infirmary Teaching Hospital (BM__ cells,
Ref: 18/EM/0159) as previously described [174].

ii.2 Cell Culture

ii.2.1 Glioma neural stem cell culture (JNSC)

Glioma stem cell lines (GBM-N, SHF-N, BM-N) were cultured as
monolayers in Neurobasal medium (Gibco, 21103-049) supplemented with
B-27 (0.5x, Invitrogen, 17504-044), N-2 (0.5x, Invitrogen, 17502-048),
recombinant human basic fibroblast growth factor (bFGF, 40ng/ml, Gibco,
PHG0026) and epidermal growth factor (EGF, 40ng/ml, R&D Systems,
236-EG). Cells were maintained in a humidified incubator with 5% CO: at
37°C on poly-L-ornithin (5ug/ml, Sigma, P3655) and laminin (5ug/ml,
Invitrogen, 23017-015) coated cell culture flasks/plates, and split using
TrypLE (Gibco, 12604-013).

ii.2.2 Glioma NMP stem cell culture (NMP_)

Wnt dependent lines (CHIR99021:SHF-C, Wnt3a: SHF-W, BM-W)
were cultured as monolayers in 50:50 Dulbecco’s modified eagle medium
(DMEM)/F-12 (Gibco, 31330-038) and Neurobasal medium. In the first
isolation (SHFO01N) medium was supplemented with B-27 (0.5x), N-2 (0.5x),
minimum essential medium non-essential amino acids solution (MEM-NEAA,
1%, Gibco, 11140-035), L-glutamine (2mM, Gibco, 21051040),
B-mercaptoethanol (0.1mM, Sigma, M3148), bFGF (20ng/ml) and
CHIR99021, 3uM, Tocris, 4423). In the remaining isolations and lines culture
medium was supplemented with B-27 (0.5x), N-2 (0.5x), bFGF (20ng/ml) and
Whnt3a (150ng/ml, R&D Systems, 5036-WN-010).
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All cells were maintained in a humidified incubator with 5% CO. at
37°C on vitronectin (5pg/ml, Gibco, A14700) coated cell culture flasks/plates
and split using TrypLE.

ii.2.3 Neural progenitor cell culture

Human NP cells were derived from non-tumour brain surgical tissues
obtained from epilepsy surgery at Stanford University Medical Centre as
previously described [174]. Cells were cultured in DMEM/F12 (Gibco,
2133-020) supplemented with B-27 (0.5x), N-2 (0.5x), GlutaMAX (1x, Gibco,
35050-038), bFGF (20ng/ml, Gibco, PHG0026), EGF (20ng/ml) and fetal
bovine serum (FBS, 5% (v/v), Gibco, 10270) at 37°C with 5% CO2 and split
using TrypLE.

ii.2.4 Human stem cell (HSC) culture

H9 ESCs were cultured in either Essential 8 (E8, Gibco, A1517001) or
modified Tenneille special recipe plus (mTeSR Plus, Stem Cell Technologies,
05825) and Hoik_1 iPSCs were cultured in mTeSR Plus. Both H9 and Hoik_1
cells were maintained in a humidified incubator with 5% CO2 at 37°C on
vitronectin (5ug/ml, Gibco, A14700) coated cell culture flasks/plates and split
using ethylenediaminetetraacetic acid (EDTA, 0.5mM, Invitrogen,
15575020).

ii.3 Stem cell differentiation

ii.3.1 Differentiated neuromesodermal progenitors (dNMP)

H9 cells were plated at approximately 20,000 cells/cm? on vitronectin
coated plates in normal growth medium supplemented with CHIR99021
(3uM) and Y-27632 (10 uM, Sigma, Y0503). The medium was replaced the
following day minus Y-27632 and maintained for 2 further days until the end
of differentiation.
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ii.3.2 Early stage cerebral organoid (hCO) differentiation

H9 or Hoik_1 cells were differentiated using a whole cerebral organoid
protocol [256] with minor modifications. Cells were dissociated using
treatment with EDTA (0.5mM) followed by accutase (Thermofisher,
A1110501). Subsequently 9000 cells/well were plated into ultra-low
attachment (ULA) 96-well plates (Corning, CLS7007).

In stage 1 of differentiation for the generation of embryoid bodies (EBs)
cell suspensions were cultured in human stem cell media (HSC), DMEM/F12
(Gibco, 31330-038) supplemented with knockout serum replacement (KSR,
20% (v/v), Gibco, 10828-028), MEM-NEAA (1%), GlutaMAX (1%),
B-mercaptoethanol (55uM), bFGF (4ng/ml, Gibco, PHG0026), unless use of
mTeSR is stated, and supplemented with Y-27632 (50uM). Medium was
replaced every other day but Y-27632 only supplemented for the first 4 days.

At day 7 the resulting EBs were advanced to stage 2 of differentiation.
EBs are transferred to ULA 24-well plates (Corning, CLS3473) in neural
induction (NI) medium consisting of DMEM/F12 (Gibco, 31330-038)
supplemented with N-2 (1%), GlutaMAX (1%), MEM-NEAA (1%) and heparin
(1pg/ml). NI medium was replenished each day until the end of hCO
differentiation.

ii.3.3 hCO Growth analysis

During stage 1 of differentiation EBs were imaged following media
replenishment on days 2, 4 and 7 using a Nikon A1R confocal microscope.
Area and diameter measurements were calculated using a bespoke Nikon
NIS-Elements imaging software module using a threshold-based method to
automate the imaging and analysis of 3D objects.

ii.4 Germ layer differentiation

Hoik_1 cells were differentiated along ectoderm, mesoderm and
endoderm lineages using STEMdiff™ Trilineage Differentiation Kit (StemCell
Technologies, #05230) according to manufacturer’s instructions.
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ii.5 Neural lineage differentiation

Hoik_1 cells were plated on Matrigel (Corning, 365234, Lot# 9238002)
at a density of 100,000 cells/ 24 well, in mTeSR plus Y-27632 (10uM).
Following 24 hours cell adhesion media was replaced with the organoid NI
media and cells differentiated for either 5 (Neural 5) or 7 (Neural 7) days with
daily media changes.

ii.6 Cell imaging

ii.6.1 Live cell imaging

Real-time phase contrast images were acquired using an IncuCyte
ZOOM live imaging system (Essen Bioscience) every 30 min over a period
of 48 hours using a 10x objective and confluency determined using IncuCyte
software.

ii.6.2 Freshly isolated cell line growth quantification

Following acquisition of 15 phase contrast images per cell line growth
condition daily, cells were manually counted using ImagedJ (standard
settings). Data were analysed by a two-sided paired Student's t-test on
matched samples, performed using samples using GraphPad Prism software
(version 7.05).

ii.7 Immunofluorescence

ii.7.1 Sample preparation

ii.7.1.1 Whole cell

Plated live cells were fixed with paraformaldehyde (PFA, 4% (w/v), Sigma,
P6148) for 10 minutes then incubated in permeabilization solution (0.5M
glycine in PBS pH 7-8,) supplemented with Triton X-100 (0.5% (v/v), Sigma,
T8787).
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ii.7.1.2 Patient tissue

Paraffin embedded patient slides were prepared by a process of dewaxing
with washes in xylene and ethanol, followed by antigen retrieval by incubation
in EDTA (1mM) at 95°C for 20 minutes.

ii.7.1.3 OCT embedded organoids

Organoids were fixed with PFA (4% (w/v)) for 15 minutes at 4°C.
Following three PBS washes, the organoids were re-suspended in sucrose
solution (30% (w/v)) and left at 4°C until the organoids had sunk. Organoids
were then embedded in Optimum Cutting Temperature solution (OCT, VWR,
36160E) in cryo-moulds and sectioned on a cryostat (20mm thickness).
Sections were then equilibrated in PBS for 10 minutes.

ii.7.2 Staining

Blocking was carried out at room temperature for 2 hours with staining
buffer (10% FBS in PBS) supplemented with Triton X-100 (0.04% (v/v)).
Samples were then incubated at 4°C overnight in staining buffer with primary
antibodies and subsequently incubated in staining buffer with secondary
antibodies for 1 hour in the dark at room temperature. Cell nuclei were
counterstained using 4',6-diamidino-2-phenylindole (DAPI, 1uM/ml, Sigma)
and the fluorescence signal detected using an EVOS digital inverted
fluorescence microscope (Life Technologies).
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Antigen Host Supplier CAT no. Dilution
Primary
Vimentin Mouse Dako MQ725 1:200
Ki67 Rabbit Abcam ab16667 1:200
SOX2 Rabbit Abcam ab92494 1:200
T Chicken R&D AF2085 1:100
PAX6 Mouse Developmental PAX6 1:200
Studies Hybridoma
Bank
SOX17 Goat R&D AF1924 1:200
MAP2 Chicken Abcam ab5392 1:1000
T Rabbit Abcam ab209665 1:200
TuJ1 Mouse Biolegend 801202 1:300
Secondary
a-mouse Goat Life Technologies A11029 1:200
488
a-chicken | Goat Life Technologies A21449 1:200
647
a-goat Donkey Invitrogen A21447 1:200
647
a-rabbit Donkey Jackson 711-165- 1:400
Cy3 ImmunoResearch 152

Table ii.1 List of antibodies used in immunofluorescence.

ii.8 Gene expression analysis

ii.8.1 Quantitative reverse transcription polymerase chain reaction
(gRT-PCR)
Total RNA was extracted using the RNeasy mini kit (Qiagen, 74106)

according to manufacturer’s instructions. Synthesis of cDNA was performed
using SuperScript || Reverse Transcriptase (Invitrogen; 18064-014)
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according to the manufacturer’s instructions for cDNA synthesis using
Oligo(dT) primer (Invitrogen; 18418012) using the following conditions:

For the qPCR using TagMan Gene Expression Assays (Applied Biosystems)
the following 15 uL reaction mixtures were prepared in triplicates:

Component Volume for one
reaction:
20x TagMan Gene Expression Assay 0.75 pl
2x TagMan Universal PCR Master Mix Il, no UNG 7.5 pl
cDNA 3.0 ul
Nuclease-free H,O 3.75 ul
Total reaction volume: 15
Step Temperature Time
Hold 95°C 10 min
95°C 15 sec
Cycle x40
60°C 1 min

Table ii.2 Reaction mixture compositions and qRT-PCR conditions.

The gPCR reaction was performed using Fluidigm BioMarkTM HD
System and data was analysed using the 2-AACt method or 2-ACt for relative

expression, using GAPDH as housekeeping control.

Gene Assay ID
POUS5F1 Hs04260367_gH
NANOG Hs02387400_g1

PAX6 Hs01088114_m1

EGR2 Hs00166165_m1

T Hs00610080_m1
NESTIN Hs04187831_g1
TBX6 Hs00365539_m1
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SOX2 Hs0105349_s1

GAPDH Hs02758991_g1

Table ii.3 List of TagMan probes (Thermofisher) used for qRT-PCR.

ii.8.2 mRNA Sequencing

ii.8.2.1 Sample preparation

Matched gNSC and NMP_Wnt3a GBM patient derived lines
(BMOO5SN/BM005W, BM007N/BM007W, BMOO9N/BM0O09W) were grown to
confluency at passage 1 and RNA extracted using the RNeasy mini kit
according to manufacturer’s instructions. The integrity and concentration of
RNA were determined using the Qubit RNA Integrity and Quality assay
(Thermofisher). Sequencing was carried out by Novogene using lllumina
NovaSeq 6000.

ii.8.2.2 Analysis

All data was analysed by Bioinformatics Support Unit at Newcastle University.

ii.8.2.2.1 Quality Control

Quality of FASTQ files were assessed with FastQC (version 11.8,
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) then passed to
MultiQC (https://multigc.info) to aggregate results. Quality was very high in
all samples with only reported errors confined to first ~ten bases and no read
trimming necessary.

ii.8.2.2.2 Read Quantification

Reads were quantified against transcripts using Salmon [369] against
Gencode Release 32 (https://www.gencodegenes.org/human/) with gene
level counts obtained using R package ‘tximport’
(http://bioconductor.org/packages/release/bioc/html/tximport.html).
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ii.8.2.2.3 Differential gene expression analysis

Differential expression between groups was calculated for
NMP_Wnt3a samples against gNSC samples and genes classified as
significant with <0.01 (>2 -log10) p-value using DEseq2.

ii.8.2.2.4 Gene set enrichment analysis (GSEA)

GSEA was carried out with the R package clusterProfiler
(https://bioconductor.org/packages/release/bioc/html/clusterProfiler.ntml)
and GSEA calculated for all genes comparing NMP_Wnt3a to gNSC with an
absolute log2FoldChange greater than 1 using the Hallmark Gene Set from
MSigDB [370-372].

ii.8.3 Survival analysis

ii.8.3.1 Gene signatures

Gene signature survival analysis was conducted using standard
settings interrogating TCGA_GBM and TCGA _LGG
[http://cancergenome.nih.gov/] datasets using GEPIA2 [373].

ii.8.3.2 Individual gene

Overall survival interrogated using [374] of RNA-sequencing
TCGA_GBM_LGG [http://cancergenome.nih.gov/] and CCGA_GBM_LGG
datasets [375].

ii.9 Assembloid assay
ii.9.1 Assay set up

ii.9.2 hCO assembloid assay

Spheroids of GBM or NP lines were formed in ULA 96-well plates,
1000 cells/well (unless otherwise stated), in normal growth media for 24
hours. For non GFP- expressing lines, following formation, spheroids or
tissue pieces were labelled by incubation with ViaFluor® SE Cell Proliferation
488 Kit (Biotium, 30086) or CellTracker Green (1uM, Thermofisher, C7025)
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for 1 hour. Subsequently, hCO (following 9 days of differentiation) were
placed in co-culture with spheroids, in ULA 96-well plates, for 48 hours.

ii.9.3 LBsph (Lineage biased spheroid) assembloid assay

Spheroids of GBM or NP lines were formed in ULA 96-well plates,
1000 cells/well (unless otherwise stated), in normal growth media for 24
hours.

Hoik_1 cells were differentiated along ectoderm, mesoderm and
endoderm lineages using STEMdiff™ Trilineage Differentiation Kit (StemCell
Technologies, #05230) according to manufacturer’s instructions. For neural
differentiation Hoik_1 cells were plated on Matrigel (Corning, 365234, Lot#
9238002) at a density of 100,000 cells/ 24 well, in mTeSR plus Y-27632
(10uM). Following 24 hours cell adhesion media was replaced with the
organoid NI media and cells differentiated for either 5 (Neural 5) or 7 (Neural
7) days with daily media changes.

LBsphs of lineage differentiated cells were formed in ULA 96-well
plates, 50,000 cells/well in their respective media supplemented with
Y-27632 (50uM) for 24 hours. Subsequently LBsph were placed in co-culture
with GBM/NP spheroids, in ULA 96-well plates, for 48 hours.

ii.9.4 ImageJ invasion image analysis

Images were collected at various time points using an EVOS digital
inverted fluorescence microscope, analysis conducted using Imaged (Fiji)
(standard settings) [376], and data analysed using one/two way ANVOA
using GraphPad Prism (version 8.42).

ii.9.4.1 Percentage infiltration

Total GFP area was detected using colour thresholding of the
GFP-positive pixels in each field and calculating area using the measure
function. Infiltrated GFP area was detected by tracing the borders of the
cerebral organoid using freehand tool and identifying it as a region of interest
(ROI). By clearing the area outside of the ROI of the GFP-pixels within the
organoid can be thresholded and area calculated. Percentage infiltration
calculated as infiltrated GFP area divided by total GFP area.
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ii.9.4.2 Disseminated cells

Number of disseminated cells was calculated using colour
thresholding of GFP-positive pixels. Using the analyse particles functions,
using parameters of O-infinity for pixel size and 0.00-1.00 for circularity,
number of particles was measured.

ii.9.4.3 Migration distances

Migration distances were measured using freehand straight line tool.
Distances were measured from estimated entry point to edge of spheroid
within organoid (spheroid leading edge) and to outermost detected GFP pixel
(single outermost cell).

ii.9.5 CellProfiler automated image analysis

Images were collected at various time points using an EVOS digital
inverted fluorescence microscope, analysis conducted using CellProfiler
(3.1.8) [377].

Module Function Settings

Loadlmages Identify image files Any file ending in .tif. Upload images already split
into TRANS and GFP channels.

NamesAndTypes Assign meaningful GFP images identified as Sph and TRANS images
names to images identifies as Org

ColorToGray Convert GFP images Split channel 2
to grayscale

EnhanceEdges Enhance the edges of Use Canny as edge-finding method calculating
GFP to help identify automatically Gaussian’s sigma, threshold and value
individual cells with for low threshold with threshold adjustment factor 2

lower intensity

IdentifyPrimaryObject Identifies GFP as Use of advanced settings identifying objects with
biological object of diameter 5-100 pixels but do not discard objects
interest outside of the diameter range. However, discard

objects which touch the border of the image. For
thresholding use the global strategy with Otsu
method, 1.3488 smoothing scale, 1.0 correction
factor and 0.0-1.0 bounds on threshold. Use intensity
to distinguish clumped objects and draw dividing
lines between clumped objects. Automatically
calculate size of smoothing filter for declumping and
minimum allowed distance between local maxima.
Never fill holes in identified objects and continue
handling of objects if excessive number of objects

identified.
SplitOrMergeObjects Merge all of GFP to Use identified GFP primary objects and merge using
one object distance at a maximum of 1000.

MeasureObjectIntensity Measure intensity Measure intensity of grayscale image using merged
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features for identified
object

GFP image

SpitOrMergeObjects Merge only cells that Merge objects using 0 maximum distance
are touching to try and
identify ‘core’

MeasureObjectSizeShape Measures several area | Measure GFP merged objects

and shape features of
merged GFP objects
after merging touching
objects allowing for
subsequent filtering

FilterObjects

Remove other objects
leaving just the ‘core’ of
merged objects

Filter on the GFP merged image. Filter using 1000
minimum value limit for area measurement only.

MaskObject

Removes objects
outside of a specified
region or regions to
help identify just the
core as object

Mask using objects identified following filtering. Do not
invert mask, keep overlapping region in objects that
are partially masks and renumber resulting objects

IdentifySecondaryObjects

Identify the ‘core’ as
secondary object
having identifying it by
previous module

Identify secondary object by propagation method,
thresholding by global strategy with Otsu method.
Two classes thresholding to be performed with 0.0
smoothing scale, 1.0 correction factor, 0.0-1.0
bounds on thresholding with 0.02 regularization
factor. Holes should be filled in identified objects with
no discarding of objects touching the border of the
image.

IdentifyTertiaryObjects

Identifies ‘infiltrates’ as
tertiary object by

removing ‘core’ objects
from total GFP objects

Smaller ‘core’ secondary object subtracted from
larger total GFP primary object. No shrinking of
smaller object prior to subtraction.

SplitOrMergeObjects

Merge all of ‘infiltrates’
to identify as one

Use identified ‘infiltrates’ and merge using distance
at a maximum of 1000.

object
MeasureObjectSizeShape Measures several area Measure size and shape of total GFP objects,
and shape features ‘infiltrates’ (merged and unmerged) and ‘core’
ImageMath Inverts Org image by Invert Org image, multiplying first image by 1.0,
subtracting image raising the power of the result by 1.0, multiply the
intensities from 1. rest by 1.0 and add to result 0.0. Values set less
than 0 equal to 0 and greater than 1 equal to 1, with
image masks not ignored.
IdentifySecondaryObject Identify Org as a Identify secondary object by propagation method,

secondary object

thresholding by global strategy with Otsu method.
Two classes thresholding to be performed with 0.0
smoothing scale, 1.0 correction factor, 0.0-1.0
bounds on thresholding with 0.02 regularization
factor. Holes should be filled in identified objects with
no discarding of objects touching the border of the
image.

SplitOrMergeObjects

Merge organoid to
create one Org object

Use Org secondary object and merge using distance
at a maximum of 0.

MeasureObjectSizeShape

Measures several area
and shape features of
merged Org object
allowing for
subsequent filtering

Measure Merged Org objects

FilterObjects

Filter out background
objects leaving just
one Org

Filtered Merged Org using area limits measurements
with a minimum value of 50000.
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MeasureObjectSizeShape Measures several area Measure filtered Org and Merged total GFP objects
and shape features of
objects allowing for
subsequent filtering

ExportToSpreadsheet Export all Do not select measurements to export and export all
measurements measurement types. Do calculate per-image mean
values for object measurement. Do not calculate per-
image median, standard deviation values for object
measurements or create a GenePattern GCT file.

Table ii.4 CellProfiler pipeline components Indicated is the function of
each module with specific settings used.

Infiltrate Behaviour Object Exported

Parameter Measurement

Area Merged GFP primary object Area

RFU GFP greyscale Mean intensity

Number of objects Infiltrates tertiary object Number of objects

X, y Co-ordinates Merged GFP primary object and Location centre X and Y
filtered Org object

Table ii.5 Measurement used for particular invasion behaviour
parameters. Indicates what object was used for each infiltrate behaviour
parameter, and what the exported measurement was.

ii.10 Protein interaction networks

Protein interaction networks were determined by the STRING
database v.11 [378] and visualised by Cytoscape [379].

ii.11 Cellular network treatments

ii.11.1 ROCK inhibition treatment

Cells were seeded at a density of 10,000 cells/cm? and treatment
started post cell adhesion. Network phenotype cells were established with
Y-27632 (20uM) treatment and control phenotype cells with vehicle (H20)
treatment for 24 hours.

ii.11.2 Network cellular projection length (CPL) quantification

Images of neurite-like projection formation were obtained and subject
to image analysis using the NeuriteTrace plugin for ImagedJ (Fiji) [380]. The
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Tud1-stained CPL (um) was calculated as follows: total projection length (all
cells) divided by the number of (DAPI-stained) nuclei. For CPL quantification,
at least 5 different images (technical replicates) were analysed per treatment
for each independent experiment.

ii.11.3 LPA treatment

Control and network phenotypes were established for 24 hours with
treatment of vehicle (H20) or Y-27632 (20uM) in cells seeded at a density of
10,000 per cm?. Established control cells continued to be treated with vehicle
(H20) or treated with Oleoyl-L-a-Lysophosphatidic acid sodium salt (LPA,
1 uM, Sigma, 22556-62-3). Established network cells were subsequently
treated with vehicle or LPA with and without Y-27632 (20uM). After 8 hours
cells were fixed for 15 minutes with 4% (w/v) PFA. Cells underwent staining
for Tud1 and CPL quantification was performed for each experiment on 5
images per condition using the NeuriteTracer ImageJ plugin.

ii.11.4 Matrigel network formation

GFP-expressing GBM1 cells were incubated in matrigel droplets
(10,000 cells per droplet) with the addition of vehicle (H20) or Y27632
(20uM). After 16 hours images were acquired using an EVOS digital inverted
fluorescence microscope and cellular projection lengths quantified from 4
images per condition in each biological replicate using NeuriteTracer ImageJ

plugin.

ii.11.5 TGFp treatment

GFP expressing cells were seeded at a density of 10,000 cells/cm? on
matrigel coating (lot dilution factor) or on cell lines’s normal growth coating
conditions. Cells were treated for 72 hours with Y-27632 (20uM),
transforming growth factor beta (TGF-B, 10ng/ml, Miltenyi, 130-095-067),
Y-27632 (20uM) and TGF-B, 10ng/ml, or vehicle (H20). CPL quantification
was performed on 5 images per condition using the NeuriteTracer ImageJ

plugin.
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ii.12 Immunoblotting

Whole-cell extracts were prepared by harvesting cells either in
Laemmli sample buffer supplemented with 10 mM sodium fluoride, 1TmM
sodium vanadate, 10 mM sodium B-glycerophosphate, 0.5 mM PMSF and
Complete-EDTA free protease inhibitor (Roche, Diagnostics GmbH), orin cell
lysis buffer (Cell Signalling, 98035) supplemented with 1mM PMSF (Cell
Signalling, 8553). Samples were sonicated for 15 seconds prior to
centrifugation. Lysates were then loaded onto Mini-Protean TGX precast gels
(4-15%, Biorad, 4561085 or 4561083) and resolved proteins transferred onto
nitrocellulose membrane (0.45 ym, Biorad, 9004-70-0). Fluorescence was
detected using ChemiDoc MP Imaging System (BioRad) and HRP detected
using ECL prime detection reagent (Amersham, RPN2232), with
quantification performed using ImageJ (Fiji) (standard settings).

Antigen Host Supplier CAT no. Dilution
Primary

MAP2 Chicken Abcam ab5392 1:1000
TuJ1 Mouse Biolegend 801202 1:1000
p-MYPT1 Rabbit Cell Signalling 4156 1:1000
(Thr853)

MYPT1 Rabbit Cell Signalling 2634 1:1000
B-actin Mouse Sigma A1978 1:10000
Secondary

a-chicken 647 Goat Life Technologies A21449 1:5000
a-mouse 488 Goat Life Technologies A11029 1:5000
a-mouse HRP | Goat Sigma A4416 1:5000
a-rabbit HRP Goat Sigma A6154 1:5000

Table ii.6 List of antibodies used in immunoblotting
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ii.13 Mitochondrial transfer assay

Mitochondria of donor cells were fluorescently labelled by incubating
cells for 2 hours with MitoTracker Red (25 nM, Thermofisher, M7512) before
washout and seeding in a 1:1 co-culture with GFP-expressing recipient cells
(harbouring unlabelled mitochondria) at a total cell density of 10,000, per cm?
unless otherwise stated. Control and network phenotypes were established
using vehicle (H20) or Y-27632 (20uM) for 24 hours. Cells were subsequently
fixed with 4% (w/v) PFA for 15 minutes. Images were taken using an EVOS
digital inverted fluorescence microscope. By defining the area of GFP
labelled cells by colour threshold using ImageJ (default setting, colour space,
HSB), the percentage area of MitoTracker positive mitochondria could be
determined per cell. For analysis 5 images per condition were quantified, with
>90 cells analysed per condition. Confocal images were also taken using a
Nikon A1R confocal microscope following staining with Alexa Fluor 647
Phalloidin (1:100, Invitrogen, A22287).
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Chapter 1
Establishment of human-human assembloid assay allows

detection of GBM invasive behaviour
1.1 Results

1.1.1 Establishing assembloid formation using human derived
eCOs

The assembloid assay was previously developed and described using
mouse ESCs generating early stage mouse derived-CO (mCO) [307].
Although in some CO literature ‘assembloid’ refers to the fusion of spheroids
resembling different brain regions in the development of a CO by directed
differentiation [299], here assembloid refers to the fusion of an invading
patient derived spheroid compartment and a PSC-derived hCO. While the
previously developed mouse assembloid assay overcame limitations in other
GBM invasion studies by introducing a 2-compartment tissue self-assembly
system [381], the use of mCOs could limit the potential for clinical translation.
As with xenograft models, there are concerns with regards to human cells
artificially adapting to the murine microenvironmental context [382], and an
entirely human-based cellular system may be of advantage. To this end, we
sought to establish the use of human PSC-derived cerebral organoids (hCO)
for the assembloid assay.

We first sought to qualitatively assess whether the assembloid
formation could be achieved with early hCO differentiation stages, which
would be expected to be throughput-compatible and more homogeneous
compared to prolonged differentiation protocols [256] [307] [303]. Full
differentiation of hCOs takes 1-2 months, however initial lineage commitment
and maturation occurs within around 3-4 weeks in 4 stages utilizing different
growth media (Fig 1.1A). Advancement to next stages is based on EB or
spheroid size as previously defined [256]. Following the formation of
self-organising EBs both mCOs and hCO subsequently follow through the
same CO differentiation stage, but with variance in the number of days in
each stage as a consequence of hCOs growing to larger sizes than mCOs.

Previously, hCOs at similar stages were compared, previously used
for mCO (stage 4) and at an earlier time point for hCOs (stage 2) (Fig 1.1B,
data from Barbara da Silva). After co-culture, these observations suggested
that a larger number of stage 2 hCOs were invaded by GBM1 cells (Fig 1.1B)
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compared to stage 4 hCOs leading to assembloids at every investigated time
point: 2, 4 and 6 days (Fig 1.1C).

Within differentiation stage 2 of hCOs, we further investigated the
optimal period of neural induction hCOs for use in the assembloid assay. A
differentiation period of 9 days was associated with 100% of hCOs being
invaded fully compared to 83% of ‘day 10 hCOs’, already 1 day after
co-culture with GBM spheroids (Fig 1.1D). Henceforth the human-human
standard-assembloid assay was enabled by a ‘stage 2,
day-9-hCO-differentiation period’ (Fig 1.1E).
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Figure 1.1 Development of GBM assembloid assay using early stage
human derived cerebral organoids (hCO). (A) Schematic describing stages
mCO and hCO are taken for assembloid assay in the whole organoid
differentiation timeline. (B) Percentage of stage 2 and 4 hCO successfully
infiltrated by GFP-GBM1 spheroids by days 2, 4, and 6 following co-culture.
Data obtained from Barbara da Silva. (C) Representative image of assembloid
2 days post co-culture of stage 2 hCO and GFP-GBM1. Scale bar 400um.
(D) Percentage of stage 2 hCO (days 9 and 10) successfully infiltrated by
GFP-GBM1 spheroids 1 day post co-culture, n=5. (E) Standard-assembloid
assay schematic overview describing co-culture of hCO and GFP spheroids
with serial imaging throughout assay with image analysis and
immunofluorescent staining final readouts. HSC= human stem cell, ULA= ultra
low attachment, mCO= mouse cerebral organoid, hCO= human cerebral
organoid.
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1.1.2 Brain identity is dynamic in early stages of CO differentiation
and sustained during assembloid formation
As our results suggested the use of hCOs at the earlier differentiation

stage 2 than previously used for mCO assemoloid formation (stage 4), we
investigated whether stage 2 hCOs displayed brain lineage identity.

At days 9 and 10 post EB formation, we isolated total RNA from hCOs
and carried out qRT-PCR to detect marker gene expression. Results
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indicated a reduction of pluripotency capability with a decrease in gene
expression of POU5F1 and NANOG [383]. There was also evidence of neural
lineage identity with upregulation of forebrain marker PAX6 [384] and
hindbrain marker EGR2 [385]. Significant fluctuations in neural marker
expression at different days of the same differentiation stage (Fig 1.2A)
suggest that lineage specification cues and cellular organisation are dynamic
in the early stages of differentiation, before sustained cell maturation in the
later stages of differentiation.

Following 48 hours post co-culture of early stage hCO with GBM
(Fig 1.2B), we confirmed the presence of neural and GBM markers VIM and
SOX2 [105, 110]. We also quantitatively confirmed assembloid expansion
capability with Ki67 immunopositivity which was found to co-localise with VIM
but not SOX2 (Fig 1.2B). Although tumour and neural assembloid
compartments cannot be distinguished using human specific antibodies, it is
possible that VIM/Ki67 co-staining indicates a proportion of the invading
GBM1 cellular compartment.
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Figure 1.2 hCOs express brain markers. (A) At stage 2 differentiation hCOs
show downregulation of pluripotency markers (POUSF1, NANOG) with
upregulation of forebrain (PAX6) and hindbrain (EGR2) markers. Mean (+ SD)
shown for hCOs (n=3) at both day 9 and 10 of differentiation. P-values
obtained by two-way ANOVA are shown as *(<0.05), **(<0.005), ***(<0.0005),
and ****(<0.0001). (B) Representative immunofluorescence images of
assembloids, 48 hours following co-culture with GBM1 showing positivity for
VIMENTIN, SOX2, and MKI67 (Ki67). Scale bar 200 ym.

1.1.3 Infiltration of hCO is a cancer specific phenotype

The assembloid assay previously revealed differences in invasive
capability of GBM and noncancerous NP cells into mCOs [307]. We thus
qualitatively confirmed that the use of hCOs in the assembloid assay could
still discriminate invasive behaviour of GBM1 compared with NP1 cells. We
tested GBM1 and NP1 spheroid aggregates containing 500, 1000, 2000 and
5000 cells.

Across all of the spheroid sizes we observed that GBM spheroids were
able to infiltrate hCOs, whereas their NP counterparts did not show an
invasion phenotype. (Fig 1.3A). The use of 1000 rather than 500 cells per
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GBM/NP spheroids appeared to be most appropriate with regards to
mimicking the published protocol [307]; however, accounting for the larger
size of hCOs compared with mCOs. The 1000 cells containing spheroids
showed individual and patches of cells migrating from the main core of the
spheroid, which suggested that our human-human assembloid system can
indicate differences of different cellular infiltration behaviours.

A  Hours

500

1000

2000

5000

Figure 1.3 Infiltration of hCO is a cancer specific phenotype.
(A) GFP-GBM1 and GFP-NP1 spheroid infiltration into hCOs at the indicated
cell numbers per spheroid Scale bar 1mM.
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1.1.4 Establishing image-based parameters revealing significant

differences in invasion behaviour of GBM and NP cells

For interrogating cellular mechanisms of invasion beyond binary
(yes versus no) observations, we tested several parameters reflecting
different aspects of cell migration during and after assembloid formation. We
first quantified the percentage of signal (pixels) emitted from GFP-positive
GBM1 and NP1 spheroids that had invaded the assembloids beyond the hCO
border (Fig 1.4A). At 24 hours post assembloid formation, GBM1 cells
infiltrated the assembloids by 91%, whereas NP1 cells displayed an 18%
invasion capacity (Fig 1.4B). We also quantified cellular spread/migration
from the parental spheroid within the hCO. This was based on the number of
‘patches’ or ‘objects’ that the GBM1 spheroid cells segregated into during
hCO infiltration (Fig 1.4C). This revealed a marked spread of GBM1
spheroids over time with an increase from on average 97 to 194 disseminated
GFP-positive signals (defined as objects) at 24 and 48 hours post assembloid
formation respectively. In contrast, NP1 spheroids exhibited a lower spread
with an average of 11 and 17 disseminated objects at the 24- and 48-hours
time points, respectively (Fig 1.4D). We further determined the distance
between the cells/patches that had migrated farthest in the assembloid
(defined as ‘outermost cell’; Fig 1.4E right) and edge of remaining spheroid
core compared to the point of docking and entry into the hCO (defined as
‘leading edge’ cell population; Fig 1.4E left). This revealed that GBM1 cells
showed a marked increase in both outermost cell and leading edge migration
distance compared to NP1 cells at the 24-hour and 48-hour time points post
assembloid formation (Fig 1.4F). Quantifying infiltrative behaviour has
therefore enabled the elucidation of differences between different cellular
invasive capabilities in the GBM1 and NP1 cell models.
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Figure 1.4 Invasion behaviour of 1000 cell GBM spheroids, following
co-culture with hCO, is significantly different to controls. (A) Total GFP
signal thresholded area measured in the entire imaging field (left) and
infiltrated GFP signal within the ROI organoid (right). (B) Percentage
infiltration of GFP-GBM1 compared to GFP-NP1 area after 24 hours of hCO
co-culture. (C) Following GFP colour thresholding (left), number of particles
are calculated (right). (D) Number of GFP-GBM1 particles compared to GFP-
NP1 at 24- and 48-hour time points. (E) Distance measured from organoid
border (at estimated entry point) to spheroid edge (left) and from same entry
point to outermost GFP particle (right). (F) The leading edge of GFP-GBM1
spheroids (left) and single outermost cell (right) compared to GFP-NP1
spheroids infiltrating hCOs at the 24- and 48-hour time points. Data are mean
(= SD) shown using 9 independent assembloids per condition. P-values are
based on unpaired t-test (B) or two-way ANOVA (D, F) and shown as *(<
0.05), **(<0.005), ***(<0.0005), and ****(<0.0001).
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1.1.5 Automated image analysis parameters describe significant

differences between GBM and NP invasion

The percentage of GBM1/NP1 spheroid infiltration into hCOs, the
number of disseminated cells, and migration distances discriminated
between two discrete invasion behaviours (GBM1 versus NP1), as
determined using ImagedJ software, provided a basis for developing
automated image analysis. To this end, a CellProfiler [377] pipeline (Table
ii.4) was established with the goal of automatically detecting the difference in
invasive assembloid behaviours of the GBM1 and NP1 models.

For the image analysis pipeline training, one set of GBM1 images was
used featuring assembloid images at the 2-, 19-, 24-, 36- and 48-hour
timepoints that were chosen for representing the dynamic cellular
behaviours. We set out to evaluate whether spheroid infiltration,
disseminated cells and migration distances could be determined through a
dedicated image analysis workflow that analysed image properties such as
identifying objects of interest and measuring characteristics based on size
and shape. Once this pipeline was established (Table ii.4), it was further
trained on one NP1 image set, and subsequently, analysis was completed
for one full experimental set of images including 3 assembloids per condition
for the 5 time points (2-, 19-, 24-, 36- and 48-hours).

To determine the percentages of GBM1/NP1 spheroid infiltration
within hCOs, the GFP signal was identified and merged to consider as one
region of interest and the total GFP area was determined for this merged
primary object. Next, we identified the hCO as a separate object to allow
quantification of the GFP area within it. However, as thresholding is
traditionally performed using different fluorescence-based labels, the
unlabelled hCOs could not be segmented as a separate object to spheroids
within brightfield images (Fig 1.5A). Alternatively, in an effort to load
pre-segmented objects into our CellProfiler pipeline, RGB images were
attempted to be processed using llastik [386] and Cellari [https://cellari.io].
Both softwares allow signal segmentation without explicitly requiring
fluorescence labelling following training with manual object/signal
segmentation on a small subset of images. Despite training using >15
images, both softwares did not efficiently segment hCO and GFP
compartments (Fig A.1). Training the programmes using this manual
segmentation successfully identified the main core of GFP spheroids but was
inadequate for tracing cells at the hCO-invading spheroid edge as well as
distally migrated GFP ‘patches’ throughout the hCO. Hence, we did not
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continue efforts to automate quantification of these parameters for the
existing image data and omitted them from the pipeline (therefore not
included in Table ii4).

Despite being unable to uncouple spheroid objects from hCO we
sought to determine parameters that would describe differences in invasive
behaviour based solely on GFP objects, whose behaviour would be
determined by assembloid invasion, or lack thereof. The ‘measure total area
module’ of CellProfiler highlighted the total GFP signal of GBM in the initial
image set, which increased throughout the assay. When applying this
analysis to the GBM1 and NP1 images sets, it showed a consistent and
significant (>2 fold) increase in the GBM1 GFP-positive area over 48 hours,
as compared to the NP1 GFP counterpart (Fig 1.5B). Subsequently, we used
a module to measure the intensity of the GFP green signal. We determined
that the increase in GFP signal area in the assembloid, was coupled with a
decrease in GFP signal intensity as a consequence of the GBM1 cell spread
(Fig 1.5C). In contrast, the GFP signal intensity of the NP1 GFP-positive
signal was not altered, hence remaining significantly higher by between
1.0-1.8 fold over time compared with the GBM1 GFP signal (Fig 1.5C). At
~48 hours of assembloid culture, the GBM1 GFP-positive signal intensity
showed a drop of 40% compared to NP1 GFP-positive signal.

Additional CellProfiler software functions allowed us to identify closely
related objects that define the GFP spheroid ‘core’ in a semi-supervised
fashion. By filtering the resulting objects based on their pixel size
(cutoff = >1000), the spheroid ‘core’ was able to be removed, enabling the
quantification of the remaining GFP-positive ‘disseminated’ objects which
had migrated into the assembloid (Fig 1.5D, right). Throughout the assay the
number of GBM1 ‘disseminated objects’ increased by >2 fold, whereas NP1
numbers remained unaltered over a 48-hour culture period (Fig 1.5D, left).
The significant difference between the number GBM1 and NP1 ‘disseminated
objects’ indicates a selective ability of GBM1 cells to migrate from the
spheroid post assembloid formation.

To automatically measure migration distance, we utilised the
x- y- coordinates of the total merged GFP-positive centre position, tracking
the movement of objects over time. To take the effects of hCO movement in
suspension into account, all coordinates were normalised to the hCO ‘centre
coordinate’ at each time point using relative to to. We observed a smaller
radius of the GBM1 object movement around the ‘centre coordinate’
compared to the NP1 trajectory (Fig 1.5E). This indicates GBM infiltration of
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hCOs, whereas, due to lack of invasion, NP1 spheroids rotate at the hCO
periphery (Fig 1.5E).
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Figure 1.5 Several automated analysis parameters identify significant
differences between GBM and controls within assembloids. (A) Due to
lack of organoid fluorescent labelling (top) cell profiler analysis did not
segment spheroids and organoids as separate objects (bottom). Area (B) of
GBM GFP positive pixels increases over time, whereas GFP signal intensity
(C) in GBM compared to NP assembloids. Number of GFP-GBM1 objects
outside of core increased during assembloid formation (D) as determined by
CellProfiler analysis after removal of GFP ‘core’ leaving ‘infiltrates’ (right).
Data are mean (+ SD) shown for 3 assembloids per condition. P-values are
based on multiple t-tests and shown as *(< 0.05), **(<0.005), ***(<0.0005),
and ****(<0.0001). (E) Radius of GFP-GBM1 movement is smaller than
GFP-NP1, where data points are x, y position coordinates of GFP centre at 2,
19, 24, 36, 48 hours post assembloid formation. All tracks aligned to hCO and
then origin. (F) GFP-GBM1 movement is restricted once intermingled within
assembloid, whereas GFP-NP1 rotates together with hCO. Scale bar 1 mM.
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1.1.6 Assembloid invasion dynamics vary across GBM specimens

GBM is a highly heterogeneous malignancy characterized by
inter-tumoural variability. Therefore, we endeavoured to investigate if the
assay could determine differences in invasive capability across GBM models.
To this end, in addition to the previously used GBM1 and NP1 models, we
employed a range of established patient lines, including a gliosarcoma model
(GBM11), the recurrent GBM line GBM20, the GBM model GSC001, and the
OX2 E line, which was isolated from the surgical ‘edge’ of a GBM tumour.
After 2 hours of co-culture with hCOs, differences in the invasive behaviour
between the lines were detected. GBM20 and OX2 E spheroids exhibited
92% and 52% percent infiltration. For the GBM1, GBM11, and SHFO01N
spheroids, infiltration was 22, 19 and 21 percent respectively (Fig 1.6A, left).
Furthermore, we observed that all lines were able to almost fully infiltrate at
the 24-hour time point (Fig 1.6A right). The average percentage of infiltration
ranged from 93 to 100% across the models and was significantly (p=<0.0001)
higher in the GBM lines compared to the NP1 control.

As the assay detected differences in invasive potential between
different lines, and specifically, an increased invasive potential of a tumour
edge-derived model during the early stage of the assay, we elucidated the
invasive potential of matched ‘core’ and ‘edge’ GBM models derived from the
same patient. The additional models were: GBM 30 with primary and
matched recurrent ‘core’ and ‘edge’ lines, GBM40 ‘core’ and edge’, GBM52
‘core’ and ‘edge’ and OX2 with ‘edge’ and mixed ‘core and edge’ lines. We
captured more time points during the earlier dynamic stage of assembloid
formation (0.5, 2, 4, 6 and 8 hours) to improve the quantification of invasion
differences between lines. Between the 0.5 and 8 hour timepoints, the
tumour-edge-derived models GBM40 and GBM52 showed a tendency for an
increase (>1.6 and >1.1-fold) in hCO infiltration by compared to their matched
‘core’ models (Fig 1.6B). Also ‘edge’ OX2 model showed an increase in hCO
infiltration by <1.2-fold compared to it's matched ‘core and edge’. GBM30
‘recurrent edge’ spheroids exhibited a 2.4-fold higher infiltration compared to
‘primary spheroids’ within the first 2 hours of assembloid formation. However,
after 4 hours of assembloid culture, we observed little difference in
percentage infiltration between the ‘recurrent core’ and ‘primary’ models (fold
changes between 0.3-1.0) indicating that assembloid infiltration entered a
more static phase.
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Figure 1.6 Different GBM models show differences in early infiltration in
hCO. (A) Differences in percentage spheroid infiltration between GBM models
seen at 2 hours (left) rather than 24 hours (right) following co-culture.
Spheroids were labelled using CellTracker Green (Invitrogen).
(B) Percentage spheroid infiltration of matched GBM models over time
following co-culture with hCO, where P=primary, R=recurrent, core= core and
E=edge. Inset shows spheroid infiltration after 0.5 hours of co-culture with
hCO. Spheroids were labelled using ViaFluor 488 (Biotium). Data are mean
(= SD) is shown for 3 independent assembloids per condition. P-values are
based on one-way ANOVA and shown as *(< 0.05), **(<0.005), ***(<0.0005),
and ****(<0.0001).
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1.1.7 Freshly resected tumour pieces infiltrate hCOs

To test whether freshly resected tumour tissue could be used for hCO
infiltration in the assembloid assay, we fluorescently labelled tumour samples
with live cell dye.

Within 24 hours of surgical resection, samples (~200-600 pM in
diameter) were placed into co-culture with day 9 hCOs. Over a period of 48
hours all three SHFOO3N tumour pieces exhibited infiltration behaviour into
and within hCOs (Fig 1.7A). After 48 hours SHFOO03N pieces infiltrated hCOs
by 88% (Fig 1.7B). The number of disseminated particles increased over the
assay period resulting in ~40 fold more than NP1 at 48 hours (Fig 1.7C).
SHFOO1N pieces demonstrated further migration distances from docking
point on hCO compared to NP1 spheroids. At 48 hours the distances of
SHFO001N ‘spheroid edge’ and ‘outermost cell’ were 735 yM and 495 yM
compared to NP1 300 uM and 225 uM respectively (Fig 1.D).

Detection of SHFO03N invasive behaviour was dynamic between
hours 2 and 24 as observed by large increases in percentage infiltration
(~10 fold) and particle number (~4 fold). From 24 hours onward SHFOO3N
cells were more static with regards to migration within the assembloid as
observed by smaller differences between distances for 24 and 48 hours for
both ‘leading edge’ and ‘outermost cell’ (1.6 and 1.1 fold respectively).
Additionally, differences in percentage infiltration and disseminated cells
between 24 and 48 hours are also more slight (both 1.2 fold). Although
preliminary, these results are encouraging in terms of using freshly resected
tumour samples in the assembloid assay.
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Figure 1.7 Successful infiltration of freshly isolated GBM tumour pieces.
(A) Infiltration of freshly isolated tumour pieces into hCO over a period of 48
hours following co-culture. Scale bar 1TmM. (B) Increased percentage of
GBM1 and GSC GFP pixels within hCO over time following co-culture with
hCO, compared to NP1. (C) Increased number of GFP GBM1 and SHFOO3N
particle numbers compared to NP1. (D) The distance of leading edge (left)
and single outermost pixel (right) of GFP spheroid within hCO from entrance
point. Spheroids and tissue pieces were labelled using CellTracker
(Invitrogen). Data are mean (+ SD) shown for 3 independent assembloids per
condition. P-values are based on two-way ANOVA and shown as *(< 0.05),
**(<0.005), ***(<0.0005), and ****(<0.0001).

1.1.8 Human iPSCs derived hCOs are suitable in assembloid
assay
It has been previously shown that both ESC and iPSC can be used to

derive hCOs [256]. We compared the expansion of both ESC H9 and iPSC
Hoik_1 derived hCOs at stage 2 of our hCO derivation protocol (Fig 1.1A). In
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addition, we tested both H9 and Hoik_1 early stage hCOs in co-culture with
GBM1 and NP1 to determine if both would be suitable for use in the
assembloid assay.

As EB diameter is the determining factor for proceeding from stage 1
to 2 [256], we tracked the area and diameter of both H9 and Hoik 1 EBs
throughout stage 1 of differentiation. Measurements were carried out
following media replenishment to reduce cell debris. On both days 2 and 4
Hoik_1 EBs showed >110% increase in area and diameter compared to H9.
However, by day 7 there is no significant difference in either area or diameter
between H9 and Hoik_1 (Fig 1.8A).

Advancement to stage 2 of differentiation is determined partly on the
basis of EBs reaching ~500 yM. As Hoik_1 EBs exhibited diameters of above
500 pyM from day 2 we sought to investigate whether the differentiation
timeline would need adaptation, with advancement to stage 2 earlier than the
established day 7 for H9s. Therefore, we compared both H9 and Hoik 1
derived EBs advancing to NI stage 2 early at day 4 or late at day 7 before
their use in the assembloid assay (Fig 1.8B). Since the establishment of the
Lancaster protocol, many adapted methodologies now describe the use of
mTeSR for EB plating, formation and growth during stage 1 of differentiation
[302, 304]. To ascertain that these culture conditions make a difference to
hCO differentiation, we tested both H9 and Hoik_1 EBs derived with HSC or
mTeSR during the EB growth phase. Resulting EBs were then transitioned
to stage 2 NI conditions in either early or late timelines (at day 4 or 7
respectively) (Fig 1.8B).

We determined the level of invasion of spheroids at 48 hours post
co-culture, describing the phenotypic invasion pattern exhibited by GBM1
and NP1 (Fig 1.8C). Full invasion was indicated by encapsulation of
GFP-positive spheroids within hCO borders and spread of cells or patches
within hCOs. Partial invasion was defined as cell migration from the spheroid
core but with not all spheroid encapsulated into the hCO. Non-invasion was
defined as lack of spread of cells or patches with docking of compact
spheroids remaining outside of hCO borders.

Both H9- and Hoik_1 hCO-cultured assembloids showed the
established difference in GBM1 and NP1 behaviour (Fig 1.8D). However,
GBM1 spheroids were able to infiltrate deeper into Hoik_1-derived hCOs with
94% of the assembloids exhibiting full tumour cell infiltration compared to
12% of H9 assembloids. NP1 spheroids showed no infiltration across all H9
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hCOs. There was partial infiltration of NP1 in 38% of the Hoik_1-cultured
hCOs.

The use of HSC EB media conditions either in early or late NI for H9
and mTeSR in the late NI for Hoik_1 were observed to be the optimum
timelines for discrimination of invasive potential between GBM and NP. This
indicates the requirement for slight alterations of establishing NI, depending
on iPSC or ESC model used for deriving hCO.
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Figure 1.8 hCOs differentiated from iPSC or ESC sees differences in
growth and assembloid invasion. (A) Growth of hCO, area (left) and
diameter (right), while differentiating in HSC media over 7 days. Data are
mean (+ SD) is shown for 48 individual EBs per condition. P-values are based
on two-way ANOVA and shown as ***(<0.0005), and ****(<0.0001).
(B) Schematic overview for hCO differentiation with early and late timelines
for transfer into neural induction (NI) media before use in assembloid assay
at day 9. (C) Representative images indicating level of invasion, (Y=yes,
P=partial or N=none), of GFP-GBM1 or GFP-NP1 spheroids into hCO after 48
hours of co-culture. Scale bar 1000uM. (D) Heat map showing level of
invasion of GFP-GBM1 and GFP-NP1 within assembloids after 48 hours of
co-culture, with hCO differentiated with either HSC or mTeSR at EB stage and
placed into neural induction media (NI) in early or late timeline. Each square
indicates one assembloid.

1.1.9 Lineage identity of normal assembloid compartment

influences infiltration patterns

The effect of the microenvironment on tumour cell migration and
invasion has been long established, especially during metastasis [387].
Although the tumour microenvironment is known to be important for
maintaining the cellular state in GBM [93], conserved within GBM organoids
[310] the effect of the microenvironment on the invasive potential of GBM
remains unknown. Alterations in hCO differentiation protocol resulted in
assembloids showing different levels of invasion (Fig 1.8D), which we
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hypothesize may be due to slightly different microenvironmental signalling
cues within the assembloids. We sought to test whether the differentiation of
iPSCs along neural, ectodermal, mesodermal, and endodermal lineages
affects assembloid formation of GBM1 versus NP1 cells. To this end, we
modified our hCO derivation protocol. Firstly, we differentiated Hoik_1 iPSC
in 2D which allowed for a more homogeneous differentiation and rapid
detection of lineage specific markers. Each directed lineage exhibited
positive immunostaining for hallmark markers of mesoderm (T) ectoderm
(PAX6), endoderm (SOX17) and neural (MAP2) cell fates (Fig 1.9A). We
induced Hoik 1 differentiation using a ‘staggered’ approach, hence allowing
for the same experimental endpoint for assessment of all lineage-biased
spheroids (LBsphs).

At the differentiation endpoint, Hoik_1 cells were seeded into ULA 96
well plates to form spheroids overnight using 50,000 cells/well, a similar cell
number was determined for day 9 hCOs (Fig 1.9B). Resulting LBsph:
ectodermal (ECTsph), endodermal (ENDsph) and mesodermal (MESsph),
were placed in co-culture with GBM1 or NP1 spheroids (Fig 1.9C). The
following LBsphs were used as controls; neural whereby Hoik_1 cells were
differentiated for 5 (NEUsph5) or 7 (NEUsph7) days in hCO NI media and
undifferentiated (iPSCsph).

48 hours post assembloid formation full and deep invasion of GBM1
cells was observed in ECTsph, ENDsph, MESOsph as well as NEUsph5,
NEUsph7 and iPSCsph controls. (Fig 1.9D). In respect to NP1 invasion there
was full invasion observed within ECTsphs and MESsphs, with a spectrum
of full to partial invasion within ENDsph, NEUsph5 and NEUsph7. NP1
invasion was not observed in iPSCsphs (Fig 1.9D). Across both GBM1 and
NP1 assembloids the depth of invasion was observed to present in varying
invasion patterns (Fig 1.9, middle).

The separation of GBM1 and NP1 invasive behaviour was only
detected with the use of NEUsph5, NEUsph7 and iPSCsphs, with respect to
the level of invasion within the assembloid assay (Fig 1.9D, left). However,
when you consider the depth of invasion, this behaviour does discriminate
with GBM1 invading more deeply, and NP1 remaining peripheral
(Fig 1.9D, right).
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Figure 1.9 Invasion spacial behaviour differs with microenvironment
cell lineage. (A) Representative images indicating successful differentiation
along cell lineages from iPSC. Where neural 5 was differentiated for 5 days
whereas neural 7 was differentiated for 7 days. Scale bar 200uM. (B) Cell
number of hCOs following 9 days of differentiation. Mean shown (+SD), each
dot represents one hCO). (C) Schematic overview of assembloid assay with
co-culture of GBM/NP spheroids and various lineage spheroids.
(D) Heatmaps showing level of invasion (left, full, partial and none) and depth
of invasion (right, deep and partial), within assembloids 48 hours after
co-culture of GFP-GBM1 or GFP-NP1 with spheroids of different lineages.
Each square indicates one assembloid and invasion pattern corresponding
to representative images (middle). Scale bar 1mM.
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1.2 Discussion

GBM is a highly aggressive tumour. Subpopulations of GSCs are
highly migratory and invade across the normal brain, evading physical
removal in surgical resections. Chemo- and radioresistant properties of
GSCs allow the evasion of therapy and the regrowth of tumours at secondary
sites, and or recurrent tumours typically 2-3 cm from the original tumour within
the margin zone [388, 389]. Being able to understand and effectively target
the invasive behaviour of GBM would increase the likelihood of maximal
resection, improving the prognosis for patients. However, modelling of GBM
invasive behaviour has previously lacked complexity in 2D. It is thought that
multiple cell types contribute to the microenvironmental cues involved in an
invasive phenotype, and therefore model systems that incorporate additional
cell types could more accurately mimic the invasive cues tumour cells
encounter within the brain [390].

The fairly recent development of COs has allowed adaptations for the
study of GBM. COs are promising in interrogating aspects of GBM modelling
such as phenotypic and genotypic complexity of patient tumours. Firstly, the
use of COs for GBM modelling entailed the formation of aSC-derived COs
using patient tissue allowing the observation of structures mimicking tumour
architecture [175]. This was followed by genetic manipulation of PSC-derived
COs allowing for the study of tumour initiation events [176, 177]. However,
modelling in @ one compartment system does not take into consideration the
effect of interactions of GBM cells with normal components of the brain. As a
result, multicompartmental systems placing GBM cells into PSC-derived
normal COs, were more recently developed with the aim of modelling GBM
in a more physiologically relevant microenvironment [177, 307-311]. This
approach largely utilizes the ability of GBM cellular compartments to be
sustained and maintained within COs while retaining the parental tumour
transcriptional landscapes. Although these models are able to observe
invasion patterns following entry and migration across COs, the dynamics
and mechanisms of invasion have yet to be fully explored. Initial studies
began to study the differences in invasive behaviour between malignant
GSCs and normal NPs, however using PSC-derived mCO [307]. Although
this assembloid system described a short term assay to compare specifically
the invasive behaviour of GSCs, differences between mouse and human
PSC [391, 392] may result in variance between the resulting
microenvironments. This may affect how translatable mechanisms governing
invasion dynamic, or features of tumour growth, are between species.
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Differences between mouse and human derived organoids have been
previously discussed and identified, with specific advantages and
disadvantages as discussed below in Table 1.1. Such interspecies variance
has previously hindered extrapolation of mechanisms or therapeutic success
from xenograft models to patients [390].

Organoids Advantages Disadvantages
Mouse e Less expensive e Shows variability
¢ Well suited to protocol e Lack of vascularisation
optimisation e Lack of human features
e Extensive in vivo data to
compare to
o Fast growth rate, short time
scale
Human e Contains human specific cell e Shows variability
types e Slow growth rate, long time
e Growing literature with scales
increasing number of protocols | ¢  Expensive reagents
e Best for modelling human e Little in vivo data to compared
specific disease and to, so usually compared to
development mouse studies

Table 1.1 Advantages and disadvantages of organoids derived from
mouse and human stem cells. Adapted from Marshall et al [539].

To interrogate invasion potential of GSCs, with adaptations to the
mouse-assembloid assay [307], we aimed to develop a more physiologically
relevant and translatable human-human system. Specifically, this work
focused on:

1. GBM spheroid invasion into human COs

2. Determination of invasion behaviour of malignant and non-cancerous
cells

3. Interrogation of factors influencing glioma invasive behaviour

1.2.1 GBM spheroid invasion occurs in human COs

Initially, we found that invasion of patient derived GSCs within the
mouse-assembloid assay was not as efficient as using hCOs that were
differentiated to the same stage 4 as mCOs (Fig 1.1A). This may be due to
differences  between mouse and human stem  cell-derived
microenvironments; however, this highlighted the need for adaptation of the
original published protocol. Preliminary experiments, previously conducted
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by Barbara da Silva, indicated more efficient invasion of GSCs into hCOs at
stage 2 of differentiation (Fig 1.1B). It was determined that the use of hCOs
within stage 2 of differentiation, 9 days of overall differentiation, was the most
efficient for the invasion of GSCs (Fig 1.1D). Therefore, the
standard-assembloid assay timeline included the co-culture of GSC
spheroids, with a day 9 hCO, with serial imaging as the assay progressed
(Fig 1.1E). Despite the use of hCOs at the early stage 2 of differentiation, day
9 hCOs showed expression of forebrain marker PAX6 and hindbrain marker
EGR2 (Fig 1.2A) indicating a brain-like microenvironment. Following
co-culture resulting assembloids still appeared healthy with regions of
proliferation, independent of the expression of GSC markers VIM and SOX2
(Fig 1.2B).

Although other studies have observed the ability of GBM cells to
invade later stage hCOs, many of these studies cultured hCOs in single cells
solutions of GBM cells, which may allow for easier penetration and invasion
though the outer envelope of the hCOs [177, 308-311]. However, both
Goranci-Buzhala et al and Ogawa et al described the co-culture of GBM
spheroids with mature hCOs and observed a longer GBM spheroid infiltration
period, around 7 days, until hCOs were observed as ‘invaded’ [177, 393].
This indicates that hCOs are adaptable for invasion assays along various
differentiation timelines and levels of maturity. However, the previously
developed mCO assembloid assay described invasion timelines of GSC
spheroids within mCO in ~48 hours. Therefore, here when developing a
human-human assembloid assay, using human derived tumour cells with
hCOs, it was vital to maintain this aspect of a short term, medium throughput
assay. By using an earlier stage, day 9 hCOs we were able to observe
invasion within hCO within 24 hours.

It is accepted that differentiated hCOs mimic a foetal brain identity
[302, 303], however GBM is more commonly in elderly adults with diagnosis
at a median age of 65 years [8]. Therefore, current differentiation protocols
can only suboptimally model the mature microenvironment within an aged
brain, a current limitation of the use of hCOs within GBM research. Some
studies have increased the differentiation time of hCOs in order to create a
more mature brain-like environment. Consequently, they have observed a
longer time till full infiltration of GBM cells. Although there was evidence that
these later stage hCOs exhibited more mature neural markers [308, 393],
variability in cell types between organoids increases as organoids mature
[296]. With increased variability this may require an increase in the number
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of organoids used to draw accurate conclusions from results, reducing
throughput. However, by differentiating hCOs to an earlier stage maintains
less variability between organoids and batches of organoids, meaning large
numbers of hCOs are not required, maintaining the medium throughput of the
assembloid assay.

For the herein described assembloid platform, we had considered
ageing the initial PSC cultures before hCO differentiation. This would allow
for variability between hCOs to remain low as all ‘aged’ PSCs would be
subsequently differentiated to the same early hCO stage, whilst theoretically
mimicking an ‘aged’ phenotype. We performed preliminary experiments
aiming to age PSCs (data not included into thesis), before hCO
differentiation. To this end, we carried out preliminary experiments based on
small molecule inhibitors of telomerase leading to telomerase shortening,
which has been previously shown to promote ageing-like phenotypes in iPSC
cultures [394]. However, ‘ageing’ using this particular protocol overtly caused
cell death/toxicity in our treated cultures, and therefore, chemical telomerase
inhibition was not carried forward. Negative data was not included here as
we cannot exclude that more extensive optimisation of treatment
concentrations and timelines may allow aged hCOs for use in an
aged-assembloid assay. In the future, other ageing techniques may also be
investigated for incorporation into our assembloid platform, for example the
overexpression of progerin [395]. Overexpression of progerin, a laminin A
splicing variant which accumulates with age and induces early cellular
senescence associated with increased DNA-damage signalling [396], in
iPSCs has also been shown to induce ageing-related markers in neurons
[395]. Developing robust PSC ‘ageing’ methodology to produce an aged hCO
could maintain lower levels of variability between hCOs with the elimination
of long-term culture for hCO maturity.

PSC ageing techniques are known to be difficult to replicate with aged
phenotypes as these have been described to be often unstable [397].
Therefore, the successful ‘ageing’ of PSCs for the differentiation of an ‘aged’
hCO for use within the assembloid assay, may require extensive study and
optimisation. For these reasons we didn’t take PSC ‘ageing’ forward for
further investigation as we wished to concentrate on first quantifying invasive
behaviour before investing significant time in developing an aged-assembloid
assay, although this does represent one of many potential developments for
the assembloid assay in the future (Fig 1.10).
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Figure 1.10 Potential developments and applications of assembloid
assay. The standard-assembloid assay involves the co-culture of human
tumour or control cell spheroids with a day 9 hCO with serial imaging over the
48 duration of the assay. Adaptations of hCO compartment could be through
increasing complexity (complex-), inducing an aged phenotype (aged-),
screening effect of gene knockouts using CRISPR (CRISPR screen-) or
replacing with lineage biased spheroids (LB-), whereas invasion compartment
spheroids could be replaced with freshly resected tumour specimens (tissue-).
Detection of invasion capability in the standard-assembloid assay can be
applied to detect the secretome profile (secretome-), treatment response to
standard clinical treatments (clinical treatment-) or novel (drug screen-) and
with a smaller well system increase throughput with use of microfluidic device
(microfluidic-). Created with BioRender.com
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1.2.2 Determination of invasion behaviour of malignant and

non-cancerous cells

1.2.2.1 Difference between invasive behaviour of GSCs and NPs

Many of the studies using a multicompartment system of GSCs and
COs, compare invasive behaviour between different GSC models, different
CO ages or following treatment [308, 393]. However, the ability to determine
non-invasive behaviour would aid to delineate invasive potential of
specifically GSCs. Previously da Silva et al described the ability of
non-invasive potential of NPs to be demonstrated through lack of invasion
into mCO in the mouse-assembloid assay [307]. Here, we were also able to
demonstrate discrimination of GSC invasive behaviour from non-invasive
potential of NPs in the human-human assembloid system, irrespective of
spheroid cell number (Fig 1.3). Although these observations are based on 2D
images, preliminary light sheet microscopy (data not shown) indicates as
GSCs invade, they do so into the core of hCOs and are not just spreading
across the periphery of the hCO envelope. However, the resolution of the
light sheet microscopy images was poor due to hCOs not being fluorescently
labelled. In 3D reconstruction images GSC spheroids were located within the
core of the space occupied by the hCO. Fluorescent labelling of the hCO prior
to light sheet microscopy in the future would allow better observation of the
invasion process of GSC spheroids within hCOs.

The ability of the assembloid assay to discriminate invasive
capabilities of different cellular contexts over time was highlighted with the
use of ‘non cancerous’ control brain cells. However, many of the other hCO
GBM modelling systems fail to include controls to compare malignant to
normal neural invasive behaviour. What the most appropriate controls to use
within GBM research is greatly debated [398]. Here NPs isolated from
epilepsy patient cortical resection specimens [174, 399], are used to compare
normal to malignant stem cell behaviour. Some studies suggest the use of
peritumoral brain zone tissue which surrounds the tumour resection cavity as
controls [398]. However, firstly this is difficult to obtain as safety is paramount
during surgical resection, therefore removal of ‘normal’ tissue is unlikely due
to the potential of postoperative neurological deficits [33, 34]. Additionally,
due to GBM'’s highly infiltrative nature, malignant cells have often already
spread into the adjacent tissue and therefore cannot be used as matching
control regions for brain tumours. Due to the implications of NP cells as a
potential cell of origin for GBMs, NPs from excess epilepsy surgery tissue
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can provide an appropriate non-malignant cellular control. NP lines have
been utilised in many GBM studies comparing NP cells to GBM cells,
investigating differential Cytomegalovirus infection [400], differential gene
expression [174, 401] and for differential drug responses [142]. Within the
assembloid assay the observation of lack of invasive behaviour of NPs
provided a suitable control to compare to the highly infiltrative malignant
behaviour specific to GBM. We have only to date employed one NP cell line
(NP1) within the assay but do have access to others and therefore additional
control experiments would demonstrate the robustness of NPs as a
non-invasive control within the assembloid assay.

In previous studies, invasive behaviour has been described as the
binary ability to invade versus inability to invade, or as descriptions of
resulting patterns following invasion [308, 393]. However, this categorization
neither fully describes different aspects of invasive behaviour, nor does it
allow for the detection of subtle differences in invasive potential. Therefore,
we endeavoured to quantify different aspects of invasive behaviour over time,
capturing differences in the ability of GSC spheroids to infiltrate and
disseminate across hCOs, with lack of this behaviour demonstrated by NPs.

1.2.2.2 Image analysis parameters quantify different aspects of invasive

behaviour

By considering the percentage of spheroid within the hCO gives an
indication of infiltration progress at a particular time, and then how this
change and develops as the assay progresses (Fig 1.4B). This furthers the
information gained from previous binary yes or no invasion observations. No
invasion may indicate no entry of GSCs into the hCO, but if there is a small
amount of invasion it is unclear whether that is defined as yes or no invasion.
Invasion is a dynamic process over time and describing infiltration as a
percentage of how much is enclosed within the hCO gives a better indication
of how the spheroid is invading, and at what rate.

Further to describing whether invasion has taken place, other
parameters are able to describe other aspects of invasive behaviour.
Following fusion with hCOs, GSCs were able to spread and migrate through
the hCO body. GSCs were observed to spread from one main spheroid to
migration of patches and single cells throughout the hCO, similar to the way
in which we know cells disseminate from tumour bulk across the brain within
patients as smaller patches or single cells [194—196]. This behaviour is not
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replicated by NPs which remain as a main spheroid body, even if a small
percentage has entered the hCO. Quantifying the number particles at each
time point indicates whether there is a smaller number of cells remaining
within the main spheroid body with little spread, as observed with NP cells,
or an increase in particle number over time indicating spreading out from the
spheroid body, as observed with GSCs (Fig 1.4D).

We were also able to detect migration distance from the point of
spheroid docking on hCO to either the outermost detectable cell (single
outermost cell), or to the edge of the main spheroid body (spheroid leading
edge). Across timepoints GSCs were shown to migrate further than NP cells
with respect to both leading edge and outermost cells (Fig 1.4F). We are
aware the measurement assumes a linear trajectory, which is unlikely to
represent how the cells or patches will have migrated across the hCO.
Therefore, more timepoints and live single cell tracking would be required to
indicate trajectory and exact distance measurements. However, these linear
measurements allow an indication of migration distance and can still
differentiate invasive behaviour differences between invasive GSCs and
non-invasive NP cells.

All of the above quantifications were performed non-automated using
Imaged, meaning they are labour and time intensive. The design of the
assembloid assay was for a medium throughput system, and although the
wet lab aspect of the assay is amenable for upscale, with higher throughput,
analysis of increased image data by hand is not. Therefore, by developing
image analysis pipelines to automatically quantify invasion behaviour, this
would allow for the upscale of the assay as a whole, removing data analysis
timelines as a bottleneck in throughput. We employed high content screening
concepts [402], whereby image based parameters are analysed from large
data sets and have been previously employed in applications such as image-
based high throughput chemical screens [403].

Initially, through the development of pipelines, using CellProfiler as a
tool, we efforted to replicate the same parameters that we established
previously using Imaged. As with the nature of image analysis automation
allowing analysis of large datasets, the subsequent analysis included more
time points, allowing us to observe behaviour more closely throughout time;
something that we were unable to do due to labour time previously.
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We first aimed to build modules within the pipeline to quantify the total
area of GFP within images, and then the GFP specifically within the hCO
region to determine the percentage infiltrated at any specific time point. This
required identification of the GFP spheroids as one object and the hCO as a
separate object. This would allow us to determine the GFP area within the
hCO area and consequently indicate what percentage of total GFP area this
was. However due to only the infiltrating spheroid compartment being
fluorescently labelled, and the hCO compartment not, segmentation of the
two as two different objects was unachievable, even despite manual training
using additional various segmentation tools (Fig 1.4A, A.1A). This led us to
investigate long term labelling of hCOs using fluorescent dyes, which was
observed to be successful for the ~2 week time from hCO initial differentiation
to assembloid assay endpoint (data not shown). However, this has yet to be
incorporated into further runs of the assembloid assay. However, when
experiments are completed with fluorescence labelling of hCO with GFP
spheroids, the modules to determine the area of GFP within the hCO have
already been developed. Therefore, analysis to determine GFP percentage
infiltration would be easily adapted and built into the latest version of the
analysis pipeline.

We were, however, able to replicate the parameter describing how
cells disseminate from a main spheroid body. We were able to identify the
main spheroid body with tightly compacted objects identified as one core
object on the basis of very small distance from each other. By then removing
this identified ‘core’ object, the remaining objects which had disseminated
from the spheroid core could be quantified. Despite the slight difference in
sensitivity of CellProlifer analysis compared to Imaged producing different
raw numbers of CellProfiler disseminated objects (Fig 1.5D) compared to
Imaged particles (Fig 1.4D), the trend detected was still the same. The
number of GSC objects increased over time, as they exhibited the ability to
disseminate and spread across the hCO, whereas NP cells remained within
a main core spheroid, with no increase in disseminated objects.

Additional CellProfiler measurement functions revealed other
parameters that discriminated between GSC and NP invasive behaviour not
previously analysed using ImageJ. Increases in GFP area mimicked the trend
as seen with the number of disseminated objects (Fig 1.5D), with GSC
increasing whereas NP remained steady (Fig 5.5B). This was unsurprising,
as more cells disseminate from the spheroid core, the area of GFP detected
would therefore also increase.
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We attempted to measure the distance of GFP migration by identifying
a starting coordinate at to of the centre of identified GFP, which would define
the position of the spheroid when initially docked onto the hCO. We would
then identify the centre of GFP coordinate at each timepoint as the spheroid
invaded into the hCO, as well as the coordinates for disseminated objects.
By using to and tx coordinates the overall distance between the two points
could be calculated for how far the main spheroid body had migrated, or the
outermost cells. However, we observed that between time points even if the
spheroid had not migrated into the hCO, in the cases of NP cells, there was
a movement of coordinate position. On interrogation, we found that due to
suspension culture the hCOs were rotating and thus the position of the GFP
object did so too. Therefore, the distance migrated between to and tx points
could not be accurately determined. This was not an issue encountered
previously with the ImagedJ as the docking point was assumed for each
individual time point rather than attempting to define the same starting
coordinate to use in the later time points as in the CellProfiler pipeline. For
automatic migration distance analysis live cell tracking should be adopted
allowing a single GFP object to be traced over time. This would require much
smaller gaps between timepoints to ensure the same object is identified and
tracked and allowing for the distance between each time point to be
calculated and then cumulated for the overall migration distance. This may
indicate between which time frames the most migration distance, perhaps
allowing the dynamic phase of invasion to be narrowed down. Additionally,
this would also not only provide information regarding distance but also
trajectory which we have not previously been able to identify.

Although rotation in suspension culture made quantifying migration
distance problematic, observation of GFP coordinates indicated that NP
spheroids had more movement than GSC spheroids (Fig 1.5F). Due to lack
of invasion NP spheroids move the circumference of hCOs as it rotates in
suspension. On the other hand, as GSC spheroids invade their movement is
then restricted within the hCO envelope, meaning movement is more
constricted and irrespective of hCO rotation. This highlighted the radius of
movement is able to discriminate between invasive and non-invasive
behaviour, exemplified by GSC and NP cells (Fig 1.5E).

The development of CellProfiler pipelines facilitates future potential
upscaling of the assembloid assay, with automation of image analysis
alongside increased timepoints, which has been previously unachievable. In
fact, due to using slightly different parameters it has widened the amount of
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information we can extract from existing image datasets. In addition, it
identified parameters we had not previously considered which also describe
aspects of invasive behaviour.

The overall development of quantitative parameters discriminating
invasive behaviour, goes beyond the binary yes or no invasive behaviour that
studies have previously described. By employing quantitative parameters,
the detection of more subtle changes in invasive behaviour may be detected
rather than only a drastic increase or decrease. This may also reveal how
different aspects of invasive behaviour may be governed by different
mechanisms and may be able to be abrogated independently.

1.2.2.3 Invasive behaviour of multiple GSC models reveal a dynamic
then static phase of invasion

Although other studies describe the use of multiple GSC models in
their hCO systems [177, 307-311], previously the assembloid assay, both
mouse and human, had only been used to interrogate the GSC model GBM1.

To test the ability of the assembloid assay to detect the invasive
capability of multiple GSC models, we tested a panel of models which
represented various GBM TCGA-subtypes, historic and more recent
isolations, as well as isolations from primary and recurrent tumours. We also
wanted to determine if the assembloid assay was able to detect differences
in invasive potential between different GSC models. This was determined
using the parameter analysing percentage infiltration at various time points,
across the different lines. At 24 hours all models were determined to almost
fully infiltrate and exhibited significantly higher infiltration than control
non-invasive NP cells (Fig 1.6A, right). This validated the assembloid assay
as a system to determine infiltrative behaviour of various GSC models.
Although at 24 hours there was no significant difference between the models
(Fig 1.6A), at the earlier time point of 2 hours there was an indication of some
models exhibiting a higher invasive potential with increased percentage
infiltration (Fig 1.6A, left). Recurrent tumour model GBM20 and tumour edge
derived model OX2 E were shown to have invaded more than the other tested
models by 2 hours post co-culture with hCO. Cells with highly infiltrative
potential at the edge of GBM tumours disseminate throughout the brain,
consequently forming a recurrent tumour [388, 389]. Therefore, the
assembloid assay has succeeded in identifying cells with an elevated
invasive potential, as indicated in patient tumour biology.
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The ability of all GSC models to infiltrate within 24 hours, indicates that
significant infiltration took place within the first portion of the assay, with more
stable invasion in the latter. When considering the previous quantitative
analysis of GBM1 and NP1, between 24 and 48 hour timepoints, the
behaviour of GSCs also did not drastically alter (Fig 1.4B, 1.4D,
1.4F, 1.5B-D). In fact, the major changes in behaviour occur between 2-19
hours (Fig 1.5B-D). This indicates invasion occurs in an initial rapid and
dynamic phase whereby the spheroids attach, fuse, and infiltrate, resulting in
enclosure by the hCO envelope. This is then followed by a more static phase
which includes more subtle spreading within the hCO.

Due to the indication that the assembloid assay could detect elevated
invasive potential of models derived from the edge of tumour specimens we
endeavoured to see if it could elucidate differences between cells isolated
from the edge or core of matched tumour specimens. As the dynamic phase
of infiltration, where differences between models can be detected, was shown
to be within the early stages of the assembloid assay, we took earlier and
more frequent timepoints to capture this. A trend of increased invasive
potential of edge and recurrent models was detected when compared to
matched core and primary lines (Fig 1.6B). Although this particular
experimental run did not result in statistically significant differences, the
trends indicate the expected higher invasive capability of recurrent and
tumour edge samples due to their highly infiltrative biology. The highly
dynamic initial phase is evidenced with large error bars for each model, which
may indicate when focusing on the dynamic phase of invasion more
assembloids per condition may be required. However, by the 24 hour time
point there was less spread of percentages of infiltration between the GSC
lines, indicating a slowing to the end of the dynamic phase of invasion. Across
all time points however, there remained more infiltration of GSC models than
NP controls.

The GBM1 model does not appear to reach the same infiltration level
in this experimental run (Fig 1.6B), as seen in previously described
experiments (Fig 1.1-5, 1.6A). However, this particular experiment labelled
the spheroid models using a proliferation dye, compared to a cell tracking dye
(Fig 1.6A) and lentiviral labelling (Fig 1.1-5) previously used. Hence as cells
proliferate the fluorescence signal decreases. As a result, we may not have
been able to fully detect all GBM patches and single cells if the fluorescence
decreased beyond detectable levels. Consequently, at this time comparison
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between GSCs models can only be made within each individual experiment.
The use of the same more stable cell tracker labelling of cells will allow
comparisons from intra-experimental results.

Observing two different phases of invasion indicates there may be
different mechanisms governing invasive processes during each phase. The
sensitivity of the assembloid assay provides a system to interrogate the
various mechanisms involved in each phase across time. This may elucidate
the requirement for abrogation of both phases when wanting to truly target
the invasion process therapeutically.

To investigate factors involved in these phases CRISPR screens could
be performed in the GSC models. The lines could then be tested in an
assembloid assay, indicating how the knockout of genes would subsequently
affect invasive behaviour. Herein such a system, performing CRISPR screen
to one of the compartments prior to co-culture and observing subsequent
invasion into hCOs is termed a CRISPR screen-assembloid assay (Fig 1.10).
The medium throughput, with short assay length, allows the assembloid
assay to be developed for such molecular screens. This may allow us to
uncover particular factors which affect overall invasion capability, or if there
are factors involved in governing either the dynamic or static phases. These
CRISPR screens could be performed in various GSC lines, indicating if there
are common mechanisms and factors involved in invasive behaviour across
subtypes. Additionally, the use of a CRISPR screen-assembloid assay could
be applied to involve CRISPR screens within NP cells. GSCs are thought to
hijack and exploit invasive mechanisms used by normal NSC populations in
non-diseased brains [202]. Therefore, the screen may uncover factors which
would enhance NP invasive behaviour, and perhaps may have been adopted
in GSCs during transformation from normal to malignant cells, or in transition
from low grade to high grade tumours. Therefore, abrogation of the invading
compartment of the assembloid assay may indicate intrinsic factors
influencing the invasive potential of GSCs.

Alternatively, a CRISPR-screen assembloid assay could be developed
to investigate the effect of the hCO compartment on the invading
compartment behaviour. CRISPR screens involving PSCs prior to hCO
differentiation may elucidate if there are extrinsic factors affecting GSC
invasion.
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The CRISPR screen-assembloid assay may indicate specific intrinsic
and/or extrinsic factors which influence the invasive behaviour of GSCs,
however for translation to clinic drugs must be identified which successfully
abrogates this invasive behaviour. Again, in its current 96-well medium
throughput form, with the establishment of automatic image analysis, the
assembloid assay is suitable for a drug screening application. Drug
treatments could be added to co-culture conditions to determine if there is an
effect on invasion, this system is herein described as a drug
screen-assembloid assay (Fig 1.10). These could be drugs that specifically
target the previously identified invasion influencing factors or could be a
repurposing screen of drugs. Additionally, it may be used for drugs at various
stages of development, perhaps just the active structure before being
packaged into a drug format.

Additionally, the advantage of using a multicompartmental system,
with GSCs and normal hCOs, is it allows an indication of whether tested
drugs or compounds affect the health of the hCO compartment. This gives
initial indications of whether the drugs would cause significant side effects.
The use of NP assembloids in the drug screens would also indicate the
specificity of treatments. This also allows a drug screen-assembloid assay as
a way to test drugs that not only affect specifically invasive behaviour, but
also whether other drugs could specifically target GSCs. This has been
exemplified with the use of KHS101, a compound which causes apoptotic
exhaustion in specifically GSCs but not NPs [142]. Previous work within the
group (data from Barbara da Silva not shown here) demonstrated the ability
of KHS101 to be able to specifically target the GSC compartment of
assembloids but does not affect either the NP compartment or the mCOs.
Thus, a drug screen-assembloid system is amenable for the detection of
specific drug targeting of GSCs.

The drug screen-assembloid assay provides a system for the
preclinical testing of the effectiveness and selectivity of either new drugs or
compounds or test the repurposing of approved drugs. This may reduce the
number of animals in preclinical testing, in line with the NC3R principles of
replacement, refinement and reduction of animals in clinical testing
(https://www.nc3rs.org.uk). By having a multicompartmental system the
specific effects against GSCs can be determined, as well as off target effects
affecting the healthy hCO and NP cells. In turn better in vitro models will
reduce the number of ineffective treatments going through to in vivo and
clinical stages of drug development.
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1.2.3 Interrogation of factors influencing invasive behaviour

The differentiation of hCOs have been previously described using both
ESCs and iPSCs [256]. Therefore, we investigated the effect of ESC- and
iPSC-derived hCOs within the standard-assembloid assay. Linkous et al
previously showed there was no difference between the proliferation ability
of GSCs within hCO derived from ESCs or iPSCs post infiltration [308],
however, they did not consider whether infiltration behaviour was affected.

We initially observed growth differences between iPSC- and
ESC-derived hCOs at days 2 and 4 of differentiation stage 1 (Fig 1.1A),
however these differences were no longer evident at day 7 (Fig 1.8A). Initial
size differences may be due to inherent variations between iPSCs and ESCs
[404], however convergence to similar sizes by day 7 may be as a result of
lack of growth factor availability. Advancement from stage 1 to stage 2 of
differentiation (Fig 1.1A) is determined partly on the basis of diameter
reaching ~500uM, whereby EBs are transferred to 24 well plates with neural
differentiation factors. Therefore, the availability of growth factors in small
volumes held in 96 well plate wells during differentiation stage 1 may be a
growth limiting factor. This may explain why there is a transfer to 24 well
plates, with an increase in media volume and therefore growth factor
availability, once EBs reach this particular size to facilitate further growth.
Advancement to the next differentiation stage based on size highlights the
delicate balance of growth factors and timing required for successful hCO
differentiation. Thus, we investigated if adaptations to the hCO differentiation
timeline were required for the use of iPSC- or ESC-derived hCOs within the
standard-assembloid assay.

Additionally, we considered the effect of conditions used for EB
formation. Studies first described the use of knockout serum replacement
based HSC media for EB plating and growth, however more recently
methodology describes the maintained use of stem cell maintenance media
mTeSR throughout the EB stage [302, 304]. We wanted to determine if this
disparity affected invasion capability within the standard-assembloid assay.

Overall, we observed the different EB media did not make a significant
difference in invasion capability of either GSCs or NPs within resulting
assembloids (Fig 1.8D). In culture we observed less cell debris following
plating of either iPSCs or ESCs with the use of routine culture mTeSR
throughout EB plating and growth, resulting in higher quality EBs and
resulting hCOs (images not shown). This may be due to less cellular shock
by not switching media composition while cells are already experiencing
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physical shock through the transition from adherent to spheroid culture. Thus,
for further experiments mTeSR was maintained throughout EB formation and
growth.

With respect to investigation of the differentiation timeline for iPSC-
and ESC-derived hCOs, prior to use within the assembloid assay, we did
observe a consequential difference in invasive potential (Fig 1.8D). When
comparing a timeline of early versus late advancement to stage 2 (Fig 1.8B),
late timeline ESC-derived EBs resulted in hCOs which better demonstrated
GSC infiltrative behaviour and contrasting NP non-invasive behaviour
(Fig 1.8D). Overall iPSC-derived hCOs were able to achieve full invasion of
GSC, whereas differences were more evident in detection of NP invasive
behaviour. For iPSC-derived hCOs we observed the later timeline for
advancement of EBs to stage 2 was more effective in differentiating invasive
behaviour between GBM and NPs. This indicates the need for optimisation
of differentiation timelines of hCOs depending on how they are derived, as
successful differentiation is critical for the use of hCOs in the assembloid
assay. This is further exemplified by ESC-derived hCOs in the early timeline
resulting in obvious lack of proper hCO differentiation. The size of the ‘hCOs’
(Fig 1.8C top right, Fig A.1B) were much smaller than hCOs derived using
any of the other conditions, with lack of any optical brightening, a marker of
healthy neuroepithelium differentiation [256] (Fig 1.8C). Consequently, this
resulted in no invasion of either GBM or NP. This further highlights the
delicate balance of growth factor exposure within the optimum timeline for the
proper differentiation of hCOs, especially for the use within the assembloid
assay.

It should be made clear only one ESC and one iPSC line were used in
this comparison, however there is known line-to-line variability between PSC
lines [405, 406]. It is unclear how this line to line variation would influence the
assembloid assay, but these results indicate there may need to be specific
hCO differentiation timelines for specific lines. Often other studies describing
hCO differentiation using various lines just indicate they used protocols
originally developed [256], and therefore will advance through the
differentiation stages based on EB/hCO size. However, without an exact
indication of timelines, in terms of days, it means we can not comment on
how other groups experience potential differentiation timeline differences as
a result of line variability. Optimised differentiation timelines are required for
the successful differentiation of hCO for use within the assembloid assay, as
failure of proper differentiation resulted in the unsuccessful separation of
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GBM invasive behaviour from NP non-invasive behaviour (Fig 1.8D: H9, early
timeline, mTeSR). Exposure to growth factors in an improper timing fashion
may have resulted in different resulting microenvironments. This indicates
microenvironment may influence the invasive behaviour of invading
compartments within the assay, proposing the potential of extrinsic factors
influencing the invasive behaviour of cells, independent of inherent intrinsic
factors. Observations of the level of successful hCO differentiation affecting
invasive potential of invading compartments indicates the suitability of the
assembloid assay to delineate these different intrinsic and extrinsic
mechanisms.

To investigate how different microenvironments could influence
invasive behaviour we wanted to control the microenvironment of the
‘invaded’ compartment of the assembloid assay. We did so by differentiating
iPSC cells along different lineages (mesoderm, endoderm, ectoderm, neural)
before forming spheroids and co-culturing with GSC and NP spheroids and
observing consequential invasion behaviour. This system is henceforth
described as a LB-assembloid assay (Fig 1.9C).

We altered the microenvironments by producing LBsphs with different
germ layer identity: MESsph, ENDsph, ECTsph; also including neural identity
spheroids: NEUsph. We chose three germ layer and neural differentiation
spheroids as this would provide a defined and contrasting microenvironment
for the invading compartment to be able to interrogate if this affected invasive
behaviour. We performed initial PSCs differentiation in 2D before spheroid
formation. This was performed to ensure a more homogeneous
differentiation, avoiding a gradient of differentiation factors affecting lineage
identity within different regions in a 3D spheroid differentiation [407]. This
would have generated extra complexity if resulting regions affected invasion
differently. Directed 2D differentiation of cells, followed by 3D assembly, has
already been described to control and define the composition of multilineage
hCOs [408], and thus we adopted for our LBsphs in a LB-assembloid assay
(Fig 1.7C).

Additionally, performing initial 2D differentiation facilitated rapid
confirmation of lineage identity, through marker expression, before use within
the rest of the assay. Although the image resolution within this preliminary
experiment was not the highest, expression of lineage specific markers was
evident (Fig 1.7A). The development of a high content imaging pipeline would
provide automation detection of marker expression. From this we could
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develop a threshold differentiation marker level which each lineage would be
required to meet, before the subsequent LBsph could be used within the
LB-assembloid assay. This would ensure similar levels of differentiation
throughout different experiments.

At 48 hours post assembloid formation invading cells exhibited distinct
invasion patterns (Fig 1.7D). In any of the LB-sph conditions, GSCs exhibited
the capability of migration toward the assembloid core (see ‘deep’, ‘tidal’,
‘radial’, and ‘crescent’ GBM1 phenotypes). In contrast, the NP cells
exclusively displayed peripheral localization patterns (see ‘vortex’, ‘spider,
‘marginal’, ‘none’ NP1 phenotypes).

This run of the LB-assembloid assay highlights its ability to
differentiate GSCs and NP cells based on their invasion behaviour. GSCs
can be identified based on depth of invasion, whereas the effect of
microenvironment is clear with instinct invasion patterns depending on
LBsph. This indicates the potential for the LB-assembloid assay to uncouple
the intrinsic factors of malignant GSCs governing their ability to invade, from
the influence of extrinsic factors from the microenvironment influencing
invasive behaviour. Although GBM hCO systems have been able to show the
microenvironment influences the transcriptional profile of GSC compartments
[310], there has not yet been an uncovering of what the effect of
microenvironment has on invasive behaviour within these systems.

Single cell sequencing of GSCs and NPs following co-culture with
LBsphs will aid linking transcriptional profiles to resulting invasive
phenotypes. Additionally, by sequencing at serial time points we may be able
to uncouple transcriptional changes throughout the two, dynamic and static,
phases of invasion. Differential gene expression between the different
microenvironment LBsph conditions could uncouple intrinsic and extrinsic
factors influencing invasion of invading GSC compartments. Aspects of
transcriptional profiles which are common across all of the microenvironment
would indicate factors intrinsic to GSC which govern its invasive behaviour.
Comparison to intrinsic factors influencing NP invasion would allow
identification of intrinsic factors specific to malignant GSCs. However, factors
which are distinct to specific microenvironments would indicate these are
extrinsically governed. With there being observable differences in invasion
pattern between the microenvironments this may indicate which extrinsic
factors influence specific invasion behaviour to result in distinct invasion
patterns. Additionally, by comparing extrinsic factors within the trilineage
LBsphs assembloids to the neural LBsph assembloids would initiate which
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neural specific extrinsic factors are influencing invasive behaviour of GSCs.
Initial sequencing may reveal candidates for both intrinsic and extrinsic
factors, which can be further tested to uncover their spatial expression.
Spatial sequencing, using technology such as the Nanostring [409], could
elucidate transcriptional changes between GSCs within the main core of the
spheroid and disseminating cells while invading and producing patterns as
previously seen. Additionally, highly multiplexed imaging mass cytometry,
using technology such as the hyperion [410, 411], would allow for detection
of where these markers are expressed in situ, indicating how invading cells
may also be interacting with the hCO compartment.

The LB-assembloid assay however, is not the only way in which the
assembloid assay can be used to identify extrinsic factors which may be
influencing invasion. Through sampling of secreted factors in the culture
medium following the culture of GSC and NP spheroids alone, hCOs alone
and then throughout the invasion process in the assembloid assay may
indicate which factors are influential in the invasion process. Due to
non-invasive sampling of secreted factors the secretome could be collected
and analysed throughout assembloid invasion, this process is henceforth
referred to as a secretome-assembloid assay (Fig 1.10). Differential levels of
particular factors may indicate whether the factors are likely to be secreted
from invading spheroid components, or hCOs. This may also uncover factors
that GSCs secrete to augment the hCO microenvironment to facilitate their
own invasion. Paracrine signalling mechanisms of GBM tumours influencing
the surrounding microenvironment is already known. The secretion of VEGF
from GSCs VEGF promotes the growth of vasculature providing physical
tracts for GSCs to migrate along, enabling further cellular invasion
[113, 160, 161].

Therefore, detecting factors secreted during the invasion process may
indicate ways in which the GSCs are augmenting the microenvironment to
further promote their own invasion. The secretome-assembloid provides a
system to test levels of particular factor candidates determined in
transcriptional analysis following the LB-assembloid assay analysis.
Alternatively, secretome mass spectrometry of culture medium could uncover
novel candidate factors. CRISPR screens in hCOs could also reveal novel
factors which influence the invasion of GSCs in a CRISPR
screen-assembloid assay. This could involve nonspecific CRISPR screens in
hCOs to identify novel extrinsic invasion factors, or more focused screens
targeting testing candidates identified in other investigations.
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It should also be highlighted that the current hCO differentiation
methodology results in a more simple model of the human brain [412], lacking
complex additional cell types. Therefore, the assembloid assay, using these
more simple hCOs, currently does not model the extrinsic effect of these
additional cell types on invasive GSC behaviour. By using hCO differentiation
methodologies that combine and include additional cell types such as
immune cells [413] and vasculature [301], invasive behaviour can be
modelled in a more physiologically relevant system. The use of complex
hCOs, with additional cell types and used within the assembloid assay for
study of invasive behaviour is termed a complex-assembloid assay
(Fig 1.10).

Another aspect required to be incorporated for a more physiologically
relevant brain-like system would be the inclusion of flow, as a surrogate for a
vascularised system which is lacking in the current 96 well assay format. The
addition of flow can be achieved with the use of microfluidic systems and
development of the assembloid assay for a smaller well format, which is
herein described as a microfluidic-assembloid assay (Fig 1.10). By using
microfluidic device technology that allows for the automation of formation and
then fusion of two spheroid compartments, such as that described by Tomasi
et al [414], would also allow an upscale of assay throughput. An increase in
throughput, with the Tomasi et al suitable microfluidic device, would also
allow the microfluidic-assembloid assay to aid in large scale drug screens
with the testing of not only many different compounds but also drug gradients
[414].

Here the assembloid assay has been shown to successfully detect
differences in invasion capability between GSC models as well as between
malignant and noncancerous noninvasive NP controls. Further advances to
the assembloid system will allow further interrogation of invasion biology
mechanisms uncovering intrinsic and extrinsic factors as well as observe
invasive behaviour in more physiologically relevant assembloid systems
(Fig 1.10).
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1.2.4 Potential for assembloid assay clinical application

Advances in organoid technology have seen the use of cancer
organoids to model and predict patient response to therapy. Vlachogiannis et
al showed that the response of patient derived metastatic gastrointestinal
organoids to current treatments accurately indicated patient treatment
response [415]. The study found that in 100 percent of cases that if a drug
didn’t work on a patient’s organoid, then it didn't work in the patient.
Conversely in nearly 90 percent of cases, if a drug successfully worked in the
organoids, it successfully predicted it would work in the patient. Accordingly,
we propose the assembloid assay for applications to not only indicate GSC
response to experimental drugs but indicate patient response to current
treatments.

Following resection surgery all patients receive radiation and TMZ
treatments, so long as they are of good enough health to tolerate further
treatment [416]. Despite this, combined radiochemotherapy has only been
shown to only improve overall survival by 2.5 months, and progression free
survival by 1.9 months on average [40, 42]. Unfortunately, not all patients
benefit and experience increased survival but still experience the severe side
effects such as nausea, fatigue as well as myelosuppression, which severely
affects their quality of life [417, 418]. Although efforts to stratify patients based
on tumour type to indicate their response to treatment have been investigated
[55], often tumour subtype is not used as a prognostic marker within the
clinical setting as it has not been shown to be a true indicator of patient
treatment response due to high levels of intratumoural heterogeneity at the
single cell level [79, 83]. Thus, if there was a way to personally indicate
whether a particular patient would benefit from further treatment following
surgery, and if not, could improve a particular patient's quality of life by
advising against treatment that wouldn’t offer any extension to life.

Previously Linkous et al showed that GBM hCOs could be used to
indicate response to TMZ and radiation [308]. This provides an indication of
how patient derived GSCs respond to DNA-damaging agents used in clinics,
in a hCO system. However, this has not yet been shown to test whether this
predicts an individual patient's response to treatment.

We propose that the assembloid assay could provide a system to
predict patients' treatment response, allowing personalisation of treatment
plans, henceforth referred to as a clinical treatment-assembloid assay
(Fig 1.10). Following surgical resection tumour samples are pathologically
diagnosed which then indicates an individual's treatment plan. This process
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usually occurs within a window of ~2 weeks (personal communication with
Leeds Teaching Hospital neuro-oncology team, Fig 1.11). Therefore, if the
assembloid assay were to be developed for use as a clinical treatment
indicator, it would need to be performed and provide conclusions within a two
week period.

This immediately highlights the requirement for the replacement of
established GSCs as the invading GBM compartment in the clinical
treatment-assembloid assay. The isolation of GSC lines in culture from
tumour specimens can often take many weeks to establish, and therefore
would not be suitable for use within the two week clinical decision timeline.
Also, extensive propagation of GSC lines can cause overselection, losing the
vital heterogenous representation within the populations, which may be
clinically relevant to treatment resistance [102]. Additionally, although GSCs
are implicated as the most invasive population of cells within GBM tumours,
few studies investigate complete tumour bulk components ex vivo. GBM
tumours do not consist of pure GSC populations, but contain many other
components such as immune cells, stroma and more differentiated neural
populations [83, 419, 420]. As these other components may, as previously
discussed, influence the invasive behaviour of GBM tumours we investigated
whether freshly resected tumour specimen samples could replace GSCs in
what will be henceforth described as a tissue-assembloid assay (Fig 1.10).

We were able to show the ability of freshly resected tumour tissue to
infiltrate hCOs in a tissue-assembloid assay 24 hours post-surgery (Fig 1.7A).
Tissue pieces consisted of gently dissociated tissue specimens, resulting in
pieces of varying shapes but were selected by eye to be of similar size. The
tissue pieces exhibited the ability to fuse with the hCOs and were almost fully
infiltrated by 48 hours (Fig 1.7B). Although disseminated particles were
shown to increase throughout the assay (Fig 1.7C), migration distance of the
‘spheroid leading edge’ and ‘single outermost cell’ parameters remained
relatively stable between the period of 24 to 48 hours (Fig 1.7D). This
indicated the two invasion phases (dynamic and static) are exhibited by not
only GSCs but conserved with the use of tumour pieces. However, it should
be highlighted behaviour may be affected by confinement by other
components within a tumour matrix, compared to spheroids of one cell type.
Thus, direct comparison to GSC and NP spheroids behaviour is of less value,
but here they act as controls for infiltrative versus non-infiltrative behaviour.
Therefore, treatment response comparison is of more value when
considering plus/minus treatment on tumour pieces from the same patient.
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The use of patient samples in a tissue-assembloid assay may not only
be a way to test response to treatment but also allow observations of tumour
behaviour. It would allow us to observe cells leaving tumour bulk, potentially
across the hCO ‘brain’, as occurs within patients. This is currently only
observed in xenograft models, with invasion into a murine microenvironment
[421]. Here the tissue-assembloid assay would allow observation of this
phenomenon in a microenvironment closer to a patient. Tissue pieces could
even be adopted in a complex-assembloid assay allowing observation of
invasion behaviour in an even more physiologically relevant system.

The use of patient samples within the assembloid assay may not only
be a way to test response to treatment, but also model the way in which cells
leave the tumour bulk to invade throughout the brain in patients, currently a
phenomenon only able to be

It should be highlighted this tissue-assembloid assay has only been
performed using one patient sample and therefore would need to be repeated
to ensure most patient tumour samples would be suitable for use.
Additionally, although we attempted to select tissue pieces of similar sizes to
each other, and to GSC/NP 1000 cell number spheroids this was only done
so by eye. Therefore, for further experimental runs a more accurate method
of size selection should be used. Initially sieves may be used to dissociate
tissue to similar size and shape pieces, and then selected for based on
calculated area.

The successful infiltration, with exhibition of detectable invasive
behaviour, indicates the suitable use of freshly resected tumour pieces in a
tissue-assembloid assay. Tissue pieces could therefore be adopted into the
clinical treatment-assembloid assay. Within 3 days post patient surgical
resection GBM-tissue assembloid would be available for TMZ and radiation
treatments. This allows sufficient time for the response of the GBM
component of assembloids to treatment to be ascertained within the two week
clinical decision window. Power calculations using Z' principles would
indicate the number of assembloids required to accurately determine
response to treatment. This would allow assembloid treatment responses to
be taken into account when deciding patient personalised treatment plans.
This may result in the indication that treatment would not provide any benefit
to the patient, therefore sparing debilitating side effects during most likely the
last few months of life.
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The use of a clinical treatment-assembloid assay may not only test
current standard TMZ and radiotherapy treatments but is flexible to
incorporate additional treatments that may become standard clinical practice
in the future. Additionally, while determining assembloid response to the
current treatments, the clinical treatment-assembloid assay may also be
employed to determine eligibility for enrolment to clinical trials. This would
indicate whether newer clinical trial treatments would provide any benefit to
individual patients, with an additional safety testing step before patient
exposure.

Here we propose to expose tissue-hCO assembloids, following
infiltration, to standard treatment. This therefore extends the assay readouts
to post 48 hours which is currently performed. As a result, a long term
labelling dye would need to be used to ensure cells can be observed
throughout the extended assay. We would want to ensure loss of signal be
due to treatment induced cell death rather than efflux from still healthy cells.

We also need to be aware of the potential limitations of using resected
tumour samples. Due to cellular intratumoural heterogeneity samples of
tumour from different sites of the same resected piece may behave slightly
differently [79, 80]. As a result, an increase in the number of tested
assembloids would need to be increased from what was initially used in the
tested tissue-assembloid assay above (Fig 1.7). This would ensure accurate
indication of overall tumour response to treatments, irrespective of sampling
region.

It also needs to be considered that the cells studied are from tumour
bulk that is accessible enough to be removed from the brain. They therefore
may not fully represent the cells which are inaccessible due to infiltration and
intermingling within the normal brain, which inevitably cause the tumour
recurrence. Previous efforts to indicate patient response based on
patient-wide stratification however has been unsuccessful due to such high
levels of patient intratumoural heterogeneity [55, 79, 83]. Here however, we
propose the use of a personalised treatment response indication, through a
tissue clinical treatment-assay, however, would be more likely to accurately
predict an individual's treatment response.
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Figure 1.11 Two week clinical timeline for treatment plan following
surgical resection of suspected GBM. The timeline of a clinical treatment-
assembloid assay is suitable to be performed and provide personalised
treatment recommendations within the two week clinical decision window.
Created with BioRender.com

Here we have described the development of a system whereby the
invasion of human GBM cells can be observed and detected within hCOs,
termed the assembloid assay. In its simplest form the assay is able to detect
differences in invasion between different GBM models, and able to
differentiate invasive malignant GSC cells invasion compared to non-invasive
non-malignant NP cells.

As described within this chapter, the assay is amenable to various
developments allowing varying applications (Fig 1.10). The assembloid
assay can be utilised to interrogate GBM biology with the investigation of
factors influencing invasive behaviour, as well as provide a platform for
clinical application with the resting of response to novel or standard clinical
treatments. Although some of the developments of the assay, including
ageing of hCOs or increase hCO complexity through the addition of various
cellular compartments allows the study of invasion within a more
physiologically relevant system, this will have an impact on throughput.
Therefore, depending on the aspect being investigated the complexity versus
throughput will have to be balanced. However, the development of the
assembloid assay provides a system which through further understanding of
GBM will allow a testing platform to support the clinical management of the
disease.
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Chapter 2
Novel cell population isolated from GBM tumour specimens

using alternative Wnt based conditions
2.1 Results

2.1.1 NMP marker Brachyury (T) was absent in GBM cell lines and

tissue sections

The presence of non-neuronal compartments within GBM, often
subclassified as GS, indicate a highly aggressive form of tumour associated
with a poor prognosis [75]. Both neural and sarcomatous compartments
identified within these tumours can carry identical genetic abrogations
suggesting a monoclonal cell of origin [66, 67, 71, 422, 423]. Chordomas,
another CNS tumour, are also characterised by highly aggressive stemness
which are attributed to amplified expression of T [351, 358, 359] and exhibit
evidence of neuroepithelial and mesodermal cell types [424, 425]. We
hypothesized that a bipotent NMP is giving rise to neural and non-neural cell
lineages in brain tumours. NMPs are present in early embryonic
development, contributing to both neural and mesodermal lineages such as
posterior neuronal tracts and skeletal muscle of the paraxial mesoderm
[313, 314]. NMPs are characterised by co-localisation of the transcription
factors T and SOX2 [319]. To prospectively identify an NMP-like brain tumour
stem cell population, we first investigated whether T expression in NMP-like
cells is associated with aggressiveness in a subset of GBMs.

It has been previously found that T was detectable in 4% of GBM
TCGA patient tissues as well as in a small number of patient-derived GBM
cell lines [359, 426]. Accordingly, we investigated six GBM cell models
(previously established: GBM1, GBM4, GBM11, GBM13, GBM20 [142] and
newly established: SHFO01N), and the NP1 line as well as three patient
tumour specimens that were available as paraffin-embedded sections. T
immunopositivity was negative in our range of tested GBM lines (Fig 2.1A)
and in three GBM tissue specimens (Fig 2.1B).

Shah et al reported that elevated T expression was found in GBM lines
that were grown in 3D spheroid conditions as compared to matched lines in
adherent conditions [359]. However, utilizing qRT-PCR, we could not detect
T mRNA within any of our GSC cell lines in both adherent and spheroid
conditions (Fig 2.1C, left) The expression of the GSC marker NESTIN
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[107, 108] did increase by ~40% in a single control experiment in four
different GSC cell models (GBM1, GBM4, GBM20, SHFO01N) spheroid
conditions (Fig 2.1C, right), which was consistent with the study by Shah et
al [359].
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Figure 2.1 Brachyury is undetectable at the protein (T) and RNA level in
GBM. (A) Representative images showing T expression shown in control
differentiated NMP (dNMP), with lack of T expression in GBM1, GBM4,
GBM11, GBM13, GBM20, SHF001N, and NP1 cell models as well as tumour
sections from three GBM patients (B). Scale bar 400 pym. (C) mRNA
expression levels of T and NESTIN in the indicated GBM, NP1, dNMP and
ESC lines (H9). Data are the means of 3 biological replicates (T) or 3 technical
replicates (NESTIN) per line. NP1, H9 and dNMP were only screened in
adherent conditions.
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2.1.2 Isolation of glioma stem-like cells in NMP based conditions

As gNSC conditions may select for exclusively NSC-like populations
we sought to investigate whether alternative conditions could maintain other
cell identities present within the tumour. By utilising conditions based on
those used to derive NMPs in vitro, we hypothesised that Wnt activation,
through GSK-3B-inhibitor (CHIR99021, Fig A.3) along with bFGF signalling
would allow for the isolation and propagation of stem-like cells with bipotent
neuromesodermal differentiation capability from freshly resected GBM
tumours (Fig 2.2A). In parallel we also derived GSC lines using the classical
gNSC conditions based on EGF and FGF from the same tumour specimens,
throughout this chapter GSC lines derived in gNSC conditions are referred to
as gNSC lines. Cells derived in CHIR99021 NMP conditions are named
ending in -C, cells derived in Wnt3a NMP conditions are named ending in -
W, with cells derived in gNSC conditions named ending in -N.

We observed morphological differences of primary tumour cells from
the same specimen in NMP_CHIR99021 compared to gNSC -culture
conditions. NMP_CHIR99021-cultured cells showed a flatter cell body and
larger cell body area (Fig 2.1B). However, while dissociated tumour tissue of
patient ‘SHF001’ quickly expanded in gNSC medium, there was little
observed growth of SHF001C cells in NMP_CHIR99021 conditions. Cellular
confluency analysis of SHF001C cells was carried out after seven weeks by
time lapse microscopy and assessed during a 96-hour observation period.
SHF001C cells did not proliferate (Fig 2.1C).
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Figure 2.2 Isolation of GSCs in NMP_CHIR99021 conditions. (A)
Schematic overview for the isolation of glioma stem cells and establishment
of patient derived cell lines in gNSC and NMP conditions. (B) Isolation of
phenotypically different cells from one tumour sample using gNSC and
NMP_CHIR99021 conditions shown at seven weeks post isolation. Scale bar
400 ym. (C) Data are mean confluency (%) changes (+ SD) of SHF001C,
observed over a 96 hours period. Each dot represents the average of 3
technical replicates.

2.1.3 Wnt signalling activation by Wnt3A addition is sufficient to
establish patient-derived glioma cell lines in NMP culture

conditions

We hypothesized that establishing a patient-derived glioma stem
cell-like line with neuromesodermal characteristics may require stimulation of
Whnt signalling without the use of CHIR99021, as it not only inhibits GSK3f3
but also CDK2-Cyclin A, which has been shown to be required for cell cycle
progression [427]. In contrast, cellular stimulation by Wnt3a has been
previously shown to specifically promote T expression [428—430], leading to
paraxial mesoderm formation [431, 432]. In mouse and zebrafish embryos,
loss of the Wnt3a ligand results in formation of ectopic neural tissue and loss
of posterior mesodermal structures [433—435], indicating its importance in the
regulation of T expression and subsequent mesoderm formation.
Additionally, Wnt3a has been shown to be upregulated in GBM patients
[436, 437], indicating a contribution to the aberrant Wnt signalling niche that
has been implicated in maintaining GSCs within tumours [149]. Thus, we
investigated replacement of CHIR99021 with Wnt3a ligand.

From the tumour sample SHF003, cells were successfully isolated with
observed proliferation and growth in both NMP_Wnt3a (SHFO03W) and
gNSC (SHFOO03N) conditions and therefore Wnt3a was continually adopted
in NMP conditions for subsequent isolations. In total we successfully derived
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matched lines from nine specimens, five high grade tumours (SHFO003,
SHF005, BM002, BM004, BM005) and three low grade tumours (BM0O3,
BMO0OO7 and BMOO0S8) in both NMP_Wnt3a (-W) and gNSC (-N) conditions
(Fig 2.3A).

As seen previously in the NMP_CHIR99021 SHF001C cells, flatter
and increased area cell bodies were observed in all nine NMP_Wnt3a derived
lines compared to gNSC lines exemplified with lines derived from BMO0O05,
BMOO7 and BM0O9 tumour specimens (Fig 2.3B).

During the isolation of cells from SHF003, SHF005, BM002, BM0O3,
BMO004 tumour specimens, an increase in proliferation was observed in
NMP_Wnt3a conditions compared to gNSC conditions irrespective of high- or
low- grading of tumours. As a result, we quantified cell proliferation from the
day of isolation of subsequent BM005, BM007, BM008, BM009 tumour
specimens in both NMP_Wnt3a and gNSC conditions. Due to extensive cell
debris during initial stages of cell isolation, the automation of cell confluency
counts was not possible. Therefore, individual adherent cells were counted
manually in fifteen fields from one day post tumour dissociation and cultured
until one of the matched lines required passaging. In all cases there were a
higher number of NMP_Wnt3a derived cells compared to gNSC cells
(Fig 2.3C) indicating higher proliferation rates. Higher cell proliferation of
NMP-Wnt3a cells was also irrespective of tumour grade. and the cause of
measurements ending due to requiring passaging before gNSC cells.

Two of the matched lines were assessed for RNA expression of NMP
markers, T and TBX6. However, although all lines exhibited expression of
gNSC marker SOX2, there was no detectable expression of the tested NMP
markers (Fig 2.3D).
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Figure 2.3 Successful isolation of patient derived lines by Wnt3a ligand
addition to NMP media. (A) Table shows nine gNSC and NMP_Wnt3a
matched lines successfully isolated from both low and high grade tumours.
Where -N indicates gNSC conditions and -W indicates NMP_Wnt3a
conditions. (B) Representative images showing matched patient samples
successfully derived in both gNSC and NMP_Wnt3a conditions. (C) Mean of
cell numbers within 15 imaging fields assessing adhered cell numbers of
matched gNSC- and NMP_Wnt3a-cultured primary cells following isolation
from tumours. P-values are based on paired Student’s t-tests and shown as
*(<0.05), **(<0.005), ***(<0.0005), and ****(<0.0001). (D) Expression level of
NMP markers in matched gNSC and NMP_Wnt3a GBM lines against PSC
and dNMP.

2.1.4 An NMP signature is present in cells derived in NMP_Wnt3a

conditions

Failure to detect characteristic NMP markers by staining and
gRT-PCR led us to perform bulk RNA sequencing to determine whether
NMP_Wnt3a derived cells displayed a non-conventional NMP signature. We
performed mRNA sequencing on three matched gNSC and NMP_Wnt3a
lines, from two high grade and one low grade glioma.

We used bulk mRNA sequencing to obtain the transcriptome of
primary cells from the aforementioned BMO005, BMO007 and BMO009
specimens comparing NMP_Wnt3a with gNSC conditions and a total of
17,797 mRNA transcripts were detected. Euclidean distance heat map and
principle components analysis of this data indicated that NMP_Wnt3a
conditions do not drastically alter the transcriptional landscape of
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NMP_Wnt3a compared to gNSC cultured cells. The major transcriptional
differences between samples resulted in separation with respect to tumour
origin, which was expected due to intertumoural heterogeneity between
patients (Fig 2.4A).

We then analysed differentially expressed genes across NMP_Wnt3a
and gNSC conditions to determine which genes and pathways had altered
expression between media conditions. Significant genes were determined
using a cut off of a -log10 p-value of >2, which resulted in 477 differentially
expressed genes in NMP_Wnt3a conditions compared to gNSC samples
(Fig 2.4B).
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Figure 2.4 mRNA sequencing of 3 matched NMP_Wnt3a vs gNSC GBM
lines. (A) Sample distances by heatmap (left) and principal components
analysis (PCA) (right). (B) Volcano plot comparing transcriptional RNA-seq
profiles of NMP_Wnt3a vs gNSC samples, with genes passing a -log10
p-value threshold of <0.01 indicated by red colour.

To detect an NMP signature within NMP_Wnt3a cultured BMO0O5W,
BMOO7W and BMOO9W cells, we compared genes that were differentially
expressed between NMP_Wnt3a vs gNSC conditions with a previously
identified in vitro ANMP gene set [438]. This revealed 145 shared genes, of
which 101 genes were upregulated and 44 genes were down regulated in
both datasets NMP_Wnt3a and dNMP datasets (Fig 2.5A).

The resulting 101 upregulated overlapping genes were combined as
an upregulated_glioma_NMP signature and investigated for it's prognostic
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value in survival analysis. The upregulated_glioma_NMP signature was
determined to be significantly associated with poor outcomes in a combined
GBM and LGG dataset (Fig A.3B). Within GBM the signature was shown to
be significantly associated with lower overall survival but not progression free
survival (Fig 2.5B). Within LGG, specifically the astrocytoma subgroup, the
upregulated_glioma_NMP signature was also shown to be significantly
associated with lower overall and progression free survival (Fig 2.5B).
However, the signature was shown not to be predictive of survival in the
oligodendroglioma subtype of LGGs (Fig A.3B).
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Figure 2.5 NMP signature in GBM and LGG shows poor prognosis.
(A) Venn diagram comparing the number of up- and downregulated genes in
dNMP vs ESC dataset with NMP_Wnt3a vs gNSC dataset. Top 10 most up-
and downregulated genes shown for overlap genes in the NMP_Wnt3a
dataset. (B) Overall and progression free survival for upregulated overlap
genes in TCGA_GBM and TCGA_LGG_Astrocytoma datasets.

2.1.5 Cells derived in NMP_Wnt3a conditions are characterized by
transcriptional upregulation of the EMT pathway
We next used GSEA to interrogate the characteristics of NMP_Wnt3a

compared with gNSC-cultured populations. Unsupervised enrichment found
the EMT pathway was significantly enriched in the NMP_Wnt3a glioma cell
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populations (Fig 2.6A). We further interrogated which members of the EMT
pathway were attributed to this enrichment (Fig 2.6B). We found that
members of the collagen family were significantly upregulated. Microfibril
associated protein 5 (MFAP5) was the most significantly upregulated
transcript within the EMT pathway network (Fig 2.6B) as well as in the initial
NMP_Wnt3a vs gNSC differential gene expression (Fig 2.4B) indicating a
large contribution to the transcriptional profile of NMP_Wnt3a cells. To
determine if high expression of MFAPS is prognostic within GBM and LGG,
survival analysis using Cancer Genome Atlas (TCGA) and Chinese Cancer
Genome Atlas (CCGA) datasets was conducted using GlioVis [374]. In both
TCGA and CCGA data sets high expression of MFAP5 was shown to be
significantly associated with poorer overall survival (Fig 2.6C).
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Figure 2.6 GSEA reveals upregulation of EMT pathway. (A) Ridgeplot (left)
and dotplot (right) distribution pathway enrichment of NMP_Wnt3a vs gNSC
samples, as determined by GSEA. (B) Entire EMT pathway protein interaction
network (left) and members with log10 p-value significance above 2 (right).
Colour indicates up- or down-regulation in NMP_Wnt3a vs gNSC samples and
size indicates log10 p-value. (C) Kaplan Meier indicating survival in
TCGA_GBM_LGG (left) and CCGA_GBM_LGG (right) datasets. Data

interrogated and visualised using [374].
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2.2 Discussion

GBM is a highly aggressive disease due to difficulties in effectively
treating tumours as a result of high levels of invasion and high level of cellular
heterogeneity [55, 60, 79, 83]. Currently, for the in vivo modelling of GBM,
GSC subpopulations, [93], are isolated from GBM tumours using EGF and
FGF conditions as previously determined for normal NSC culture [102].
These conditions have been widely adopted in the glioma research
community and have been shown to isolate and maintain NSC-like GSCs
(gNSCs) from resected tumour specimens [102, 173, 174]. These resulting
cultures exhibit different cell morphologies indicating a representation of
some of the parental tumour’s heterogeneity, as well as retain some
histopathological features of human GBM tumours in murine xenograft
models [102]. However, many other cellular subpopulations are lost when
establishing gNSC lines through NSC-like selection via gNSC conditions.
Although establishment of these models have allowed modelling and studies
investigating the contribution of this particular gNSC fraction of cells within
GBM tumour biology, the contribution and effects other subpopulations have
not yet been fully modelled or considered.

Evidence of multilineage compartments within the same GBM tumour
indicates both neural and mesodermal lineage cells have arisen from a
monoclonal cell [66, 67, 71, 422, 423]. The presence of non-neuronal
compartments within GBM indicate a highly aggressive tumour due to a
poorer prognosis of ~9 months compared to the 12-15 months prognosis of
more classical GBM [75].

Individual cells with populations of embryonic development NMPs give
rise to neural and mesodermal cell types [313, 314]. We therefore
hypothesised a NMP-like population within GBM sustains the presence of
multilineage compartments and contributes to the aggressiveness, through
increased invasive potential, of resulting tumours. Thus, we endeavoured to
identify a novel NMP-like stem cell population within GBM. Specifically, this
work focused on:

1. Isolation of an alternative stem cell population from GBM tumours

2. Isolation of glioma cells with an NMP signature independent of
Brachyury

3. Upregulation of EMT pathway in novelly isolated GSCs
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2.2.1 Isolation of an alternative stem cell population from GBM

tumours

Previously determined conditions known to derive NMP populations in
vitro [320, 360-365], based on FGF and Wnt activation, were adopted when
isolating cell populations from resected GBM tumour specimens. As
previously discussed, the use of appropriate controls in GBM research is
imperative. Here the comparison of cell lines derived from the same tumour
in both gNSC and NMP conditions indicates the effect of isolating cells in
differing media, independent from the effects of different genetic or
transcriptional profiles between patients (Fig 2.2A).

During the isolation of cells from the first patient specimen, the
NMP_CHIR99021 medium used achieved Wnt activation via addition of
GSK-3p inhibitor CHIR99021, as is done so in dNMP in vitro culturing [319].
Isolated cells were observed to have distinct morphologies with gNSC
SHFO01N cells exhibiting smaller, spindle-like cell bodies and
NMP_CHIR99021 SHF001C cells flatter, larger cell bodies (Fig 2.2B). Such
differences in morphology between mesenchymal and neural cells is
commonly observed [439, 440], suggesting an alternative cell population had
been isolated from the same tumour, indicating a more mesenchymal
phenotype.

However, following seven weeks of culture SHFO001C
NMP_CHIR99021 media based cells did not exhibit evidence of growth, while
the gNSC SHFOO01N cell underwent several passages. Subsequent
confluency analysis showed SHF001C were not proliferating (Fig 2.2C), and
eventually underwent cell death. We speculate the growth arrest observed in
the SHFO001C line may be due to the use of CHIR99021 as Wnt activator via
GSK-3p inhibition. Despite its effective use in NMP in vitro derivation, in a
kinase profiling inhibitor database CHIR99021 was found, at a concentration
of 10 uM, to also inhibit PKCa, CDK-Cyclin A and MELK (Fig A.2), although
a lower concentration of 3 yM was adopted in our NMP_CHIR99021
conditions. However, the sustained exposure to CHIR99021 may have
affected the ability of SHF001C cells to enter the cell cycle and subsequently
impaired division and growth. This may be due to the decreased activity of
PKCa, CDK-Cyclin A and MELK which all have roles in cell cycle progression
[441-443]. Additionally, derivation of NMPs in vitro requires exposure to
CHIR99021 for only a period of 3 days and therefore any impact on cellular
proliferation is unlikely to be detected or affect cell health. As a result, it was
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determined that Wnt activation via CHIR99021 GSK-3[ inhibition was
inapplicable for the isolation and long term culture of GSCs.

We then had to activate the Wnt pathway in an alternative way in the
NMP conditions. Due to the implication of Wnt3a in activating Wnt signalling
in developmental NMPs, specifically controlling paraxial formation through
the promotion of T [428-432], we therefore adopted Wnt3a within our NMP
glioma cell cultures. We successfully derived matched lines in gNSC and
NMP_Wnt3a conditions from nine tumour specimens (Fig 2.3A). We
observed similar morphological differences as previously seen with gNSC
and NMP_CHIR99021 conditions (Fig 2.2B, 2.3B), strengthening the
suggestion of FGF and Wnt activating conditions successfully isolating an
alternative, more mesenchymal, cell population from tumours. The use of
Wnt3a in the NMP cultures allowed the long term propagation of derived
lines, indicating that stunted cell growth in SHF001C was due to the use of
CHIR99021, rather than Wnt activation being unable to sustain glioma cells.
In fact, the addition of Wnt3a to culture resulted in increased proliferation of
cells in NMP_Wnt3a conditions compared to gNSC conditions from isolation
(Fig 2.3C). This may indicate NMP_Wnt3a cells may represent an alternative
cell fraction that is contributing to the aggressiveness of tumours perhaps
fuelling tumour growth.

Culturing glioma cells in NMP_Wnt3a highlighted the efficiency of
isolating and sustaining cells not only from high grade tumours, but also three
low grade lines. LGG cells are difficult to grow in vitro [444—446], and despite
the increased risk of drift from parental tumours with serum cultures [102],
LGG cells are routinely isolated and sustained using NP conditions [142, 174,
307]. However, here we have shown the successful isolation and derivation
of LGG lines using NMP_Wnt3a serum free conditions, indicating a new tool
for use in LGG studies. Although the use of serum free conditions is shown
to reduce drift from parental tumour features in gNSC conditions, cultures of
both LGG and HGG NMP_Wnt3a would require subsequent transcriptional
and genetic landscape analysis to ensure genotype and phenotype is
preserved with long term propagation (Fig 2.7A).

Wnt3a has been previously implicated in tumour progression in GBM
[436, 447], with some studies investigating the effect of Wnt3a in GSC culture
[448]. However, although Rampazzo et al describes the effect of Wnt3a in
patient derived GSC cell culture as promoting neuronal differentiation, these
were performed under hypoxic conditions. Also, cells were exposed to Wnt3a
for short term treatment courses rather than routine culture [448].
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Additionally, the GSC cell lines used were isolated and maintained in gNSC
conditions before Wnt3a treatment. Therefore, this study described the effect
of Wnt3a on a gNSC isolated population and was not describing the use of
Wnt3a as optimum isolation conditions for an alternative glioma cell
population as we have described here. To our knowledge there are no studies
describing the use of Wnt3a within isolation and routine culture conditions of
cell populations from resected glioma tumour specimens.

The isolation and propagation of cells from glioma specimens using
gNSC conditions are known to isolate a stem cell population [185]. Although
NMP_Wnt3a conditions isolate self propagating populations, an important
feature of normal and cancer stem cells [124], the stem cell properties of
NMP_Wnt3a cells have yet to be explicitly demonstrated. Determination of
GSC’s stem cell potential requires characterisation of different stem cell
behaviour (Fig 2.7B) [167, 449]. NMP_Wnt3a cells will need to be tested for
their ability to form tumours upon intracranial injection into
immunocompromised mice, and whether resulting tumours show
pathological features of GBM tumours. Classical clonogenic assays will
demonstrate true self renewal properties of cells. Additionally, cells should be
tested for expression of classical GSC markers; such as SOX2 [105, 106],
NESTIN [107, 108], OLIG2 [109] and VIM [110]. Additionally, the stem cell
ability of the cells to differentiate will be tested using BMP4 treatment with an
increase in expression of differentiation marker GFAP [450]. This will
demonstrate whether the NMP_Wnt3a population is in the upper levels of the
stem cell hierarchy with the ability to produce more differentiated populations.

Additionally, to ascertain if there has been isolation of a novel and
separate stem cell population, potential plasticity of phenotype between
gNSC and NMP_Wnt3a cells should be investigated. Currently gNSC cells
are cultured on laminin coating and NMP_Wnt3a on vitronectin. It has been
well documented the effect of different concentrations and composition of
surface coatings on the morphology and behaviour of cells in vitro [451-454].
As a result, one concern may be that differing morphologies are simply as a
result of differentiating coating material. The resulting effect on cell
morphology, either maintenance of previously observed shape, or switch to
the alternative morphology, may indicate if this is a consequence of culturing
in particular media conditions or due to two distinct cell populations
(Fig 2.7C). Therefore, it would be imperative to indicate the effects of the
opposite coating on gNSC and NMP_Wnt3a populations.



105

We propose other stem cell fractions from GBM tumours cannot
survive in gNSC medium, based on optimum medium condition isolation. As
a result, a switch to the alternative medium may indicate whether gNSC and
NMP_Wnt3a populations are distinct based on whether they survive or not in
their non-optimum conditions (Fig 2.7C). Although, as glioma cells are known
to be highly plastic, with the ability to switch between cell states [83], changes
due to switching of medium conditions may allow the plasticity of GSCs to be
observed.

Finally, although isolation of matched gNSC and NMP_Wnt3a lines
from the same tumour specimen here has been demonstrated to be
successful from nine patients, the derivation of matched lines from additional
patients would ensure interpatient heterogeneity is represented using both
gNSC and NMP_Wnt3a models (Fig 2.7A). Subsequent analysis of
TCGA-subtype [55, 56] or NEFTEL-cell state [83] of parental tumours should
be ascertained which would indicate if they are preserved within cells in either
condition, or if NMP_Wnt3a cells represent a particular, separate subtype
identity. If so, this would provide a tool to allow in vitro modelling of
intratumoural heterogeneity. Although previously heterogeneity has been
captured in in vitro modelling through the clonal expansion of different
individual cells, these populations are maintained in gNSC based conditions
therefore and may represent heterogeneity within the same cell fraction [455].
Here selection of a novel cell population from a different cell fraction of GBM
tumours which could be used to interrogate the biology of intratumoural
heterogeneity or determine differential treatment response of different cell
fractions within the same tumour.
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Figure 2.7 Validation of NMP_Wnt3a as a novel stem cell subpopulation
within glioma. (A) Increased sampling will allow for inter-patient variation to
be represented in downstream characterisation of gNSC vs NMP_Wnt3a
lines. Genetic and phenotypic analysis should also be performed following
long-term culture to determine drift from originally isolated populations.
(B) GSC potential can be ascertained through the ability to form a xenograft
tumour with GBM pathologic characteristics, expression of stemness markers,
cologenic potential and increase in GFAP differentiation marker following
BMP4 treatment. (C) Plasticity of distinct cell populations will be determined
through morphological and survival analysis following switching of media or
coating conditions. Created with BioRender.com

2.2.2 Isolation of glioma cells with an NMP signature independent

of Brachyury

Due to our hypothesis that an NMP-like population may be driving an
aggressive phenotype, with increased invasion and growth, within GBM we
first determined if we could detect characteristic NMP markers within GSC
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patient-derived lines and patient specimens. NMP populations are
characterised by the co-expression of neural marker SOX2 and mesodermal
marker T [326], indicating its ability to give rise to both lineages. SOX2 is
already highly implicated as a stemness marker in glioma [456, 457], and
therefore could not be used as a marker to distinguish NMP populations from
other GSC subpopulations. As a result, the mesodermal marker T was used
as a marker of NMP-like identity within glioma. Additionally, the detection of
T would have also indicated its role as a driver of aggressiveness in GBM
tumours, similar to its implication in chordomas [351, 358, 359]. Its detection
in the brain would further implicate it as a malignancy driver due to the normal
absence of T post embryonic development, except within the testis and in
some thyroid tissues [326, 333, 334].

Despite the indication of T expression in 4% of GBM patients and in a
subset of GSC lines [359, 426], all our tested tumour specimens and gNSC
patient derived lines were negative for T expression at the transcriptional and
protein level (Fig 2.1). Despite lack of T expression detected across the six
screened lines, which represented different subtypes (Table i.3), a significant
increase in number of lines screened may be required to detect T expression.

Shah et al demonstrate spheroid culture was able to elevate the level
of T expression, compared to adherent culture [359]. However, Shah et al
demonstrated this elevation in a line which was already detected to have T
expression, therefore it is perhaps not unexpected to find we could not
replicate this finding as our lines which were found not to have baseline T
expression (Fig 2.1C). If we identified a line with T expression, we may have
been able to demonstrate elevated T expression, via spheroid culture, as we
were able to show the elevation of stemness marker NESTIN in spheroid
cultures compared to adherent culture (Fig 2.1C), as also demonstrated by
Shah et al.

It should be noted that the inability to detect T expression at the protein
or RNA level may be due to technical sensitivity. The immunopositive signal
for T in dNMP controls was relatively weak (Fig 2.1A). While the signal was
observably different to the tested lines, indicating negativity in those samples,
this may not have been a sensitive enough antibody to detect weak
expression. Additionally, at the time it was not possible to gain access to E8.5
mouse tissue samples which would have provided an additional suitable
tissue screening control for T expression in endogenous NMPs
[313, 314, 319]. Additionally, if a small number of cells were positive for T
expression this may have not been detected in immunostainings with the
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current antibody. Also, due to qRT-PCR transcriptional profiles being
conducted using bulk samples, which means it is unable to detect expression
at a low level or on an individual cell basis.

On the other hand, the inability to detect T expression in our gNSC
derived lines is perhaps to be expected. We hypothesize an NMP-like
population has not been selected for using gNSC isolation conditions and
represent another stem cell population within GBM tumours. As a result,
expression of NMP marker T is less likely to be detected within gNSC lines.
However, despite employing NMP conditions, which we hypothesised would
support the isolation of an NMP-like population from tumours, our
NMP_Wnt3a lines were also transcriptionally negative for T, as determined
by qRT-PCR (Fig 2.3D). Again, this may have been due to technical
sensitivity issues if T, as a transcription factor has a low expression, or is only
expressed within a few single cells, and could not be detected by gRT-PCR
methodology.

We therefore completed mRNA bulk sequencing to increase the
sensitivity in transcriptional profiling, comparing the identity of three matched
gNSC and NMP_Wnt3a lines. This corroborated the previous results with the
expression of T undetectable. However, lack of T expression does not mean
a non-NMP-like identity, as NMP populations have been shown to be
characterised independent of T [458]. This led us to compare our
NMP_Wnt3a dataset to a previously determined dNMP data set [438], which
revealed a less conventional NMP gene signature with overlapping 101 up-
and 44 down-regulated genes (Fig 2.5A). However, when you compare the
position of these genes with respect to most up- or down regulated
overlapping genes, the top 10 genes in the NMP_Wnt3a data set are not top
candidates in the dNMP dataset (Fig A.3A). This indicates that while an NMP
gene signature is present within NMP_Wnt3a cells, it is not the classical NMP
gene signature but a malignant glioma specific NMP signature. However,
there were detectable differences in the transcriptional profile of NMP_Wnt3a
and gNSC samples (Fig 2.4), further indicating the isolation of an alternative
stem cell population from the same glioma tumours.

Upregulation of the upregulated_glioma_NMP gene signature was
found to be predictive of poor prognosis in GBM overall-survival as well as
overall- and progression free-survival in LGG astrocytomas. Due to the
upreguated_glioma_NMP signature not being predictive of survival in LGG
oligodendrogliomas (Fig A.3B, right) this indicates its role in specifically
glioma biology and prognosis. By identifying patients with this
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upregulated_glioma_signature we could potentially provide a more accurate
prognosis, and perhaps treat accordingly with higher intensity treatment. The
identification of this signature not only provides a basis for patient
stratification, as well as providing new candidates for targeting cells
contributing to the aggressive, highly infiltrative phenotype of GBM tumours.

Although a glioma_NMP signature has been determined independent
of T, this does not eliminate the potential for T expression and contribution
within these populations and GBM tumours. If T, as a transcription factor, was
expressed at a low level, perhaps oscillating in a few individual cells, this is
unlikely to have been detected using these methods [459]. Deep single cell
sequencing of NMP_Wnt3a cells would be required to elucidate potential low
or single cell T expression therefore it may still have a role within aggressive
GBM tumour biology.

2.2.3 Upregulation of EMT pathway in novelly isolated GSCs

Pathway enrichment analysis indicated the upregulation of the EMT
pathway within NMP_Wnt3a cells (Fig 2.6A). This indicates that while the
classical NMP gene signature was not detected within NMP_Wnt3a cells,
they exhibit some of the phenotypic features of developmental NMP [460].
These developmental NMP populations exhibit EMT as they migrate from the
tail bud and mature to contribute to the developing paraxial mesoderm
[460, 461]. Cells in a variety of cancers often undergo EMT during the
metastasis process whereby cells dissociate from the primary tumour and
form a secondary tumour at a distant site [462]. These mechanisms are
thought to be adopted by GSCs as they disseminate from the tumour mass,
invading and migrating across the brain, and thus implicated as a highly
aggressive feature of GBMs [463—465].

Here, the upregulation of the EMT pathway within NMP_Wnt3a cells
implicates this subpopulation could contribute to highly aggressive phenotype
with cells more migratory. Being more invasive and highly motile increases
the dissemination of GSCs throughout the brain, reducing the chance of
maximal surgical resection as a larger proportion of unresectable cells remain
allowing the formation of recurrent tumours. Although not having the classical
NMP gene signature, adoption of its EMT characteristics implicates
NMP_Wnt3a cells as contributing to a highly aggressive phenotype, with the
prediction of poor prognosis with presence of upregulated_glioma_NMP
signature in patients.
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Although upregulation of the EMT pathway is detected
transcriptionally, functional validation will be required to assess EMT
behaviour phenotypically (Fig 2.8A). Scratch wound assays are typically used
to indicate migration behaviour as a surrogate for EMT potential
[210, 228-230, 466]. Detecting the time taken for cells to move and fill the
scratch would indicate whether NMP_Wnt3a cells have a higher migratory
phenotype compared to matched gNSC lines. The standard-assembloid
assay could be employed to detect differences in invasive potential of the
NMP_Wnt3a and gNSC populations.

On the other hand, if Wnt3a signalling is involved in sustaining a more
aggressive cellular phenotype, as Wnt is known to be upregulated within
GBM tumours [149], is this a potential extrinsic factor which affects the
invasive potential of cells. Following the development of an inducible Wnt
expressing PSC line, we could determine if Wnt expressing hCOs could
increase the EMT phenotype in GSC cells in a Wnt-assembloid assay
(Fig 2.8B). This may be through elevated Wnt stimulation increasing the
invasion potential of NMP_Wnt3a cells, or alternatively would extrinsic Wnt
stimulation cause an increase in invasion potential of gNSC populations.

Additionally, the assembloid assay could be developed to study the
effect of two invading compartments competing for invasion of one hCO. This
is henceforth referred to as a competing-assembloid assay (Fig 2.8B). Such
a competing-assembloid assay could indicate whether NMP_Wnt3a or gNSC
would preferentially invade, or if one does so quicker. If, or when, both
invading compartments invade a hCO it would also indicate whether both can
co-exist. Additionally, following on from the previous observation that
NMP_Wnt3a cells have increased proliferation compared to gNSC cells, we
may be able to detect whether this is conserved within assembloids.
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Figure 2.8 Assessment of EMT potential of NMP_Wnt3a and gNSC lines.
(A) Traditional 2D scratch wound assays would indicate whether there is an
increased migratory potential in NMP_Wnt3a cells compared to gNSC.
(B) Developments of the assembloid assay allow the baseline invasive
potential to be compared between NMP_Wnt3a and gNSC populations in the
standard assembloid assay. The ability of either population has the ability to
outcompeting the other, or able to co-exist within a single hCO in a
competing assembloid assay. On the other hand, the effect of extrinsic Wnt
on invasion can be determined using an inducible Wnt expression hCO and
observing resulting invasion behaviour of GSC compartments in a
Whnt-assembloid assay. Created with BioRender.com.

To further interrogate the enrichment of the EMT pathway in
NMP_Wnt3a cells, compared to gNSCs. We sought to determine which of
the EMT pathway members were specifically upregulated and contributing to
the pathway enrichment. MFAP5 was determined to be the most upregulated
member of the EMT pathway (Fig 2.6B). However, it was also found to be
one of the most significantly differentially expressed genes when comparing
the full transcriptional profile of NMP_Wnt3a cells versus gNSCs, indicating
a pivotal role in NMP_Wnt3a cells (Fig 2.4B).

MFAPS has known roles in elastic microfibril assembly and in
regulation of endothelial cell behaviour and survival [467-470]. It is
associated with increases in the EMT pathway with elevated migration and
invasion in various cancers, such as: breast [471, 472], cervical [473] and
head and neck squamous cell carcinoma [474]. Upregulation of MFAP5 has
also been shown to be an unfavourable prognostic marker in urothelial,
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stomach, ovarian and prostate cancer [475-477]. It's implication as a poor
prognostic marker in a variety of other cancers, thought to be as a
consequence of elevated EMT and cellular invasion potential, further
indicates a pivotal role of MFAP5 in NMP_Wnt3a cells. This indicates its
contribution to a highly elevated phenotype of these cells within glioma,
potentially resulting in poor prognosis with elevated expression in both GBM
and LGG (Fig 2.6C).

Although elevation of MFAP5, and as a consequence upregulated
EMT, has been indicated in NMP_Wnt3a cell transcriptionally we have yet to
demonstrate and validate this phenotype behaviour. By using the previously
described CRISPR-assembloid assay (Fig 1.10), following specific targeting
of MFAPS in either NMP_Wnt3a or gNSC, we could determine the influence
of MFAPS on invasive behaviour (Fig 2.9).

Due to MFAP5 being a secretory protein [472], levels could be
detected, through serial medium sampling, during the different phases of
invasion in a secretome-assembloid assay (Fig 1.10, 2.9). Previous reports
of MFAPS5 contribution to increased EMT and invasiveness is as a result of
secretion from cancer associated stroma [478]. However, here the evidence
of transcriptional upregulation within NMP_Wnt3a cells may indicate a self
propagating mechanism of increased invasive behaviour through intrinsic
derived paracrine signalling. Tracking secreted protein levels throughout the
secretome assembloid-assay would allow us to uncouple if there is a specific
stage of invasion MFAPS contributes to invasion specifically (Fig 2.9).
Additionally, if secretion is specific to NMP_Wnt3a cells we would be able to
test whether the addition of medium from NMP_Wnt3a assembloids to the
early stages of gNSC cell invasion in a different assembloid assay. This
transfer of secretome containing medium from one assembloid to another is
henceforth described as a secretome transfer-assembloid assay (Fig 2.9).
This may indicate if specific factors, perhaps including MFAPS5, from
NMP_Wnt3a could be influencing the invasive behaviour of other cell
populations within GBM tumours.

Additionally, by detecting levels between HGG and LGG NMP_Wnt3a
may indicate whether there is a difference in expression level associated with
aggressiveness of tumour grade. If LGG NMP_Wnt3a cells were indicated to
have lower expression, the addition of recombinant MFAP5 to assembloid
cultures could indicate whether this would increase the invasive behaviour of
LGG cells in a recombinant protein-assembloid assay (Fig 2.9). If so MFAPS
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may be implicated as a transforming factor as cells gain highly aggressive
and invasive features transitioning from an LGG to a HGG.

Evidence of secretory MFAPS influencing invasive behaviour would
suggest it as a therapeutic target, whereby quenching of its activity may
reduce promotion of invasion in GSCs. Immunotherapy blockade of MFAP5
has been previously shown to be effective in ovarian and pancreatic cancers,
enhancing the chemosensitivity of cells and suppressed in vivo growth of
tumours [479]. The effect of MFAPS targeting therapies could be tested in a
target focused drug screen-assembloid assay to indicate resulting effects on
invasive behaviour (Fig 2.9). This may also indicate if therapeutic attenuation
of MFAPS activity would affect only the NMP_Wnt3a population or whether it
would affect behaviour of other stem cell populations such as gNSC. If this
does result in demonstration of only the NMP_Wnt3a populations being
affected, then it further indicates that different cell fractions within GBM are
governed by different mechanisms. This therefore indicates why broad
spectrum or specifically gNSC targeting treatments have been ineffective due
to the multiple cell types being present within glioma [79, 83]. This further
highlights the potential need for multi-cell type targeting treatment regimens
clinically.

Such therapeutic intervention could be adopted in glioma patients
targeting the invasive behaviour of either NMP_Wnt3a alone or also other
MFAPS target cell populations potentially significantly reducing the
aggressive migratory phenotype of GSC populations. As high expression of
MFAPS is associated with poor prognosis in both GBM and LGG (Fig 2.6C),
and therefore activity attenuation, immunotherapeutically or using chemical
blockade, may improve patient overall survival outcomes.

Alternatively, due to the determined role of Wnt in sustaining these
alternative populations in vitro, therapeutic attenuation of Wnt signalling for
the treatment of GBM tumours should be further explored. Current there are
Whnt targeted drugs in GBM testing [149], as a result of Wnt niches being
implicated in sustaining GSC populations. Although there are only a few
being studied within GBM there are many more being investigated in other
tumour types such as colorectal, breast, lung and melanoma cancer [149],
therefore this provides a plethora of alternative targeting molecules and
antibodies to be tested in a GBM context.
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Figure 2.9 Adaptations to the assembloid assay to interrogate the role
of MFAPS in GSC invasion. Levels of secreted MFAP5 during the invasion
process will be detected through multi sampling of media in a
secretome-assembloid assay. To indicate whether secreted MFAPS5 from one
invading compartment could influence the invasive behaviour of another
invading compartment through the transfer of media from one assembloid well
to another assembloid well in a secretome transfer-assembloid assay. The
addition of recombinant MFAPS protein to assembloid medium would indicate
the influence of the protein on in the invading compartment in a recombinant
protein-assembloid assay. Effect of MFAPS targeting drugs on invasion
behaviour could be tested in a targeted drug screen-assembloid assay. The
effect of abrogated MFAP5 expression could be determined through targeted
CRISPR screen in invading cells followed by a CRISPR-assembloid assay.
Created with BioRender.com.

Here we demonstrate the isolation and propagation of an alternative
cellular population from GBM tumours using FGF and Wnt conditions based
on those used to derive dANMP in vitro. This alternative NMP_Wnt3a
population has not been detected to have a classical NMP transcriptional
profile. However, we believe these cells demonstrate aspects of an NMP
phenotype with more mesenchymal features than gNSCs, facilitating
increased migratory and invasive potential.

2.2.4 Further validation of NMP_Wnt3a cells as a novel GSC

subpopulation

Previously Wang et al has described the phenotype of GSCs to reside
along a single axis of variation between proneural and mesenchymal [480].
When considering the differential proneural (ASCL1, OLIG2) and
mesenchymal (CD44, OLIG2) genes used by Wang et al to differentiate the
two most opposing phenotypes. However, our NMP_Wnt3a population did
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not show significant up- or down-regulation of these markers compared to
matched gNSC cells. Therefore, they may reside at the apex of the axis with
plasticity to contribute to proneural and mesenchymal phenotypes,
demonstrating an NMP-like dual fate feature, or alternative may simply be a
population which resides along the axis, rather than at either polar ends.

Irrespective of where the phenotype of NMP_Wnt3a cells may sit
along this potential axis [480] we have demonstrated the successful isolation
of an alternative glioma subpopulation. These cells with differential
transcriptional profiles suggested an elevated invasive phenotype, to most
commonly studied gNSC populations. However, here profiling was only
performed on matched lines from 3 patients and overall only matched lines
from nine patients were obtained. Therefore, to ensure we are able to model
interpatient heterogeneity with both matched gNSC and NMP_Wnt3a lines
with an increased number of patients would be required for sampling
(Fig 2.10). High content screening of cellular morphology would ensure the
observed morphological differences observed are conserved across an
increased number of patient samples. Additionally, functional assays would
confirm whether NMP_Wnt3a cells maintain the elevated EMT phenotype,
further confirming an alternative highly migratory subpopulation. The
increase of patient specimens and matched lines would increase the sample
number for subsequent transcriptional profiling. This would allow further
validation of the current glioma_NMP signature as determined here (Fig 2.5),
or even refinement to a core signature network. This may provide more clear
candidates to take forward for therapeutic intervention or provide a further
refined prognostic signature. Additionally, if single cell sequencing was
performed, we may be able to determine if there is a hierarchy with this
subpopulation and perhaps the identity of a few T dependent single cells
which may be driving the identity and aggressive phenotype within
NMP_Wnt3a populations and glioma overall.

Validation of NMP_Wnt3a as a novel subpopulation, not yet studied or
targeted, highlights the difficulties in treating highly heterogeneous glioma.
However, the successful identification and characterisation of another GSC
fraction may lead to specific targeting of the previously unknown population,
reduction of invasive potential and a decrease in tumour aggressiveness,
increasing overall patient outcomes.
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Figure 2.10 Future validation of NMP_Wnt3a populations. Morphological
analysis detected through high content imaging will indicate if there are still
morphological distinctions between NMP_Wnt3a and gNSC populations.
Functional testing of elevated NMP_Wnt3a EMT potential, compared to gNSC
cells, will be tested through previously described adaptations of the
assembloid assay. Further sequencing of both populations will further validate
the glioma_NMP signature or refine to a core signature. EMT= epithelial to
mesenchymal transition. Created with BioRender.com.
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Chapter 3
Glioma stem cells form functional networks following
chemical inhibition of ROCK

3.1 Results

3.1.1 GBM GSCs are able to form ROCK inhibition (ROCKIi)

induced networks

The aggressive nature of GBM tumours have been attributed to the
invasive behaviour of GSCs. Previous in vivo studies describe long GBM TMs
with elongating cellular projections, at the invasive front of tumours and were
suggested to be a means of tumour dissemination [216].

Previously da Silva et al demonstrated cellular networks are induced,
with an increase in cellular projection length (CPL), in a number of GSC
models following pan-inhibition of ROCK1/2 using chemical Y-27632 at a
20uM concentration [224]. ROCK inhibitor induced (ROCK:i) cellular networks
showed a decrease in cellular motility with no effect on proliferation or
differentiation, and with phenotypic reversibility post ROCKi washout. ROCK:i
promoted ‘networking’ in patient derived models that led to cellular
cooperation through the spreading of a calcium wave following single cell
laser ablation. Networked cells also exhibited resistance to high levels of
radiation. Additionally, more lysosomes and mitochondria were found within
the CPLs of GBM1 cells compared to non-networked controls, suggestive of
an increase in organelle trafficking. Following these discoveries key
questions remained with regards to ROCKi GSC networks:

1. Were neurite extensions formed using existing neurofilaments?
2. Did Y-27632 successfully inhibit ROCK at the protein level?

3. Would activation of the RhoA pathway upstream of ROCK reverse the
network phenotype?

4. Would inhibition of ROCK in other neural cell types replicate the
cellular network phenotype?

5. How would the ROCKIi network phenotype compare to other network
inducer phenotypes?

6. Could trafficking of organelles in ROCKi networks be demonstrated?

We first sought to determine whether ROCKi-induced networks were
formed using existing neurofilaments by determining protein levels of
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cytoskeleton markers. Following 24 hours of ROCK:i (Y-27632, 20uM), GBM1
cells formed visible cellular networks (Fig 3.1A). These extended CPLs were
immunopositive for neural specific cytoskeletal markers TuJ1 [481] and
MAP2 [482] (Fig 3.1B) indicating an extension of neurofilaments in ROCKIi
networks. Level of TuJ1 and MAP2 protein was not altered throughout ROCKIi
network formation compared to the vehicle control, hence indicating a reuse
and redistribution of existing neurofilaments rather than de novo formation.
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Figure 3.1 ROCK inhibition induces a cellular network with an extension
of existing neurofilaments in GBM. (A) Representative phase contrast
images of GBM1 cells following treatment with Y-27632 (20uM) or vehicle
(H20). Scale bar 200uM. (B) Projections stain positive for Tud1 and MAP2 in
GBM1 cells treated with Y-27632 (20uM) or vehicle (H20). Scale bar 200 ym.
(C) Immunoblot (left) showing total protein levels of MAP2 and TuJ1 in GBM1
cells following indicated length of treatment with Y-27632 (20uM) or Vehicle
(H20) (left). Quantification (right) of expression levels of TudJ1 and MAP2
normalised to ($-actin. Data are mean (+ SD) of 3 biological repeats.
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3.1.2 Y-27632 inhibits RhoA pathway via ROCKi even in presence

of upstream activation

Da Silva et al previously demonstrated that inhibition of ROCK, via
Y-27632, mimicked the increase in CPL phenotype following MLC inhibition
[224]. However, an increase in CPL was not replicated via inhibition of LIMK
suggesting that Y-27632 induced network formation through inhibition of actin
depolymerase, via MLPT pathway arm (Fig 3.2A). We addressed the
question whether Y-27632 could sufficiently inhibit the kinase activity of
ROCK, even with upstream RhoA pathway activation.

Following stimulation of the RhoA/ROCK pathway by lysophosphatidic
acid (LPA) in GBM1 cells, activation of MYTP1 (phosphorylation at Thr853
[483]) was found to be reduced at 0.5 and 4 hours compared to control
(Fig 3.2B). RhoA pathway activation via LPA is known to cause neurite
retraction in neuronal cells [484]. However, despite upstream activation
Y-27632 is still able to induce network formation through the increase of CPL
via ROCKIi (Fig 3.2C).
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Figure 3.2 Y-27632 inhibits the ROCK pathway despite RhoA stimulation
upstream. (A) Effect of Y-27632 inhibition of ROCK, in the RhoA pathway, on
cell morphology. (B) Immunoblot (left) detecting phosphorylated and total
MYPT1 protein in LPA-stimulated (1uM, overnight) GBM1 cells followed by
Y-27632 (20uM) or vehicle (H20) treatments. Quantification (right) of
phosphorylated MYPT1 (p-MYPT) levels. (C) CPL values of GBM1 cells
pre-treated with Y-27632 (20uM) for 24 hours and subsequently for 8 hours
with vehicle (H20), or LPA (1uM), or LPA (1uM)/Y-27632 (20uM), or Y-27632
(20uM). Data are mean (+ SD) shown for biological repeats (dots). P-value is
based on two-sided t-test (B) or one-way ANOVA (C) shown as *(< 0.05),
**(<0.005), ***(<0.0005), and ****(<0.0001).

3.1.3 ROCK:i induces network formation in NP cells

As stimulation of the pathway via LPA exposure previously
demonstrated neurite retractions in neuronal cells [484], we investigated
whether inhibition of the pathway, via ROCK, would result in a similar induced
network phenotype as exhibited by GSCs.

Following 24 hours of exposure to Y-27632, NP1 cells formed visible
cellular networks (Fig 3.4A) with a significant (>1.8 fold) increase in CPL
compared to vehicle controls (Fig 3.4B). These cellular projections were also
immunopositive for Tud1 and MAP2 (Fig 3.4C), indicating a phenotype
mimicking that seen in GSCs. The functionality of NP induced networks
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remains to be elucidated, especially in relation to whether it is similar or works
in conjunction with GBM networks.
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Figure 3.3 ROCK inhibition induces cellular networks in patient derived
neural progenitors (NP). (A) Representative phase contrast images of NP1
cells following 24 hours treatment with Y-27632 (20uM) or vehicle (H20).
Scale bar 200 uM. (B) TuJ1 positive CPL values of NP1 cells treated for 24
hours with Y-27632 (20uM) or vehicle (H20). Data are mean (x SD) shown for
biological repeats (dots). P-value is based on unpaired t-test shown as
*(<0.05), **(<0.005), ***(<0.0005), and ****(<0.0001). (C) Projections stain
positive for TuJ1 and MAP2 in NP1 cells treated with Y-27632 (20uM) or
vehicle (H20). Scale bar 200uM.

3.1.4 ROCKi induced network phenotype was equal or additive
with dual treatment with other network inducers
Inhibition of ROCK is not the only methodology known to induce

cellular networks and therefore we investigated the phenotypic effect other
network inducers would have in conjunction with ROCK:i.
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Previously it has been shown Matrigel can promote tube formation in
cell lines [227]. Following 24 hours of culture within Matrigel droplets, GBM1
cells showed a further extension of CPLs with Y-27632 treatment (~1.8 fold)
compared to vehicle (Fig 3.4A). This demonstrated an additive effect of
Matrigel and Y-27632 dual treatment with an increase in GBM1 CPL
(~1.5 fold) compared to Y-27632 alone previously shown (Fig 2.3C).

Low concentrations of TGFB (10ng/ml) have also been previously
shown to induce network formation in GBM cells (Daubon et al unpublished
data). In normal coating conditions an increase in CPL was observed in both
GBM1 and NP1 cells, with a similar phenotype seen with dual Y-27632/TGF3
treatment as with Y-27632 alone (Fig 3.4B). However, in Matrigel coated
conditions control cells had similar CPL to dual Y-27632/TGFf treatment.
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Figure 3.4 In combination with other network inducers the ROCK
inhibition phenotype was equal or additive. Representative images (left) of
GBM1 cells following a 16-hour period in 3D Matrigel droplet with vehicle
(H20) or Y-27632 (20pM). Arrowheads depict neurite-like outgrowth. Scale
bar 20puM. CPL values (right) of vehicle and Y-27632 treatment. Data are
mean (£ SD) shown for biological replicates (dots). (B) Representative images
(left) with mean CPL values (right) of GBM1 and NP1 cells plated on Matrigel
and normal coating conditions (laminin and uncoated respectively), following
72 hours of treatment with vehicle (H20), or Y-27632 (20uM), or TGFB
(10ng/ml), or TGFB (10ng/ml)/Y-27632 (20pM). Mean (x SD) shown for 5
image fields per condition. P-values is based on unpaired t-test (A) or two-way
ANOVA and shown as *(< 0.05), **(<0.005), ***(<0.0005), and ****(<0.0001).
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3.1.5 Mitochondria intercellular transfer in ROCKi induced

networks

Following exposure to radiation da Silva et al showed that ROCKi
induced networks of GBM cells exhibited an increase in cell viability, less cell
damage with lower percentage of fragmented nuclei and an increase in
oxygen consumption rate when compared to control cells. This suggested the
network phenotype promoted radioresistance and therefore survival in GBM
cells through cellular cooperation [224]. Cells also showed an increase of
mitochondria in cellular projections, an observation also described in in vivo
GBM networked cells [216]. Previously it has been described the ability of
cellular uptake of healthy mitochondria can rescue mitochondrial respiration
defects in recipient cells [485]. Thus, we investigated whether the increase in
the number of mitochondria in cellular projections is an indication of
mitochondria transferring intracellularly and if transfer is cancer cell
dependent or if there is cooperation between other cell types.

ROCKIi networks have been shown to promote radioresistance and
therefore survival in GBM cells, as well as an increase of mitochondria in
cellular projections [486]. Evidence of mitochondria in cellular projections has
also been described in in vivo GBM networked cells [216]. As the ability of
cells with mitochondrial respiration defects to uptake healthy mitochondria,
by a means of intracellular transfer, has been previously described [485], we
investigated evidence for this within GBM1 ROCKIi induced networks.

We investigated mitochondrial transfer using a co-culture system with
MitoTrackerRed-labelled ‘donor’ cells and GFP-expressing ‘recipient’ cells.
Transfer of mitochondria from the ‘donor’ population would be indicated by
detection of MitoTrackerRed label within ‘recipient’” GFP population.

Following 24 hours of co-culture, detection of transferred mitochondria
in ‘recipient’ GFP-GBM1 from ‘donor’ GBM1 cells was significantly increased
(= 2-fold) in network cells compared to controls (Fig 3.A, B). We found this to
be density dependent, with physical connections within the network required
for direct transfer (Fig 3.A). We also observed the ability of mitochondrial
transfer from ‘donor’ NP1 cells to ‘recipient’ GFP-NP1 (Fig 3.4C) as well as
‘recipient’ GFP-GBM1 with fold changes of = 3.

The ability of transfer of mitochondria may indicate a mechanism by
which GBM promotes survival, by restoring mitochondrial function by
intercellular transfer from other GBM cells or from other healthy surrounding
cells.
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Figure 3.5 ROCK inhibition induced network phenotype promotes
cell-cell transfer of mitochondria. (A) Mean percentages assessing
MitoTracker-positive signal within GFP-expressing ‘recipient GBM1 cells
following 24 hours treatment with Y-27632 (20uM) or vehicle (H20), at the
indicated densities. (B) Confocal microscopy image of ‘donor’ (GBM1) and
‘recipient’ (GBM1 GFP-positive) cells after 24 hours of treatment with Y-27632
(20uM) or vehicle (H20). Mean percentages assessing MitoTracker-positive
signal from ‘donor’ NP1 cells within GFP-expressing ‘recipient’ NP1 (C) and
GBM1 (D) cells following 24 hours treatment with Y-27632 (20uM) or vehicle
(H20). (E) Fold change of percentage MitoTracker positive signal area within
recipient cells following treatment with Y-27632 (20uM) versus vehicle (H20).
Mean (+ SD) shown for biological repeats (dots), where p-value is shown as
*(< 0.05), **(<0.005), ***(<0.0005), and ****(<0.0001).
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3.2 Discussion

Extension of glioma cell neurites, forming cellular networks, are
proposed to promote radioresistance as well as be a form of tumour
dissemination. Previously da Silva et al described the in vitro formation
cellular networks with extension of cell projections, via inhibition of ROCK
[224].

Following these discoveries key questions remained with regards to ROCKi
GSC networks:

1. Were neurite extensions formed using existing neurofilaments?
2. Did Y-27632 successfully inhibit ROCK at the protein level?

3. Would activation of the RhoA pathway upstream of ROCK reverse the
network phenotype?

4. Would inhibition of ROCK in other neural cell types replicate the
cellular network phenotype?

5. How would the ROCKIi network phenotype compare to other network
inducer phenotypes?

6. Could trafficking of organelles in ROCKi networks be demonstrated?

3.2.1 Inhibition of ROCK pathway in GSCs induces a cellular

network phenotype through the extension of neurofilaments

The increase in CPL following ROCKIi was previously observed [224].
Here we were able to determine expression levels of neurite specific
cytoskeletal markers TuJ1 [481] and MAP2 [482] remained unaltered
(Fig 3.1B), indicating redistribution of cell body neurofilaments into the
elongating projections. Overexpression of some neurofilament components
have been implicated in disease with interruption axonal transport
functionality [487]. Therefore, redistribution of neurofilaments following
ROCKi ensures a GSC neurite network could be formed and remain
functional.

Gritsenko et al also demonstrated extension of GSC neurites following
Y-27632 inhibition of ROCK but in spheroid cultures [217]. This indicates
ROCKI networks, via Y-27632, are not specific to 2D cultures. Gritsenko et al
suggested that it was specifically inhibition of actin myosin contractility
inducing the increase in neurite length phenotype. However, da Silva, through
the use of inhibitors targeting different components of the RhoA pathway, and
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observing the resulting phenotypes, inferred the Y-27632 ROCKIi phenotype
was governed by inhibition actin depolymerase ((Fig 1.A of [224]), (Fig 3.2A).
Here we were able to demonstrate the decrease of MYPT1 activation with
use of Y-27632 after 30 minutes (Fig 3.2B). This indicates the ability of
Y-27632 inhibited ROCK to affect activation of proteins in that arm of the
RhoA pathway.

The Thr835 phosphorylation mark was selected due evidence of it
being more specifically following inhibition of ROCK than the Thr696 site,
which is also often used as a mark of activation [483, 488, 489]. However, we
were not able to demonstrate the sustained decrease in Thr853 activation
mark (Fig 3.2B). Evidence of MYPT1 activity returning slightly by 4 hours,
although still decreased compared to vehicle controls, may be due to
redundancy of the myosin phosphatase regulatory pathway [488, 490]. Many
kinases are described to phosphorylate MYPT1, including ROCK, ZIPK and
p21 [491], and therefore long term significant diminishment of MYPT1
phosphatase activity perhaps was not to be expected. However, the
sustainment of the ROCKIi network phenotype for up to 5 days, as well as a
similar phenotype observed following the use of inhibitors of other
components of this specific arm of the RhoA pathway ((Fig 4, 1.A of [224])
indicates downstream ROCK inhibition is sufficient via Y-27632.

The inhibition of ROCK via Y-27632 is also shown to be sufficient to
maintain a cellular network phenotype despite upstream RhoA activation.
LPA has been shown to activate the RhoA pathway, and cause neurite
retraction [484], however Y-27632 inhibition of ROCK maintained increased
neurite elongation (Fig 3.2). This demonstrates that Y-27632 is sufficient to
reduce levels of ROCK enough to decrease downstream signalling enough
to promote the network phenotype observed.

3.2.2 Cellular networks in other cell types and induced via other

mechanisms

3.2.2.1 Network phenotype is replicated in human NPs via Y-27632
inhibition of ROCK

It has previously been shown that NPs can organise into cellular
networks with other NPs which promotes cell proliferation [492], and as with
GBM networks [216]. It has also been previously demonstrated that Y-27632
is able to promote neurite growth in murine NPs in vitro [493], we sought to
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determine if our human NPs would replicate this finding. We observed that,
following Y-27632 treatment, our human NPs exhibited a cellular network
phenotype, similar to that observed in ROCKi GSCs, with increased CPL with
immunopositivity for neurite specific markers TuJ1 and MAP2 (Fig 3.3).

Although a similar ROCKi phenotype has been observed in NPs as
with GSCs funcional validation has yet to be performed. In depth analysis of
functional cellular cooperation within NP networks would be required to
determine if the specific cooperative functions of GSC networks are
maintained within NP networks. There is however suggestion of calcium
trafficking in previously described NP networks, indicating there may be some
similar functionality [492]. However, further investigation of whether this
cellular coordination, and calcium signalling conferred radioresistance would
need to be tested to determine if this is cancer specific coordination, or
common to neural cell types.

3.2.2.2 Alternative inducers of cellular networks

Matrigel has been previously shown to promote branching and the
organization of microvessels into a network during in vitro angiogenesis [494].
Such branching phenotypes have also been observed following the plating of
various tumour cells onto Matrigel matrix [495], as well as specifically in a
GBM cell line [227]. These branching phenotypes have been proposed as a
common mechanism of invasion between tumour and growth factor-activated
endothelial cells [494]. Here we showed although there was some evidence
of slight CPL increase in GSCs within Matrigel droplets, the presence of
Matrigel was unable to phenocopy the ROCKi networks (Fig 3.4A), indicating
separate mechanisms of network formation. However, the combination of
Matrigel and ROCK:i resulted in CPLs increasing above the normal ROCKIi
alone phenotype, indicating an additive effect. This may indicate how
extracellular matrix components within the brain may facilitate cellular
branching and networking. GSCs are known to remodel their extracellular
matrix microenvironment [194, 496], and this may indicate how this
remodelling helps provide a survival advantage through promotion of cellular
networking.

Alternatively, TGFB has been previously implicated in regulating
neurite outgrowths in neuronal [497], retinal [498], and more recently in GSCs
cells (group collaboration, unpublished data). Within our system, in our GBM1
model (Table i.3), in normal cell coating conditions, TGF@ was able to,
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although what seemed subtly, significantly increase CPLs of both GSCs and
NPs (Fig 3.4B). However, co-treatments of TGFB and Y-27632 did not
elevate CPL beyond those detected in Y-27632 conditions alone indicating
ROCKIi network mechanisms may dominate.

We also wanted to use Matrigel coating conditions as was done when
the TGF[ system was developed. On the other hand, in Matrigel conditions,
used for the initial effect of TGFB on neurite length (group collaboration,
unpublished data). While dual TGF and Y-27632 treatment resulted again
in the most pronounced CPLs, the effect of Y-27632 alone was lost and in
fact vehicle cells exhibited an elevated CPL, in both GSCs and NP cells. It
should be highlighted that this is only one repeat, with technical replicates,
and therefore further biological repeats would reveal the true effects of each
treatment condition on CPL length. Additionally, Matrigel is known to contain
many growth factors, one of which is TGFf, with only information regarding
an approximate range of concentration level provided. Therefore, the exact
total concentration of TGF[ cells were exposed to could not be determined.
To uncouple the effects of the desired concentration of TGFB from the
potential effects of additional unknown levels of TGFB within Matrigel, in
future the use of growth factor reduced Matrigel should be adopted.

Although TGFB has a longstanding implication in many aspects of
glioma biology [499], it has not yet been shown to promote cellular networks.
Although this is an in vitro system and may only provide a model system for
cellular networks, we are not commenting on whether this is a mechanism by
which networks are promoted in vivo.

3.2.3 ROCKi networks facilitate intercellular transfer of organelles

The evidence of increased mitochondria numbers within the
projections of GSCs, with increased migration speeds, is suggestive of the
transfer of mitochondria between cells [224]. However, this was not
previously tested or quantified. Here we developed a mitochondrial transfer
system and were able to show the transfer of MitoRed labelled mitochondria
from one cell population to another cell population (Fig 3.5B). We were able
to indicate that in addition to GSCs being able to transfer mitochondria
between themselves, they were able to accept mitochondria transferred from
NP cells (Fig 3.5A, C, E). This provides an insight into how GSCs may be
able to protect themselves from radiation induced damage, enlisting network
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coordination between GSC populations and perhaps between normal cells
within the brain for the transfer and acceptance of healthy mitochondria.

There is a plethora of evidence of mitochondrial transfer between
healthy to damaged cells, in compromised aerobic and trauma conditions,
protecting cells from apoptosis [485, 500-503]. Previously da Silva et al
demonstrated an increased oxygen consumption rate of ROCKi networked
GSCs with increased survival following radiation exposure [224]. Alongside
this and our evidence of transfer of mitochondria between GSCs and between
NPs, leads us to propose that mitochondrial transfer from healthy to radiation
damaged GSCs is providing protection from radiation induced cell death.

To try and observe if the radioprotective effects could be attributed to
mitochondrial transfer we wanted to test if blocking of mitochondrial
movement through increase of intracellular-free-Zn?* [504], would sensitise
the networks to radiation. However, using methodology described by
Malaiyandi et al, Zn?* perfusing conditions resulted in visible deterioration of
the GBM cells, with the appearance of stress fibres and cell rounding (data
not shown). This is consistent with other reports indicating elevated levels of
intracellular-Zn?* is cytotoxic to neurons [505]. As a result, we could not
determine if mitochondrial transfer was responsible for the radioprotective
effects of ROCKi networks using this methodology, but the evidence of
increased oxygen consumption following radiation in ROCKi GSC networks
suggests this may be a mechanism of radioprotection.

Here we have addressed key remaining questions regarding the
ROCKi modelling of cellular networks. The work shown significantly
supplemented the da Silva et al report [224] resulting in the revised da Silva
et al article [486].

3.2.4 Modelling cellular networks in glioma

Cellular networks have been implicated in radioresistance and an
invasive phenotype within GBM in vivo [216]. These direct cell to cell contacts
were proposed to be tumour microtubes (TMs), malignant forms of normally
occurring tunnelling nanotubes (TNTs) required for cell to cell communication
[506, 507]. TNTs are elongated cellular protrusions, first described in
Drosophila development [508], which facilitate long range intercellular
communication and play a role in the transport of organelles and proteins
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[509, 510], spreading of infectious particles [511], stem cell signalling [512]
and functional cell-cell coupling [513-515].

The presence and extension of TNTs in cancer are thought to be
induced by cellular stress to enhance cell survival. They have been observed
in response to reactive oxygen species [516-520], hypoxia [521],
chemotherapy [5622], UV irradiation [523] and serum deprivation [518].

GBM TNTs were first described in in vitro systems [524], and since
have been observed in vitro in human [525-528], mouse [529] and rat [517]
derived GBM cell lines. However, it wasn't until advances in in vivo
microscopy techniques facilitated the observation of TMs in glioma [216]. The
observation of TNTs in glioma up until now were focused on connections
between a small number of cells, whereas in vivo observations revealed a
widespread network of cells indicating multicellular functional coordination
not yet described. This has been corroborated with further in vivo studies
[220]. Such long and widespread connections between multiple cells were
henceforth termed TMs [216]. The existence of TMs has been specifically
attributed to higher grade astrocytomas, as they have not been detected
within oligodendroglioma [216]. This implicates the existence of TMs in the
facilitation of the growth, and a hallmark feature, of more specifically
aggressive, treatment resistant and highly infiltrative glioma tumours. Within
GBM there has been suggested to be the existence of two subtypes of TMs,
an interconnecting: facilitating treatment resistance, and an invasive: as a
mechanism of cell dissemination from a tumour mass [216, 220]. While TMs
of both subtypes have been shown to have similar physical features, such as
length, diameter and lifetime, they are thought to differ with the number of
connections to other cells. Invasive TMs are thought to connect with 1-2
connections per cell, whereas interconnecting TMs are observed to have 24
per cell, this further indicates the use of interconnecting TMs to facilitate
multicellular communication, whereas invasive TMs promote dissemination
[530]. However, it is expensive to observe networks in vivo, requiring
specialised equipment and difficult to mechanistically study.

As a result, this in vitro system using ROCK inhibition, via chemical
Y-27632 treatment, has been developed and shown to induce multicellular
networks in patient derived GSCs [217, 486]. The structures of classical TMs
have been shown to have a high actin content [516]. This indicated how
inhibition of ROCK, leading to the inhibition of actin depolymerase (Fig 3.2A),
results in extension of neurites into a cellular network phenotype in GSCs,
similar to TMs.
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Here we do not propose for ROCK inhibition to be the sole mechanism
for TM extension in vivo or that ROCKIi cellular projections directly represent
them. Previously gap junction connections between TMs have been shown
to be connexin 43 dependent [216], however previously ROCKIi network
connections were shown to be connexin 43 negative (data by Barbara da
Silva not shown). This indicates ROCK:i cellular connections are not simply
of a TM identity in vitro. Screening of the expression of additional connexins
may implicate the role of others governing cellular connections in ROCKIi
networks as many connexins are implicated in cancer [531]. However, our
observations do not suggest a gap junction between cellular connections and
instead fusion with a continuous connection between cells (data not shown).
However higher resolution microscopy including electron microscopy may
reveal gap junctions are present at cellular extension connections and just
have not yet been observed. Here instead we present the use of ROCK
inhibition for an easily accessible model system to understand the
functionality and mechanisms involved in GSC networks in vitro.

The 2D system has been shown to demonstrate similar functionality
as has been determined in in vivo networks [216]. As well as demonstrating
an interconnected network morphology, with extension of cellular projections,
cells exhibited a radioprotective phenotype with calcium wave propagation,
decreased fragmented nuclei, alongside increased cell viability and basal
oxygen consumption rate following high doses of radiation [486]. Additionally,
the increased number organelles within cellular projection, previously
described by Osswald et al [216], were also able to be demonstrated in
ROCKIi networks. We have also been able to further functionally investigate
this and demonstrate the ability of mitochondria to transfer directly from one
cell to another. It has been previously been shown that the transfer of
mitochondria between healthy and cells at risk of apoptosis following
exposure to radiation [523], our work indicates we have been able to
demonstrate a mitochondrial transfer mechanism by which networked GSCs
are able to be protected from the effects of radiation. Therefore, we propose
to have developed an in vitro system that accurately models not only the
functionality of networks observed in vivo, but also provides a system to
further understand GSC mechanisms of radioprotection.

The ROCKIi network system could be used to further investigate
mitochondrial dynamics in GSCs and uncover further mechanisms by which
they contribute to a radioprotective phenotype. Mitochondria dysfunction,
with dysregulated fission and fusion, is already implicated in GBM
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pathophysiology and specifically implicated in treatment resistance
[532-536]. Here the ROCKIi system could be used for more in depth
investigation of fission and fusion mitochondrial processes, and how these
may differ between interconnected versus unconnected cells. Additionally,
following the evidence of mitochondria transfer between NPs and GSCs
(Fig 3.5D), it would help uncover the process of normal to malignant cell
organelle transfer.

To further interrogate this, we could adapt the assembloid assay to
indicate how ROCKi GSCs interact with cells in a brain hCO
microenvironment. In previous hCO studies of GBM the existence of
microtubes have been detected [308, 393], which means it is possible study
the intercellular connections of GSCs with normal cells, as well as show the
dynamics of networks in 3D. Additionally we could detect transfer of
mitochondria from cells within the hCO, labelled with MitoRed mitochondrial
tracker to GSCs in an adapted assembloid assay termed an organelle
transfer-assembloid assay. (Fig 3.6B). Using high resolution imaging or FACs
analysis we could quantify the amount of transfer throughout the different
stages of invasion to understand how the dynamics may differ throughout the
invasion process.

Additionally, we could investigate how mitochondrial transfer from
normal hCO cells to GSC is affected following whole assembloid radiation.
This would model how the mechanism may act clinically when both the
normal brain and tumour of patients are exposed to radiation in whole brain
radiation regimes [537]. Additionally, single cell lasering could model the
effects of more targeted stereotactic radiation regimes to understand how
mitochondria transfer mediated radioprotection differs with targeted versus
whole brain radiation [538].

Using the ROCKIi system we will be able to further investigate the role
of mitochondria in GSC pathophysiology and its contribution to a
radioprotective phenotype. Targeting of mitochondrial components have also
been able to specifically target GBM cells for apoptosis [142], therefore
further understanding mitochondrial dynamics may reveal further therapeutic
targets.

Although due to it’s in the radioprotective phenotype of networked
GSCs we could detect the transfer of specifically mitochondria, but the
organelle transfer-assembloid assay could also be employed to detect
transfer of other organelles as the transfer of lysosomes has also been
previously implicated [224].
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The da Silva et al ROCKIi system has been shown to induce networks
in a panel of GSC models [486], representing different GBM TCGA-subtypes,
indicating this may be a GBM wide mechanism. Although the formation of the
network phenotype is morphologically observed in the other models, only
GBM1 was fully functionally characterised and therefore validation of network
functionality in the other models would be required to further indicate GBM
wide behaviour.

The da Silva et al study also demonstrated that when more cells were
involved in the network there was a decrease in cell movement [486]. This,
alongside the evidence of radioprotective properties attributed to multicellular
coordination, indicate 2D Y-27632 ROCKi networks represent an
interconnected phenotype. However, the use of Y-27632 in embedded GBM
spheroids indicated cells remain networked as they migrated from the
spheroid core [217], perhaps indicating an invasive network phenotype. This
indicates the ability of ROCKi to model the two phenotypes of cellular
networks. It is still not yet known if cells exhibiting one network phenotype are
able to switch to the other, but the ability of Y-27632 treatments to produce
both subtypes indicates the model is suitable to investigate mechanisms of
functionality in each subtype.

By using the standard-assembloid assay we could determine whether
spheroids of ROCKi networked GSCs exhibit an invasive advantage
compared to non-networked cells (Fig 3.6B). By establishing an
interconnected network phenotype in 2D and then maintaining exposure to
Y-27632 while networked spheroids are formed before placing within the
assembloid assay may indicate a switch to an invasive network phenotype.
Hence, we may be able to exemplify the ability of the same network
population to switch between the two phenotypes, perhaps influenced by
invasive cues. This would further implicate the microenvironment’s role in
GBM’s invasive behaviour.

Thus, the use of ROCKi networks in GBM allows for multicellular
interconnected networks to be modelled in vitro, allowing for further
interrogation of network formation and functional mechanisms of cellular
cooperation, in addition to perhaps uncovering new potential therapeutic
targets.



135

Image and/or FACs based
transfer quantification

[ organelle transfer- ]

Figure 3.6 Use of the assembloid assay to investigate ROCKi networks
in a 3D system. (A) An organelle transfer-assembloid assay would allow the
visualization of intracellular organelle transfer between cells within the hCO
and GSCs. Donor cell (red) mitochondria labelled with MitoRedTracker
showing transfer to recipient cell (green). Transfer could be determined by
either FACs or image based quantification. Investigation of organelle
dynamics could be determined though high resolution electron microscopy.
(B) The standard-assembloid assay could uncover invasive potential
differences between ROCKi networked cells and non-networked controls.
Created with BioRender.com.
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Conclusion

In the presented study we investigated different aspects of GBM
biology with a focus on phenotype plasticity of glioma stem cells (GSC),
specifically invasion, migration, transcriptional EMT upregulation and
formation of cellular networks through developing three glioma in vitro
approaches. These included the development of a human-human
assembloid system, developing alternative isolation conditions for GSC
populations and validation of the use of ROCK inhibitor treatments.

We further developed our previously established assembloid assay
using human pluripotent stem cell-derived cerebral organoids (hCOs). We
observed the spontaneous attachment, fusion of spheroids and patient
derived GSCs with hCOs, followed by infiltration of cells throughout the hCO.
We further investigated the ability of this assay to quantify the invasion
capability of several different GSC models. This allowed us to identify two
phases of GSC-assembloid invasion. An initial dynamic phase, whereby cells
intrinsic invasion behaviour affects the rate and invasion of spheroids into the
hCO allowing differences between cell models to be uncovered with
significant changes in invasion parameters. Followed by a more static phase,
whereby majority of spheroid invasion into the hCO has occurred with little
change in invasion parameters. This dynamic and highly infiltrative phase
followed by a static, more migratory phase was also demonstrated with the
use of freshly resected tumour specimens. This allowed us to investigate and
demonstrate the invasion and migratory potential of GSCs providing a system
to allow the furth study of spatiotemporal invasion mechanisms. However, the
assembloid assay also has the potential to be used drug testing for the
discovery of new effective drugs, as well as testing of routine clinical
treatments to personalise treatment plans for patients.

Via the use of alternative isolation conditions, based on Wnt signalling,
a previously unidentified cell population has been isolated from patient
samples. This cell fraction exhibits transcriptional upregulation of the EMT
pathway, perhaps representing a population which is preparing for invasion
into peripheral tissue showing the observed mesenchymal morphological
features (such as large and flat cell bodies). This can shed light on the
processes that cells are undergoing during tissue invasion, as well as how
these alternative cellular populations may differentially respond to treatment
compared to classically isolated GSCs.
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Physical cellular networking has been implicated as a means of
invasive GSCs dissemination. Here we have demonstrated that a 2D
chemically-inducible is able to recapitulate the cellular network phenotype
observed in vivo. We have been able to observe cells within these ROCK
inhibitor induced (ROCKIi) network are able to transfer mitochondria
intercellularly. We propose that this mechanism of intercellular mitochondrial
transfer may be, in part, responsible for the previously identified
radioprotective phenotype of connected cells. Although we have currently
shown this in a 2D system, we are yet to demonstrate this in 3D. However,
with the use of adapted assembloid assays we may be able to use the ROCKIi
system to uncover the plastic switch between invasive and interconnected
phenotypes within GBM, which are currently a barrier to effective
(DNA-damaging) treatment.

Following surgical resection, cells that have disseminated from the
tumour bulk remain within the margin zone. The invasion and migration of
these cell populations are thought to undergo transition to a more
mesenchymal phenotype to aid their dissemination as well as forming
communicating physical cellular co-operation networks. As a result, we
believe the development of the assembloid assay allows for the integration
of GSC phenotypes, with the upregulation of EMT and cellular networks as
cells invade and migrate, modelling the process by which cells disseminate
from tumour bulk within patients. By using a one model, integrative approach,
we will be able to more closely model the phenotypic plasticity cells are
undergoing within the margin zone. A better understanding of the behaviour
of cells within this zone will lead to new ways to target these populations in
the hope to reduce the likelihood of tumour recurrence, ultimately leading to
better outcomes for patients who are diagnosed with a fatal brain tumour.
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Appendix A

Cellari

B 48 Hour Assembloid
H9 mTeSR Early hCOs

GBM1

NP1

Figure A.1 Detection of invading spheroid behaviour within
assembloids. (A) Separation of invading GFP spheroids and hCOs using
manual segmentation training programmes llastik (left) and Cellari (right) was
not effective. (B) Deriving H9 hCOs using mTeSR during stage 1 with early
advancement to stage 2 results in improper differentiation with hCOs
exhibiting a small area and lack of optical brightening. At 48 hours resulting
assembloids do not show invasion of GBM or NP spheroids.

% Activity
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o

Figure A.2 Percentage of kinase activity following treatment with 10 yM
CHIR99021. Data obtained from:
http://www.kinase-screen.mrc.ac.uk/screening-compounds/341051
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A dNMP vs ESC
Gene Position|Log2FC|-Log10 Pval Description
Upregulated
DKK2 1 6.356 2.572 272 |[3.810| 28.102 dickkopf WNT signaling pathway inhibitor 2
LPARS 2 4.924 3.183 1201 [1.572 3.336 lysophosphatidic acid receptor 5
F13A1 3 4.736 3.114 834 |2.086| 16.403 coagulation factor XIIl A chain
CPA4 4 4.440 11.742 843 |2.066 2.681 carboxypeptidase A4
HAPLN1 5 4.337 4.198 275 |3.792| 35.207 hyaluronan and proteoglycan link protein 1
ALX4 6 4.071 4.482 215 [4.270| 10.211 ALX homeobox 4
IGFBP1 7 3.903 11.987 638 |2.463 3.381 insulin like growth factor binding protein 1
SEMA3C 8 3.779 5.161 274 13.797 | 65.703 semaphorin 3C
SPAG17 9 3.759 2.410 1186 |1.600 5.832 sperm associated antigen 17
Cllorf87 10 3.741 3.739 119 |5.260 | 26.406 chromosome 11 open reading frame 87
Downregulated
OPCML 10 |[-2.388 2.202 448 |-2.762| 24.566 |opioid binding protein/cell adhesion molecule like
SEZ6 9 -2.806 2.608 114 |-4.317( 30.493 seizure related 6 homolog
ATP1A3 8 -3.191 3.125 1678 [-1.089| 17.765 ATPase Na+/K+ transporting subunit alpha 3
BRINP1 7 -3.256 3.106 115 |-4.307| 105.804 BMP/retinoic acid inducible neural specific 1
PCDH1 6 -3.270 4,171 362 |-3.022| 28.419 protocadherin 1
VAV3 5 -3.312 2.671 1874 [-0.951| 11.642 vav guanine nucleotide exchange factor 3
PPP1R16B 4 -3.401 3.492 312 |-3.211]| 24.896 protein phosphatase 1 regulatory subunit 168
ADCYAP1R1 3 -3.433 3.768 1231 [-1.529]| 41.139 ADCYAP receptor type |
LINC01234 2 -3.445 2.011 1417 [-1.330| 9.529 long intergenic non-protein coding RNA 1234
STXBP5L 1 -3.592 2.848 1911 [-0.929| 12.010 syntaxin binding protein 5 like
B TCGA_GBM_LGG TCGA_LGG_Oligodendroglioma
OVERALL SURVIVAL PROGRESSION FREE OVERALL SURVIVAL PROGRESSION FREE
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Figure A.3 Prognosis of glioma_NMP signature. (A) Top 10 most up- and
downregulated genes in NMP_Wnt3a dataset, compared to position of genes
in dNMP dataset. (B) Overall and progression free survival for upregulated
overlap genes in TCGA_GBM_LGG and TCGA_LGG_Oligodendroglioma
datasets.
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