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Abstract

Infant high grade gliomas appear clinically distinct from their counterparts in older
children, indicating that histopathologic grading may not accurately reflect the
biology of these tumours. | have collected 241 cases under 4 years of age, and
carried out histological review, methylation profiling, custom DNA fusion panel
and whole genome/exome sequencing. After excluding tumours representing
other established biological entities or subgroups, | identified 130 cases to be part
of an intrinsic spectrum of disease specific to the infant population (~80% aged
<1 year), the majority of which represented a relatively new tumour currently
called ‘infantile hemispheric glioma’ (IHG). These tumours were found to be
enriched for the presence of targetable MAP-kinase alterations, with nearly two-
thirds of remaining cases harbouring gene fusions targeting ALK, NTRK1/2/3,
ROS1 and MET as their sole driving alterations. For the most part, these could
be identified by small intragenic DNA copy number variants detectable in the
methylation array data, and a review of publicly available methylation datasets
(n=5660, half paediatric) showed that gene fusions were also present in gliomas
outside of the infant population but at lower frequency. Novel NTRKZ2 fusions
were introduced into brain progenitor cells to explore their functional
consequences, and patient-derived cell cultures of infant glioma harbouring
various NTRK fusions were found to show differential efficacy for NTRK
inhibitors. | further describe multiple cases of fusion-positive patients treated
clinically with ALK or NTRK inhibitors who have responded to the drugs, even
after progressing on standard chemotherapies. | have additionally profiled a
series of cases for which longitudinal samples are available, exploring copy

number and mutational differences post-therapy. Overall, the intrinsic group of



infant glioma cases were found to have a significantly improved outcome
compared to cases classified as high grade gliomas, with a median overall
survival similar to those considered as low grade gliomas. These data strongly
supports that infant gliomas require a change in both their diagnostic practice and

management.



Statement of Impact

In March 2020, | was contacted by Health Education England (HEE) to ask if |
would suspend my research and return to clinical practice in response to the
COVID-19 pandemic. An finterruption to studies’ was implemented and my
research paused; | was re-deployed to the NHS Nightingale Hospital, London as
the Deputy Mortuary Manager until the 15" May 2020 at which time | returned to
the ICR and restarted my studies. The ICR laboratories remained closed and
after discussion with my supervisor Professor Chris Jones, it was decided that
my focus should be the composition of my thesis and so the following

experiments could not be completed.

NTRK modelling: As described in chapter 6, using CRISPR/Cas9 and cloning
techniques, | attempted to create NTRK fusion models using ETV6:NTRK3 and
KCTD16:NTRK2 fusions in mouse neural stem cells (MNSC) using a PB-CAG
plasmid, to explore the function of NTRK fusions in infant HGG. The mNSCs had
been electroporated, expanded, and sorted for GFP positivity using the
BeckmanCoulter MoFlo Astrios. At this point, the cultures were cryopreserved
due to impending lockdown measures. Further work would have included DNA
extraction and Sanger sequencing to confirm the successful integration of fusion
constructs, RNA sequencing to confirm expression, cell proliferation assays, drug
assays using Trk inhibitors with western blot analysis for pathway modulation,

and in vivo studies with intracranial injections to assess tumourigenicity.

CXJ-020 liquid biopsies and cfDNA samples: An infant witha KCTD16:NTRK2
positive HGG was being treated as part of a larotrectinib trial; blood samples were

taken from the patient at review. DNA was extracted and sent for cfDNA panel



sequencing at the CMP. We also planned to perform a ddPCR to detect the
KCTD16:NTRK2 fusion and monitor changes in response to treatment; this could

not be completed due to the pandemic.

CXJ-020 resistance study: This study aimed to identify resistance mutations in
the CXJ-020 cell culture in response to treatment with entrectinib, with possible
benefit to the child currently in trial. The experiment involved adding media
containing entrectinib (at IC80 concentration) to the cells three times per week
(with control flasks using DMS0 and normal media). Pellets of cells were collected
for DNA extraction and sequencing, and western blot analysis. This experiment

could not be completed and all cells had to be cryopreserved before lockdown.

Single cell sequencing: In collaboration with Dr Mariella Filbin (DFCI, Boston,
US) we sent NTRK (n=3) and ALK (n=1) fusion-positive frozen tumour samples
for single nucleus RNA sequencing. As the DFCI labs were also closed due to
the pandemic, data did not arrive until late August 2020. This enabled only a
highly limited analysis (described in chapter 4). Further work would have included
exploring the lineages and hierarchies of the malignant cell populations of each
tumour, identifying the proportion of cells expressing the fusion, comparisons with
the ALK fusion case (when the data arrives), and exploring in greater detail the

differences in gene expression seen between the three cases and other pHGG.
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Dr Matthew Thomas Clarke Professor Chris Jones
Student Supervisor
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CHAPTER 1 - General introduction

1.1 Childhood cancer

Childhood malignancies remain a complex and challenging problem facing
clinicians, pathologists, clinical scientists and researchers. An estimated 11,050
new cases of cancer in children aged 0-15 years were expected in 2020 in the
US, alongside an estimated 1,190 deaths from cancer (1). It is the second most
frequent cause of death in children, superseded only by deaths from accidents
(2). There are reportedly 15.3 new cases per 100,000 children in the US each

year (3).

Diagnosis of cancer in children is difficult as many of the symptoms are non-
specific and can overlap with common childhood conditions (4). The most
frequent type of childhood cancer is leukaemia representing 30% of cases,
followed by brain and central nervous system tumours which represent 26%.
Other cancers seen in childhood include neuroblastoma (6%), Wilms tumour
(5%), lymphoma (8%), rhabdomyosarcoma (3%), osteosarcoma (2%),
retinoblastoma (2%), and Ewing sarcoma (1%) (figure 1-1) (2). Treatment is
dependent on the tumour type but generally consists of surgery, radiotherapy,
and/or chemotherapy (5). The advent of ‘precision’ or ‘personalised’ medicine has
seen the use of more targeted therapies based on the mutation profile of the

tumour (6).

18



Leukaemia 36%

CNS Tumours 31%
Neuroblastoma 7%
Wilms 6%

Lymphoma 10%
Rhabdomyosarcoma 4%

Osteosarcoma 3%

Retinoblastoma 2%

Ewing Sarcoma 1%

Figure 1-1. Childhood cancer. Pie chart showing the types and frequencies of the main
subgroups of cancer seen in childhood (2).

Overall, the survival of childhood cancer has improved over the past 30 years
with the 5-year survival rate increasing to 83% (2005-2011) from 58% in the mid-
1970’s. The survival rate has considerable variation depending on type of tumour

and age of the patient (2).

1.2 Paediatric brain tumours

Brain tumours are the most frequent solid tumour type in the paediatric population
accounting for 20% of cases. Of these, astrocytic tumours represent the most
frequent diagnosis accounting for 47%, followed by medulloblastomas which
account for 19% (2). Other common tumours also seen include ependymomas
and germ cell tumours (7). From 2012-2016, there were 5.74 cases per 100,000
children in the US (aged 0-14), with a slightly higher rate seen in male children
(5.97 versus 5.51 PR 100,0000) (8). This gave a total of 17,540 new cases

diagnosed across this period with a further 3540 new cases expected to be
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diagnosed in 2020 (8). Overall 5 year survival rates for 0-19 year olds in the US

is 74.5% declining to 65.1% for those aged 20-44 years (8).

Low grade gliomas (LGG) are the most frequent tumour type seen in paediatrics.
They can occur in both hemispheric and midline locations and comprise many
different subtypes including pilocytic astrocytomas and gangliogliomas. They also
have a very different mutation spectrum compared to adults, with most paediatric
LGG being driven by a RAS/MAPK pathway activation frequently involving the
BRAF gene, either a fusion or a mutation. In contrast, this is a rare finding in

adults (9).

16.9% of brain tumour diagnoses in children aged 0-14 are glioblastomas or other
malignant gliomas (8). A further 7.6% of this age group are diagnosed with other
astrocytoma variants including diffuse astrocytoma and anaplastic astrocytoma
(8). The most frequent CNS location for paediatric brain tumours is the
cerebellum (15.2%), with 13.3% occurring in the brainstem. 15.3% of tumours
occur within the cerebral hemispheres (frontal, parietal, temporal and occipital
lobes combined) and 4.9% are found in the cauda equina or spinal cord (8).
Although high-grade gliomas (HGG) are more frequently seen within the adult
population, HGGs in adults and children are regarded as distinct clinical and
biological entities (2). HGGs in adults tend to occur in the cerebral hemispheres
whereas in children, they occur throughout the central nervous system with
around 50% occurring in midline locations, especially the thalamus (13%) or pons
(10). Midline or brainstem located tumours make surgical resection less

amenable in these children due to the increased clinical risk; therefore
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chemotherapeutic or radiation remains the mainstay of treatment with limited
success (11). However, where surgically accessible subtotal resection and gross
total resection are associated with a 3-4 fold improved survival compared to
biopsy alone (12). However, the prognosis remains dismal with less than 20%
survival rate post-diagnosis for paediatric HGG (pHGG), providing motivation to
better understand their molecular characteristics and how this relates to the
clinical behaviour to significantly improve the outcome for these children (11).
The cause or risk factors for their development remain unconfirmed, although
changes in the local environment linked to age of the child, and exposure to
ionising radiation are thought to have a role (7). Inherited syndromes can
sometimes be associated with the appearance of a paediatric brain tumour; type
1 neurofibromatosis is associated with optic nerve gliomas and other
astrocytomas, and Turcot’s syndrome is associated with medulloblastomas and

astrocytomas (2).

Paediatric brain tumours are graded from | — IV according to the guidelines issued
by the World Health Organisation (WHO) and are decided by the histological
features of the tumour. Grade | tumours show little atypia and are considered
benign, whereas grade IV tumours show marked pleomorphism, microvascular
proliferation and necrosis and are predicted to be aggressive. Gliomas are
classified into two clinical categories of lower-grade gliomas (LGG, grade | and
II) and HGG (grade IIl and 1V) (13). Tumour location also influences the overall
prognosis, influencing whether the tumour is surgically resectable. A complete

surgical resection remains the gold standard treatment for all brain tumours and
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thus influences prognosis. This thesis will focus on high-grade gliomas occurring

in the infant population.

1.3 Paediatric and adult gliomas

1.3.1 Clinical features

The clinical features of brain tumours can vary between individual patients and
are dependent on the location of the tumour. In adults, up to 70% of patients
report headaches during the clinical course (14), with 23-56% at diagnosis (15).
In younger patients, seizures are frequently seen and may occur at times distant
to the diagnosis (16), and 9% of patients will have a hospital admission due to a
seizure before the diagnosis is made (16). Other signs and symptoms include
motor weakness, confusion, dysphasia, memory loss and personality changes.
However, due to their non-specific nature and association with many other
conditions, it can be difficult for clinicians to decide when to investigate a patient

for a possible brain tumour (2).

Studies have shown that other frequent presenting symptoms in paediatric cases
are headache and vomiting (41% and 12% respectively), unsteadiness (11%)
visual difficulties (10%), and educational or behavioural problems (10%) (figure
1-2A). Neurological signs are present at diagnosis in 88% of cases with 49%
showing cranial nerve abnormalities, 48% with cerebellar signs, 38% show
papilloedema, 27% with long tract signs, 12% have a reduced level of
consciousness and 11% with somatosensory abnormalities (figure 1-2B).
Therefore, a very broad approach to symptom questioning needs to be taken at

the time of diagnosis (17).
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Figure 1-2. Signs and symptoms associated with paediatric brain tumours. A, Pie chart showing
the percentage of cases that present with general non-specific signs and symptoms that can be
associated with brain tumours. B, Bar chart showing the frequency of reported neurological signs
and symptoms associated with the presentation of brain tumours (17).

The clinical presentation of diffuse intrinsic pontine glioma (DIPG, a class of
paediatric HGG) is brainstem dysfunction or cerebrospinal fluid obstruction which
develops over 1-2 months, with particular molecular characteristics conferring a
worse prognosis, with a <10% 2-year survival (18). If located in the thalamus, a
tumour with high-grade histology will have a worse prognosis regardless of the

mutation status (18).

Types of pHGG are associated with particular anatomical locations; 50% of
malignant paediatric gliomas arise in the brainstem with over 80% of these
consistent with DIPG (19). Only 1-2% of cases will occur in the cerebellum, with
50% of those occurring in the supratentorial compartment of the brain, specifically
in the cerebral hemispheres (20). Studies have shown that pHGG have an

association of anatomical location and the age of diagnosis (figure 1-3A); midline
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tumours are diagnosed at a median of 10.0 years, DIPG at 6.5 years and
hemispheric tumours at 13.0 years (figure 1-3B) (21). Clinical outcome is poor
with a 20.8% 5-year survival for glioblastomas diagnosed in children aged 0-19
years, but is considerably better than for adults; those aged 45-54 and 55-64
years have a 5 year survival of 9.3% and 5.9% respectively (8). Clinical outcome
is also in part dependent on location with hemispheric tumours having a median
overall survival of 18.0 months, midline tumours 13.5 months (figure 1-3C) (21)

and DIPG a median of 9 months (19).

High grade glioma
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Figure 1-3. Clinicopathological and molecular subgroups of paediatric HGG. A, Anatomical
location of all high-grade glioma cases included in this study, taken from original publications
(n=1,033). Left, sagittal section showing internal structures; right, external view highlighting
cerebral lobes. Hemispheric, dark red; non-brainstem midline structures, red; pons, pink. Radius
of circle is proportional to the number of cases. Lighter shaded circles represent a non-specific
designation of hemispheric, midline, or brainstem. B, Boxplot showing age at diagnosis of
included cases, separated by anatomical location (n=1,011). The thick line within the box is the
median, the lower and upper limits of the boxes represent the first and third quartiles, and the
whiskers the interquartile range. ***Adjusted p < 0.0001 for all pairwise comparisons, t test. C,
Kaplan-Meier plot of overall survival of cases separated by anatomical location, p value calculated

by the log rank test (n=811) The label ‘midline’ does not include brainstem tumours which are
considered separately (21).

Glioblastoma WHO grade |V has a median survival of 14.6 months with standard
therapy including surgery, chemo- and radiotherapy (22). O6-methylguanine-
DNA methyl-transferase (MGMT) methylation status is also used to predict

response to alkylating agents such as temozolomide (22), which is important for
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both IDH-mutant astrocytomas/glioblastomas which are seen most frequently in
younger and middle-aged adults (18). The use of metformin as part of the
treatment regimen of grade Il gliomas has also been shown to improve outcome
with an HR for OS of 0.30 compared to an HR for OS of 0.80 for grade IV tumours

(22).

In adults, the mean length of the clinical history for patients with glioblastoma is
6.3 months (23). However, IDH1/2 mutations prolong this to 15 months whereas
IDH1/2-wild type have a mean length of 3.9 months (23). The median overall
survival with surgery and radiotherapy is 9.9 months for IDH-wild type and 24
months for IDH-mutant glioblastoma (23). The median overall survival with
surgery, radiotherapy and chemotherapy for IDH- wild type is 15 months and 31

months for IDH-mutant (23).

However, we are still far behind where we need to be in terms of treatment.
Studies have looked at the benefit of different treatment strategies on overall
survival in recurrent pHGG with only marginal improvements noted; median age
of 10 years cumulative OS of 5.6 months, 4.0 months for standard chemotherapy,
9.3 months using targeted therapies, 6.9 months using immunotherapy, and 14
months using re-irradiation (24). Greater extent of resection is a key component
of this, and a great appreciation of the plasticity of the brain, advancing

techniques and the use of staged operations will help to improve this further (25).
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1.3.2 Classification and pathological features of the glioma subtypes

Adult and paediatric HGGs and their different subtypes have histological features
in common (figure 1-4); they are cellular, contain pleomorphic (figure 1-4C) and
atypical cells with brisk mitoses (figure 1-4B). Essential diagnostic criteria are
the presence of microvascular proliferation and/or necrosis (figure 1-4D).
However, histological appearances vary considerably between tumours; some
show a high degree of atypia and others can show frequent tumour giant cells
(figure 1-4A). Focally, areas of lower grade features are observed, and
bipolar/spindle cells which form bundles and fascicles (2). There are different
cellular morphologies seen in glioblastoma including small cells, primitive
neuronal cells, oligodendroglial components, multinucleated giant cells,
gemistocytes, granular cells, lipidised cells, and metaplasia (11). Small cells are
very monomorphic with slightly elongated nuclei that are surrounded by sparse
cytoplasm. Very little nuclear atypia is seen but brisk mitoses are often present.
Identifying tumour cells with minimal atypia can be challenging. Primitive
neuronal components show nodules with neuronal differentiation, are easily
distinguished from the background tumour and lose GFAP expression by
immunohistochemistry (IHC) (13). Oligodendroglial components are very similar
to features of an oligodendroglioma (a tumour most frequently seen in adults);
cells showing the characteristic white halo surrounding a central nucleus, and
these tumours have a better prognosis. Multinucleated giant cells vary in size and
degree of pleomorphism. They are considered a regressive change, and if they
predominate then the tumour is described as giant cell glioblastoma, with giant
cells being positive for GFAP and S100 (26). Granular cells are large with a

granular eosinophilic cytoplasm which is PAS stain positive. Their quantities vary
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and in rare cases they can be dominant. Most are negative for GFAP but some
may be reactive for CD68. The term ‘granular cell astrocytoma/glioblastoma’ is
used for tumours showing a predominance of granular cells; these have a worse
prognosis irrespective of age or extent of granular cell morphology (27). Lipidised
cells are large and contain a foamy cytoplasm; increased frequency can cause
diagnostic overlap with pleomorphic xanthoastrocytoma (13). Metaplasia is
defined as change from one differentiated cell type to another. In the context of
glioblastomas, it refers to the presence of epithelial whorls, keratin pearls with
associated cytokeratin expression, features normally associated with squamous
cell carcinoma; these are called adenoid glioblastomas (13). They are very rare
and the extent of these features varies with some showing the cells arranged in
cords or nests with some pseudoglandular/cribriform spaces also occasionally

seen (28).
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Figure 1-4. Histological features of high grade gliomas. A, Different cytological features can be
observed with giant cells (green arrow) occasional seen. B, Mitotic activity is frequently seen in
HGG (blue arrow). C, Moderate to severe nuclear pleomorphism is also a cytological feature of
HGG. D, Palisading necrosis (red arrow) is a feature of high grade tumours in general but also
seen in HGG.

Infiltration is a key feature of HGGs and is apparent when the interaction with
host brain structures are observed; satellitosis applies to tumour cells
surrounding normal neurons, and cells also accumulate in the cortex subpial
zone. Extensive involvement of the cerebral cortex can be observed. Many cases
show proliferative activity but the extent can vary, with most showing a
proliferative index (measured by Ki67) of 15-20% but others show significantly
more (13). Extensive vascularisation is confirmed by hypertrophic and
hyperplastic endothelial cells (positive for CD31 and CD34) and some areas
show a glomeruloid vascular pattern. This angiogenesis is driven by hypoxia. The

presence of intravascular thrombosis is thought to be one of the factors that
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contribute to cause the pseudopallisading appearance, where the tumour cells

begin to migrate away from the central area of necrosis (29).

1.3.3 WHO Classification of CNS tumours
In May 2016, the WHO published an updated version of the ‘Classification of
Tumours of the Central Nervous System’, the first since 2007 (figure 1-5). A key
feature of the updated version were the recommendations made about the
construction of a histopathology report, adopting a 4-tiered approach comprising:

e Histological diagnosis

e WHO grade

e Molecular information

¢ Integrated diagnosis (13,18)
As a result, different tumour subtypes are characterised by their molecular
biology; a glioblastoma can be classified as glioblastoma, IDH-wild type,
(including giant cell glioblastoma, gliosarcoma, epitheliod glioblastoma), IDH-

mutant, or glioblastoma NOS (13).

The specific changes included the addition of newly recognised entities, variants
and patterns including diffuse midline glioma H3 K27M-mutant (entity),
embryonal tumour with multilayered rosettes C19MC-altered (entity),
ependymoma RELA fusion-positive (entity), anaplastic PXA (entity), epithelioid
glioblastoma (variant) and glioblastoma with primitive neuronal component
(pattern). There were deletions of former entities, variants and terms including
gliomatosis cerebri, protoplasmic and fibrillary astrocytoma variants, and

“primitive neuroectodermal tumour (PNET)” terminology (13).
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Diffuse astrocytic and oligodendroglial tumours Embryonal tumours

Diffuse astrocytoma, IDH-mutant 940013 Medulloblastomas, genetically defined
WHO Classification of Tumours of Gemistocytic astrocytoma, |DH-mutant 9411/3 Medulloblastoma, WNT-activated 9475/3"
Diffuse astrocytoma, IDH-wildtype 9400/3 Medulloblastoma, SHH-activated and
Diffuse astrocytoma, NOS 9400/3 TPo3-mutant 9476/3"
Medulloblastoma, SHH-activated and
Anaplastic astrocytoma, IDH-mutant 9401/3 TP53-wildtype 9471/3
Anaplastic astrocytoma, [DH-wildtype 9401/3 Medulloblastoma, non-WNT/non-SHH 9477/3"
Anaplastic astrocytoma, NOS 9401/3 Meauflobiastoma, group 3
Medufloblastoma, group 4
Glioblastoma, IDH-wildtype 9440/3 Medulloblastomas, histalogically defined
Giant cell glioblastoma 9441(3 Medulloblastoma, classic 9470/3
Gliosarcoma 9442(3 Medulloblastoma, desmoplastic/nodular 9471/3
Epithelioid glioblastoma 9440/3 Medulloblastoma with extensive nodularity 9471/3
Glioblastoma, IDH-mutant 9445/3* Medulloblastoma, large cell / anaplastic 9474/3
Glioblastoma, NOS 9440/3 Medulloblastoma, NOS 9470/3
Diffuse midline glioma, H3 K27M-mutant 9385/3
Ependymal tumours
Oligodendroglioma, IDH-mutant and Subependymoma 9383/1
1p/19g-codeleted 9450/3 Myxopapillary ependymoma 9394/1
Oligodendroglioma, NOS 9450/3 Ependymoma 9391/3
Papillary ependymoma 9393/3
Anaplastic oligodendrogliona, IDH-mutant Clear cell ependymoma 9391/3
and 1p/19q-codeleted 9451/3 Tanycytic ependymoma 9391/3
Anaplastic ofigodendroglioma, NOS 9451/3 Ependymoma, RELA fusion-positive 9396/3*
Anaplastic ependymoma 9392/3
Oligoastrocytoma, NOS 938243
Anaplastic oligoastrocytoma, NOS 938213

Figure 1-5. The WHO blue book. The WHO classification of tumours of the central nervous
system 2016 provides information on the histology, genetic profile and prognosis for the different
tumour subtypes. Examples of the classifications for diffuse astrocytic and oligodendroglial
tumours, embryonal tumours and ependymal tumours are shown (13).

1.3.3.1 Paediatric and adult high grade gliomas

The assignment of HGG to a tumour in a child compared to adults is different; in
children, gliomas graded WHO grade Il — IV can be considered higher grade and
WHO grade | gliomas are low grade. In adults, those that are WHO grade Il - IV
are considered to be high grade and WHO grade | — Il gliomas are lower grade
(13,18) This reflects differences in survival with low grade gliomas known to do
worse in children although still better than their HGG counterparts (9,30), with
<10% 5-year survival for WHO grade IV tumours and <1% for DIPG (31).
However, there are variations in survival between tumours of the same grade due

to differing genetic markers (31).

Gliomas occurring in adults and children form different subgroups characterised

by different molecular features. Diffuse astrocytomas (either IDH-mutant or wild

type) are characterised by a diffusely infiltrating architecture with moderately

30



pleomorphic nuclei, a high degree of cellular differentiation (13). They are
frequently reported as low grade, with low to moderate cellularity and no mitotic
activity (32). The IDH-mutant group are more frequently seen in adults. Gliomas
harbouring an IDH1 R132H mutation do occur in children, are located in the
forebrain with a median age at diagnosis of 17 years, and have a 2-year survival

of 59%, and thus have a better outcome than other subtypes of pHGG (21).

Anaplastic astrocytomas (IDH-mutant, IDH-wild type, NOS) are diffusely
infiltrating tumours seen in both paediatric and adult cases with focal or dispersed
anaplasia (increasing nuclear size, shape, coarseness, the dispersion of
chromatin and the presence of nucleoli). IDH-mutant cases are most frequently
seen in adult cases. Histologically, they correspond to WHO grade Il (13). They

can be hypercellular with prominent mitoses (33).

Oligodendroglioma IDH-mutant and 1p/19g-codeleted is an infiltrative tumour
composed of cells with rounded nuclei and artefactually swollen clear cytoplasm.
Microcalcifications and branching capillary networks are seen. It corresponds to
WHO grade Il (13). There is an anaplastic variant featuring microvascular
proliferation and/or brisk mitotic activity (33). Oligodendrogliomas are rare in

childhood and are mostly seen in adulthood (13).

Anaplastic gangliogliomas represent 1-5% of all gangliogliomas and are assigned
a WHO grade of lll. They are most frequently seen in children and young adults
and are frequently found supratentorially in the temporal lobes although cases in

the spinal cord are seen (34). They are characterised by the high-grade features
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seen in HGG including increased mitotic activity, necrosis, atypia and
microvascular proliferation (35). Studies report 39% are associated with BRAF
V600E mutations, sometimes coexistent with ATRX and hTERT mutations (70%
of which are adults), and H3F3A K27M mutations (paediatric midline tumours)

(35).

‘Diffuse midline glioma, H3 K27M-mutant’ is an infiltrative glioma located in the
midline and characterised by a K27M mutation in the H3.1 (HIST1H3B/C) or H3.3
(H3F3A) histones. It is a diagnosis mainly seen in children, with a median age of
5-11 years, and with pontine tumours arising slightly earlier than thalamic
counterparts. Whereas diffuse midline gliomas can occur in different midline
locations, diffuse intrinsic pontine gliomas (DIPG) are confined to the pons,
representing an expansile infiltrative tumour which may not have a K27M
mutation. H3 K27-mutant tumours also show a global decrease in H3K27 tri-
methylation, which is usually mediated by EZH2 (a H3K27M-specific histone
methyltransferase) which is part of the polycomb repressive complex 2 (PRC2);
K27M mutant H3.3 binds to this PRC2 and interferes with its enzymatic activity,
leading to the loss of both di and trimethylation (36). Recently, a cofactor of PRC2
called EZH1/2 inhibitory protein (EZHIP) has been shown to limit the activity of
PRC2 in germ cells, providing a potential mechanism for chromatin regulation in
gametes, and for tri-methylation loss in non-H3K27M tumours (37,38).
Histologically, the tumour cells are generally small and monomorphic but can be
large and pleomorphic. 10% of DIPGs lack necrosis, microvascular proliferation
and mitotic figures (features usually characteristic of a high-grade tumour) and

therefore correspond to a WHO grade Il tumour based on the histological
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appearance. The remainder correspond to WHO grade IV. Diffuse midline
gliomas are automatically assigned WHO grade IV, with the presence of the

mutation conferring a worse prognosis compared to other HGG (21).

1.3.3.2 Paediatric and adult low grade gliomas

Pilocytic astrocytomas (WHO grade ) occur frequently in childhood but also
occur in adults, and are characterised by varying degrees of compact bipolar cells
with Rosenthal fibres, microcysts and occasional granular bodies. They account
for 5.4% of all gliomas and show different tissue patterns within the same tumour,
including biphasic compact and microcystic areas (39). They are typically slow-
growing with a favourable prognosis. Almost all cases are characterised by a
single abnormality in the MAPK pathway, most frequently a KIAA1549:BRAF
fusion (>70%), but also mutations in BRAF (usually V600OE), FGFR1, KRAS and
NF1 are seen (40). Other BRAF fusion partners in rare cases include QKI/, FZR1,

MKRN1, FAM131B, CLCN6, GNA11, MACF1, and RNF13 (40).

Pilomyxoid astrocytomas are a variant of pilocytic astrocytomas. They have an
angiocentric arrangement of bipolar tumour cells, with a myxoid background.
They have been previously been assigned WHO grade I, but a definite grade
assignment is not recommended due to existing uncertainty. They are more
aggressive, and more prone to local recurrence and cerebrospinal spread than

pilocytic astrocytomas but there is a lot of variation (13).

Pleomorphic xanthoastrocytoma (PXA) is a glioma seen in both adults and

children characterised by large pleomorphic and frequently multinucleated cells,
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spindle and lipidised cells, a dense reticulin network and prominent eosinophilic
granular bodies (13,41). Mitotic activity is low, and a BRAF V600E mutation is
commonly found. It is superficially located in the cerebral hemispheres and
corresponds histologically to WHO grade Il. An anaplastic variant exists which
corresponds to WHO grade Ill (13). Increased mitotic activity and necrosis are

associated with a worse outcome (41).

Desmoplastic infantile astrocytoma and ganglioglioma (DIGG/DIA) are benign
glioneuronal tumours that contain prominent desmoplastic stroma and
neuroepithelial population of either neoplastic astrocytes or a mature neuronal
component, typically seen in the infant population (42). They are characteristically
large cystic lesions involving the superficial cerebral cortex and leptomeninges
(42). Histologically, the desmoplastic component shows a mixture of fibroblast-
like spindle shaped cells with a wavy pattern and abundant connective tissue.
They correspond histologically to WHO grade |. Most studies indicate that gross

resection of the tumours will result in long-term survival (13).

1.3.4 Imaging, diagnosis and treatment

When a brain tumour is suspected at clinical presentation, imaging modalities are
used to detect a lesion. Radiological appearances of these tumours can vary;
glioblastomas are often irregularly shaped with a dark central area of necrosis
which is surrounded by a ring of contrast enhancement, extending into adjacent
lobes, into the contralateral hemisphere or the brain stem (13). DIPGs are best
imaged using MRI and are hypointense on T1 and hyperintense on T2 images.

They typically show an asymmetrical expansile mass, but can also extend into
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the cerebellar peduncles, cerebellar hemispheres, midbrain and medulla (figure
1-6). Contrast enhancement is seen but rarely involves >25% of the tumour

volume (13).

Figure 1-6. MRI images of paediatric patient with DIPG. Sagittal and axial T2 weighted MRI
images demonstrating an expansile lesion located in the pons consistent with a radiological
diagnosis of DIPG (yellow arrow). Images provided by Lynley Marshall.

Anaplastic astrocytomas show a poorly defined mass with a low intensity. Partial
tumour enhancement is seen but usually lacking the ring enhancement and
central necrosis seen in glioblastomas. Mass shifts and signs of raised
intracranial pressure are observed with rapid tumour growth and peri-tumoural
oedema (13). Low-grade tumours are well demarcated with a round to oval shape
and smooth margins. Pilocytic astrocytomas can contain calcifications and cyst-
like areas. Surrounding oedema is much less marked than higher-grade tumours

due to the low biological activity (13).

Functional imaging modalities are increasingly used in the diagnostic work-up;

diffusion imaging more accurately assesses the tissue structure, and perfusion
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imaging and magnetic resonance spectroscopy can measure the tissue

metabolite profiles with characteristic features for each tumour type (43).

Accurate diagnosis of tumours requires a tissue sample for histological review
and molecular studies, either via surgical resection or biopsy. However, the ability
to access the tumour is very dependent on the location. Due to local infiltration
and location, brainstem lesions are not generally amenable to surgical resection
so these children have poorer outcomes. Routine biopsy of DIPGs was
discontinued in the 1990’s due to significant morbidity and limited therapeutic
options (44). Biopsy of brainstem lesions is now more frequent as a result of a
study which showed that the morbidity was similar to that reported for other brain
locations, and that sufficient material could be obtained for the required analysis
(45); such data has helped in the development of trials such as BIOMEDE, where
biopsy is required as one of the criteria for trial entry (46). The importance of
longitudinal sampling of gliomas to identify changes with time or in response to
treatment is now recognised (47). For tumours where accessibility is challenging,
autopsy is helpful to acquire multi-region samples, and has been essential to the
discovery of the histone alterations (48) and to investigate heterogeneity within
tumours (49), but has also been essential in the identification of novel molecular
characteristics such as the H3K27M mutation. It has been utilised for clinical
research to correlate radiological interpretation, and has a positive impact on
families who derive comfort from the research that is being performed from the

autopsy sampling for the benefit of others (50).
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Maximal safe surgical resection is the primary objective for most HGG cases due
to the positive impact on prognosis. A complete resection radiologically and
surgically is often the case microscopically due to extensive infiltration of high-
grade lesions. A careful balance between achieving a clear margin versus
causing significant morbidity in the long-term is important. Diffuse midline gliomas
H3K27M-mutant are usually unresectable in non-brainstem locations and always

unresectable when located in the brainstem (51).

Children frequently require adjuvant treatment after surgery to prevent
recurrence, including chemotherapy and radiotherapy. Younger children (<3
years) are very susceptible to deleterious effects of this and so it is often avoided.
A child with a newly diagnosed HGG will typically receive a dose of 50-60 Gy

given over a 6-week period in daily fractions of 180-200 cGy (51).

Chemotherapy was first introduced in the 1970s for the treatment of HGG but
there remains very little improvement in overall survival. Several clinical trials
have investigated possible benefits; the first occurred in 1989 by the Children’s
Cancer Study Group and compared strategies of using radiotherapy alone, or
radiotherapy followed by pCV chemotherapy (includes prednisolone, chloroethyl-
cyclohexyl nitrosourea (CCNU) and vincristine). Initially, an increased 5-year
progression-free survival with the addition of chemotherapy was observed,
increasing from 16% to 46%. However, subsequent reviews discovered that a
large proportion of cases included were low grade gliomas which accounted for
the surprising results (52). The results of the Children’s Oncology Group (COG)

single-arm study ACNS0126 showed no improved outcome when patients were
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given single agent temozolomide when given during and after radiotherapy, the
opposite of that seen in adults (53). The MGMT gene promoter methylation
status helps to predict prognosis and treatment response to temozolomide in
glioblastoma. Methylation at this site silences the gene, therefore leading to
inefficient DNA repair of DNA alkylation and then predicting an enhanced
response to temozolomide (54). Most recently, the COG HGG trial ACNS0822
included two experimental arms; the first featured vorinostat with radiotherapy,
and the second bevacizumab with radiotherapy, with temozolomide and
radiotherapy as the control arm. No clear survival advantage was seen with any

arm so it failed to advance into phase IlI testing (55).

1.3.5 Molecular biology

1.3.5.1 Genome wide DNA methylation

Gene activity is regulated by epigenetic mechanisms in spatio-temporal
programmes across the course of development. CpG islands are located
throughout the genome in a biased pattern, frequently associated with gene
promotors; they are a key regulator of gene expression (56). DNA
methyltransferases cause the methylation of the cytosine base to 5-
methylcytosine which prevents DNA transcription factors gaining access to DNA
(57). DNA methylation can therefore lead to many changes involved in the
development of a cancer; tumour suppressors can be transcriptionally
inactivated, and oncogenes can be activated by decreased levels of methylation
(58). Recruitment of chromatin modifiers are also initiated leading to histone

modification, and the development of heterochromatin (57).
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Each different tumour entity (and normal brain tissue classes) have a distinct
methylation profile which means that the methylation profile of a case can be
compared to the known profiles to determine its classification (59). The
publication of the Heidelberg brain tumour classifier (figure 1-7) (59) has
provided a very useful tool for the exploration of brain tumour subgroups via
methylation profiling. It is used for classifying a case against the existing

reference set of tumour entities, and novel class discovery (figure 1-7A) (59).
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Figure 1-7. The Heidelberg brain tumour classifier. A, The classifier was validated using an
independent prospective cohort, applying standard pathological diagnosis and then comparing
with methylation profiling. B, A t-SNE demonstrating the reference cohort; composed of 82 CNS
tumour methylation classes and 9 control tissue methylation classes (59).

The classifier is built using a reference set of cases for 91 different classes (82
tumour and 9 control tissue methylation classes). These reference cases are the
most representative samples of each particular class (minimum of 9 cases in
each class), giving a total of 2,801 reference cases (59). When plotted using a t-
distributed stochastic neighbor embedding (t-SNE) dimensionality reduction (a
technique that allows high-dimensional data to be visualised by allocating a

location to each datapoint within either a two or three dimensional map (59,60))
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these reference cases within a particular class cluster with similar cases based
on their methylation profiles (figure 1-7C). The classifier assigns a calibrated
score of 0.0 — 1.0 for each that is processed, providing a confidence level for the
assigned classification (59). Therefore, observing where a case projects on the
t-SNE, and the calibrated score (a score of >0.9 is considered to be diagnostic)
can be used to classify individual cases. It is a diagnostic tool that has significant
value in clinical practice in both paediatrics and adults, with 25% of diagnoses
changed, 48% refined and 25% confirmed in some adult centres (61), and
changing conventional management in 4% of cases and helping to solve 17% of

difficult-to diagnose cases in paediatric centres (62).

The assigned methylation subgroups of HGG show differences in the overall
survival, the anatomical location and also the age at diagnosis. An integrated
meta-analysis featuring 1000 paediatric HGG cases showed that methylation
profiling (n=441) assigns them to novel subgroups such as PXA-like (n=43) or
LGG-like (n=27) (hemispheric tumours characterised by BRAF or FGFR1
mutations or RTK fusions, which classify alongside other entities but have a better
overall outcome), or other more established entities defined by their mutations
such as IDH1 (n=36), HGG wild-type (n=156), H3G34R/V (n=51), H3K27M
mutant (n=119) and ‘other’ (n=9) (21). The PXA-like group have a higher
frequency of BRAF-V600E mutations (19/34) with an improved 2-year survival of
56%. Interestingly, and relevant to this project, the LGG-like group represented a
younger group of patients with an excellent prognosis (median age of 4 years,

and 74% 2-year survival) (21).
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Trials have also evaluated different treatment methods and the impact on clinical
outcome; the HERBY trial was a phase Il randomised multicentre trial looking at
the effect of bevacizumab compared to either temozolomide or radiotherapy (63).
It showed that there was no difference in the event free survival (EFS) between
different treatment modalities, but also showed that the non-brainstem midline
gliomas had a shorter EFS compared to hemispheric tumours (8.0 versus 14.7
months median). The histone mutations also conferred a worse prognosis;
H3F3A K27M mutation tumours showed a median EFS of 7.9 months, H3F3A
G34R/V 8.3 months, and wildtype tumours showing a median EFS of 11.3 months
(63). Methylation profiling has also helped to define clinical outcomes in pHGG;
as mentioned previously, some tumours diagnosed as GBM have methylation
profiles similar to PXA (associated with BRAF V600E mutations) or LGG, and are
associated with a better prognosis (64). Also, when analysing tumours which are
not histone mutated or oncogene amplified, these cases show a more favourable
prognosis with a 3 year survival of around 70% (64). pHGG therefore represent
a very diverse group of subgroups, characterised by both their methylation

profiles and somatic mutations.

1.3.5.2 Histone and somatic mutations

A characteristic difference between paediatric and adult HGGs are the presence
of histone mutations in pHGG. Histones are a component protein of chromatin;
this is composed of nucleosomes which are made up of two copies of the H3, H4,
H2A and H2B histones forming an octamer. DNA is wrapped around this within
chromosomes (65). Histone mutations define approximately 50% of pHGG

cases, and are very rare in adult HGG (66). A landmark study featuring 48 pHGG
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identified somatic mutations in the H3.3-ATRX-DAXX chromatin remodelling
pathway in 44% of cases; 31% of these mutations were in the H3F3A gene
consisting of two substitutions (K27M, G34R/V) (67). They were also associated
with tumour location; the mutations in the H3F3A gene coding for the H3.3 histone
(H3.3 G34R/V) were found in tumours located in the cerebral hemispheres
(figure 1-8A) (68,69). However, mutations in a second gene (HIST1H3B) were
also discovered to feature in a subset of DIPG (48), mutations in HIST1H3B and
H3F3A genes coding for the H3.1 and H3.3 histones respectively (H3.1 or H3.3
K27M) are associated with brainstem or other midline tumours (figure 1-8A)

(68,70).
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Figure 1-8. Clinicopathological and molecular subgroups of pHGG; the histone subgroups. A,
Anatomical location of all cases separated by histone mutation (top, n=441) and histone WT
(bottom, n=314). Left, sagittal section showing internal structures; right, external view highlighting
cerebral lobes. Blue, H3.3G34R/V; green, H3.3K27M; dark green, H3.1K27M. Radius of circle is
proportional to the number of cases. Lighter shaded circles represent a non-specific designation
of hemispheric, midline, or brainstem. B, Boxplot showing age at diagnosis of included cases,
separated by histone mutation (n=753). The thick line within the box is the median, the lower and
upper limits of the boxes represent the first and third quartiles, and the whiskers 1.53 the
interquartile range. ***Adjusted p<0.0001 for all pairwise comparisons, t test. C, Kaplan-Meier
plot of overall survival of cases separated by histone mutation, p value calculated by the log rank
test (n=693) (21).
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Histone-mutated tumours show specific pathway moderations; the RTK-PI3K-
MAPK pathway is frequently affected. H3.3G34R/V mutated tumours show
alterations most frequently at the RTK level opposed to H3.1 K27M mutated
tumours which show alterations in PISBK/mTOR. MAPK alterations (including
BRAF-V600E) are seen in histone wild-type cases (21). Increased BMP signalling
is found in H3.1 K27M mutant tumours, largely associated with ACVR1 mutations
(70,71). Others show alterations in the WNT signalling pathway (21) (figure 1-9).
Genetic alterations seen within pHGG also affect some well-recognised pathways
seen within cancer including TP53 and PPM1D mutations which impact on DNA
repair (60% of cases), genes responsible for homologous recombination
(including BRCA2, ATM, and ATR amongst others), and genes involved in

Fanconi Anaemia (21).
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Figure 1-9. Pathway moderations. Oncoprint-style representation of an integrated annotation of
somatic mutations and DNA copy-number changes in one or more of nine commonly targeted
pathways in 326 pHGG/DIPG. Samples are arranged in columns with pathways labelled along
rows. Clinicopathological and molecular annotations are provided as bars according to the
included key (21).

Co-segregating mutations include the well-established hemispheric H3.3 G34R/V
and TP53/ATRX (67), pontine H3.1K27M and ACVR1 (71,72), midline H3.3K27M
and FGFR1 (73), as well as more novel associations such as H3.3 G34R/V and
ARID1B, H3.1K27M and BCOR, and H3.3 K27M and ATM/ASXL1 (21). In

addition, the H3.3 G34R/V and IDH1 groups showed significantly enriched
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MGMT promoter methylation (63) (around 60% globally hypomethylated and
nearly 80% globally hypermethylated respectively) (21), although MGMT
promoter methylation is largely absent from H3 K27M tumours (21) predicting a
poor response to temozolomide. DNA repair pathway mutations are seen
frequently (~60%) in association with H3.3 K27M DIPG (21,63,67). Also, analysis
of differentially methylated genes identified potential discriminating candidate
genes (OLIG1, OLIG2 and FOXG1) in H3F3A mutated tumours; lower expression
of OLIG1/2 and higher expression of FOXG1 was seen in H3.3G34R/V mutated

tumours (68).

More generally, alterations in the key biological processes are common across
pHGG with over 90% of cases harbouring genetic alterations in one or more;
dysregulation of the G1/S cell-cycle checkpoint is common (25%) and also
independent of location and subgroup (21). RTK level mutations (in PDGFRA)
were identified in clusters of HGG enriched for patients with a younger age, (68)
and are associated with H3.3 G34R/V, and PISBK/mTOR alterations are enriched
in H3.1K27M along with BMP signalling. Nearly 5% of cases harbour alterations

affecting the WNT signalling pathway, including WNT9A, AMER1 and APC (21).

Mutations in genes involved in sister chromatid segregation, splicing factors, DNA
polymerases, centromere and telomere maintenance are found in pHGG and
DIPG. There is also dysregulation of developmental and CNS associated genes,
and genes involved in nuclear transport, cell migration and immune response
(21). Alterations in CCND1/2/3 and CDK4/6 genes of the RB-pathway occur in

hemispheric tumours and are absent from the pons (74), whereas amplifications
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of CCND2 and deletions of CDKN2C show the opposite anatomical association
(74). DIPG cases show an almost complete absence of CDKN2A/B deletions
(74), and a lower frequency of gene mutations including BCOR, ASXL1, and

ARID1B (over 45%) which are involved chromatin modification (21,63).

1.3.5.3 DNA copy number alterations

Differences in copy number alterations are seen between adult and paediatric
HGG cases, with gains on chromosome 7 and losses on chromosome 10
diagnostic for most IDH-wildtype glioblastomas of adults, but rarely identified in
paediatrics (75). Copy number changes in adult cases can be used for clinical
trial design with differences in survival seen when subgrouping by copy number;
those that have no copy number changes have a better overall survival (76). Copy
number amplifications can also characterise the cellular state of a cell with
amplifications in CDK4, PDGFRA, EGFR and NF1 being key features (75). In
pHGG, gains of chromosome 1q and losses in 13q and 14q are enriched in
paediatric tumours. 17p loss and gains of 9q correlate with a shorter overall
survival regardless of the location of the tumour or the subtype (21). Other
amplifications at 4q12 (PDGFRA/KIT/KDR), 2p24.3 (MYCN/IDZ2), chromosome 7
(EGFR), 7921.2 (CDK®6) and 7q31.2 (MET) are also associated with a shorter
overall survival. Deletions in 9p21.3 (CDKN2A/B) which correlate with an

improved prognosis (21).

However, many pHGG cases show no DNA copy number changes, not specific

to location but are associated with a younger age at diagnosis (7.0 versus 10.3

years) (figure 1-10). They are also associated with a longer overall survival (21)
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and this may therefore be worth exploring in infants or younger children with

HGG.
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Figure 1-10. Copy number profiling of pHGG/DIPG. Heatmap representation of segmented DNA
copy number for 834 pHGG/DIPG (dark red, amplification; red, gain; dark blue, deletion; blue,
loss). Samples are arranged in columns clustered by gene-level data across the whole genome.
Age at diagnosis is provided below. Clinicopathological and molecular annotations are provided
as bars according to the included key (21).

1.3.5.4 Fusions and structural variants

Fusions are known to occur in brain tumours and frequently help to define the
classification of subgroups of brain tumours, for example >70% of pilocytic
astrocytomas contain a BRAF fusion, with KIAA1549 the most common gene
partner (73). CRAF gene fusions including QKI:RAF1 and SRGAP3:RAF1 are
also reported in paediatric LGG (77). The re-classification of the former CNS-

PNET tumours identified four new subgroups based on distinct genetic alterations
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including structural variants involving FOXR2, CIC, MN1 and BCOR genes (78).
Structural variants and fusions are known to occur in pHGG cases too;
approximately 10% of paediatric glioblastomas are associated with a MET fusion
including TFG:MET, CLIP2:MET and PTRPRZ1:MET (79). ROS1 fusions are
reported in paediatric LGG (GOPC:ROS1 and CEP85L:R0OS17) (80) and pHGG
(81). Novel DGKB:ETV1, ATG7:RAF1 and EWSR1:PATZ1 fusions are also
reported in pHGG (80), often predicted to be the driving event in the absence of

other mutations (80).

Fusions are also reported in adult gliomas with differing effects on outcome; 9%
of IDH wild-type astrocytomas (including GBM, AA, diffuse gliomas and pilocytic
astrocytomas) contain a targetable fusion with the most frequent involving
FGFR1, MET and NTRK genes (including novel fusions EGFR:VWC?2,
FGFR3:NBR1) (82). 3% of adult glioblastomas harbour rearrangements in
FGFR:TACC, which are also found in IDH wild-type grade Il and Il gliomas at a
similar frequency. They are associated with a poor clinical outcome in these
tumours, which may be considered to be a glioblastoma biologically, but sampled
in advance of the appearance of high grade features. Alternatively, it could

represent an off-target biopsy (83).

1.4 Infant gliomas
Much work has focussed on the molecular pathology of pHGG. However, there
remains a lack of data and knowledge to explain the biology of tumours occurring

in the infant population. The definition of an infant used in paediatric neuro-

47



oncology varies, but typically refers to children aged <3 - 5 years (5); congenital

cases are generally defined as being present at birth (84).

1.4.1 Clinical features of infant gliomas

Infant brain tumours attract clinical attention due to their observed improved
outcome. Studies have investigated the outcomes of different treatment
modalities in infants. The ‘Baby POG I’ study included 18 children who were aged
less than 3 and diagnosed with an HGG. Four children who were not irradiated
after having 24 months of chemotherapy did not develop recurrent disease.
Pathological diagnosis (glioblastoma, anaplastic astrocytoma or malignant
glioma), the presence/absence of metastases and the degree of surgical
resection did not impact on survival of the patients (5). Another study reviewed
‘congenital glioblastomas’ (occurring in children aged <2 months); five cases of
glioblastoma, located in the grey matter adjacent to the ventricles, all showed a
survival which was greater than would be expected for older children (30-110
months (median 36 months) with no evidence of disease), and may have been
related to the completeness of surgical resection. Conservative surgical
approaches have a better outcome due to the highly vascular nature of the
tumours which brings increased clinical risk. However, gene expression showed
enrichment for receptor tyrosine kinase function, specifically for RET, ALK,
RASGRFZ2 and EFNAS genes (85), indicating a different molecular profile to that
reported in pHGG. However, many of the tumours in these early studies were
diagnosed based on histology alone and with greater advances in diagnostics
that are now accessible, they may not truly represent the tumour groups they

have been assigned to. Therefore, a better understanding of these tumours in
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terms of their molecular characteristics and associated clinical features will lead
to a significantly improved treatment and management strategy, improving the

survival further.

Well-established HGG entities (including DIPG) occur in the infant population,
and although predicted to have a dismal prognosis reported cases also show an
improved outcome; two cases are described where MRI scanning identified
ponto-medullary lesions consistent with a DIPG. It was decided after clinical
discussion not to treat these tumours. However, both cases showed clinical
improvement, the achievement of developmental milestones and survival up to
the time of writing (aged 10) (86). Another case report describes a brainstem
lesion diagnosed in an infant aged 7 weeks, with characteristics favouring a
DIPG. Again, no treatment was received and repeated imaging showed
regression of the tumour with complete absence by the age of 27 months (87).
Another DIPG case (diagnosed in a child aged 2 years) was treated for
associated clinical symptoms (shunting for hydrocephalus) but the tumour was
not treated directly. Repeated imaging showed regression of the tumour with a
complete absence by the age of 6.6 years (88). A further report described a
prenatal MRI diagnosis of a diffuse brainstem glioma; the child was born without
symptoms, and follow up scans showed a reduction in the size of the lesion (89).
This has also been reported in cases of DIGG/DIA; two cases in a 9-month-old
and a 6-month-old, who both underwent subtotal resection, did not receive any
adjuvant therapy post-operatively and both residual tumours regressed over

several months (90).
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Usually DIPGs have <10% 2-year survival and are ultimately fatal so these
presentations are extremely unusual in this context and brings into question
whether these are conclusively DIPG tumours without a histological diagnosis
available. These cases also hint at a different molecular biology associated with
tumours in the infant population. These findings have significant clinical
implications; potentially there is a subgroup of paediatric brain tumours which do

not need to be treated as aggressively with potentially harmful adjuvant therapies.

1.4.2 Histological features of infant gliomas

Previous studies have hinted at different histological features within infant
gliomas. Haberler et al (2007) describe malignant gliomas present in two infants
that underwent gross total resection and adjuvant chemotherapy. Follow-up at 18
and 10 months confirmed complete remission of the tumours. The histology
showed a high density of ‘minigemistocytic shaped’ cells with abundant mitoses
and absent necrosis, concluding that this may represent a new subtype of glioma
(91). Other reported cases all describe tumours that show high grade features;
high mitotic activity, cell-rich, palisading necrosis and microvascular proliferation
(92), which would lead to a WHO grade of lll/IV being assigned. This represents
an interesting finding where despite the high-grade histology of these cases, they
have an improved survival. Questions are now being raised as to the value of the
WHO grading system in pHGG; necrosis and vascular proliferation are two
features that help to differentiate WHO grade IIl and IV tumours, but neither WHO
[l and IV are reported to be associated with any difference in outcome for pHGG
(93). Errors can also be made in diagnosis with reclassification of HGG to LGG

reported at 5% in some studies (93), and so other diagnostic tests need to be
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used in conjunction with histology to maximise accurate diagnosis and this may
be very important for infants where there may be variation in histological

appearances.

1.4.3 Molecular biology of infant gliomas

The very few infant HGGs studied so far show that they rarely contain histone
mutations, although pontine tumours (DIPG) can contain H3K27M mutations
(94). Existing studies found tumours which harbour very few mutations and
fusions that have not previously been identified in other paediatric brain tumours,

including fusions involving the NTRK genes (74).

NTRK fusions are not specific to brain tumours. They are found in many other
cancer types including colorectal, breast, thyroid, lung and gastrointestinal
stromal tumours. The Tropomyosin receptor kinase family is composed of Trk A,
Trk B and Trk C which are 3 transmembrane proteins that are encoded by the
NTRK 1, 2and 3 genes (figure 1-11) (95). They are expressed in neuronal tissue,
contribute to the normal development and function of the central nervous system
and are all activated by neurotrophins. The NTRK gene rearrangements
represent an opportunity for targetable treatment option for fusion-positive brain

tumours (95).
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Figure 1-11. Trk receptor signalling. A schematic diagram showing the three major signalling
pathways that are involved in survival, differentiation and proliferation in response to the activation
of the Trk A, B and C receptors by their respective ligands, nerve growth factor (NGF), brain-
derived growth factor (BDNF), and neurotrophin 3 (NTF-3) (95).

NTRK fusions can be found in both HGG and LGGs and studies have identified
novel fusions and attempted to understand their function in HGG. A LGG study
included 96 pilocytic astrocytomas and using whole genome sequencing,
identified novel QKI:NTRK2 and NACC2:NTRK2 fusions, and an RNF130:BRAF

fusion (although the age of the patients was not stated) (figure 1-12) (73).
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Figure 1-12. Fusions occurring in LGG. A, A schematic representation of the RNF130:BRAF
fusion gene reported in two cases; the translocation is between chromosomes 5 and 7. B, A
schematic representation of the QKI:NTRKZ2 gene found in one case; the translocation is between
chromosome 9 and 6 (73).

Also, a SLMAP:NTRKZ2 fusion was reported in a single case of parietal
ganglioglioma, identified by RNAseq although again, the age of the patient is not
stated (96). An HGG study found eight examples of NTRK fusion genes in a
cohort of HGG cases, specifically TPM3:NTRK1, BTBD1:NTRK3, ETV6:NTRKS3,
VCL:NTRK2 and AGBL4:NTRK2 with three cases of HGG (non-brainstem)
present in children aged less than 3 years old (figure 1-13). Transduction of
TP53-null primary mouse astrocytes with retrovirus expressing Flag-tagged
human TPM3:NTRK1 or BTBD1:NTRK3 generated HGGs with a very short
latency period, and complete penetrance when implanted into mouse brains
indicating their role in tumour formation. Elevated phosphorylated AKT and
p42/44 MAPK levels compared to normal brain tissue, and features of PI3K and

MAPK pathway activation were also found (74). Having confirmed that the NTRK
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fusion proteins induce HGGs, the hematoxylin and eosin (H&E) sections showed
abundant pleomorphic nuclei with associated high mitotic activity consistent with
HGG. Specifically, tumours from BTBD 1-NTRK3 transduced cells contained giant

cells, drawing comparisons with the GBM variant of giant cell glioblastoma (74).
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Figure 1-13. NTRK fusions occurring in pHGG/DIPG. Examples of NTRK1/2/3 fusions identified
in a cohort of pHGG/DIPG. For each fusion, the dotted red line shows the fusion breakpoints of
each gene (74).

Other studies have investigated the functionality of the other NTRK genes in
fusions; BCAN:NTRK1 fusions occur in gliomas and generated both in vitro and
in vivo models in adult neural stem cells from p53 -/- mice using CRISPR-Cas9
gene editing. The cells were tumourigenic, formed tumours histologically

consistent with HGGs and were sensitive to targeted inhibition (97).
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The existing infant glioma studies have shown a very different molecular
landscape to that of older pHGG cases, with improved outcome and potential
novel genetic drivers with evidence of target inhibition. This represents an
opportunity to develop a classification for this group to help refine diagnosis and

improve the outcome still further for these very young patients.
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CHAPTER 2 - Materials and methods

2.1 Genomic analysis

2.1.1 Patients and samples

All patient samples included were classified as gliomas (WHO grade I, Il or IV)
age <4 years old (including congenital cases) from all CNS locations (including
spinal tumours, but excluding optic pathway gliomas). Cases were excluded if
they had been diagnosed as a pilocytic astrocytoma with a known BRAF fusion
or mutation. Ependymal, embryonal, mesenchymal, and germ cell tumours were
also excluded. All cases in the infant cohort had undergone either a biopsy and/or
a resection of the tumour. Where possible, a hematoxylin and eosin (H&E) slide,
10 unstained sections, formalin-fixed paraffin-embedded (FFPE) tissue rolls, or
frozen tissue was provided for each case. In some cases, data alone were
provided. A total of 241 cases were entered into the study. Eight cases from
King’s College and St George’s Hospital London (21) and ten cases from St. Jude
Children’s Hospital in Memphis (74) have been previously published. All patient
samples were collected under full Research Ethics Committee approval at each

participating center.

2.1.2 Nucleic acid extraction

DNA was extracted from frozen tissue by homogenisation prior to following the
DNeasy Blood & Tissue Kit protocol (QIAGEN). DNA was extracted from FFPE
pathology blocks after manual microdissection using the QlAamp DNA FFPE
Tissue Kit protocol (QIAGEN). Concentrations were measured using a Qubit

fluorometer (Life Technologies). RNA was extracted by following the RNeasy Mini
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Kit protocol (QIAGEN), and quantified using a Nanodrop 2000 Spectrophotomer

(Thermo Scientific).

2.1.3 Cell-Free DNA (cfDNA) extraction from plasma

5-10mL of peripheral blood sample were collected into Cell-Free DNA Collection
Tubes (Streck). Blood samples were centrifuged twice for 10 minutes, a first
centrifugation at 1,600 g and a second centrifugation at 1,600 g or 16,000 g to
remove cellular contents and/or debris. Samples were stored at -80°C until cfDNA
extraction. cfDNA isolation from plasma was performed using the QlAamp
circulating nucleic acid kit (Qiagen, 55114) following quantification using the
Qubit fluorometer (ThermoFisher Scientific, dSDNA HS Assay kit, Q32854) and
fragment analysis by 4200-TapeStation (Agilent, Genomic DNA ScreenTape

5067-5366).

2.1.4 Methylation profiling

150 ng of DNA underwent bisulfite conversion and was sent to DKFZ (Heidelberg,
Germany), University College London (UCL) Great Ormond Street Institute of
Child Health, Ospedale Bambino Gesu (Rome, Italy) or St Jude Children’s
Research Hospital genomics centres for methylation array analysis. Either
lllumina 450k or EPIC BeadArrays were performed. The data derived was pre-
processed using the minifi package in R (v11b4). The Heidelberg brain tumour
classifier (molecularneuropatholog.org, v11b4) was used to classify each
individual case by assigning a calibrated score to each case, which would inform
as to which of the 91 tumour entities featuring in the current classifier (v4) the

case most closely resembled. The beta values from the methylation arrays were
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clustered based on correlation distance using a Ward algorithm. DNA copy
number data was derived from the methylation arrays using combined log>
intensity data based upon an internal median processed with the R packages
minfi and conumee (v11b4) to call copy number in 15,431 bins across the

genome.

Differential methylation analysis was carried out using minifi. The results were
analysed for gene set enrichment using methyIGSA (1.6.1)
(rdrr.io/bioc/methylGSA/). The number of CpG islands for each gene was
adjusted by both weighted resampling and Wallenius noncentral hypergeometric
approximation in methylgeometh. The ontology networks were constructed using

ShinyGo (0.61) (bioinformatics.sdstate.edu/go/).

2.1.5 Fusion panel sequencing

A custom fusion panel consisting of 22 genes associated with fusions in
paediatric brain tumours (ALK, BCOR, BRAF, c110rf95, C19MC, CIC, ETVS,
FGFR1/3, FOXR2, KIAA1549, MET, MN1, MYB, MYBL1, NTRK1/2/3, RAF1,
RELA, TPM3, and YAP1) was designed with a library of probes to ensure
adequate coverage of the specified regions (Roche Sequencing Solutions).
Where available, 100 to 200 ng of DNA was used for library preparation using
KAPA Hyper and HyperPlus Kit (Kapa Biosystems) and SeqCap EZ adaptors
(Roche). Following fragmentation, DNA was end-repaired, A-tailed, and indexed
adaptors ligated. DNA was amplified, multiplexed, and hybridised using 1 pg of
the total precapture library DNA. After hybridisation, capture libraries were

amplified and sequencing was performed on a MiSeq and NextSeq (lllumina)
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(appendix figure 1). Quality control, variant annotation, deduplication, and
metrics were generated for each sample. The raw list of candidates provided by
Manta (https:// github.com/lllumina/manta) was filtered for more than 2 reads
covering both genes, common false positive base pairs (bp) positions / fusions
outside of the capture set at both ends, common breakpoint/ false positives within
10bp, common false positive gene pairs, fusions within the same gene and
homologous sequences greater than 10bp. Breakdancer was used to confirm all
the breakpoints in all samples. Sequences either side of the break points were
annotated to look for repetitive elements. A BLAT score was obtained to remove
loci which were not uniquely mapped. Integrative Genomics Viewer was used to

view the fusions.

2.1.6 PCR/Sanger sequencing validation

PCR to validate fusion breakpoints was carried out using primers obtained from
Integrated DNA Technologies. The PCR reagents (Invitrogen) were added to a
96 well reaction plate (Life Technologies) in a final volume of 25ul containing
2.5ul 10x Buffer, 0.5ul 10mM dNTP mix, 0.75ul 50mM Mg?*, 2ul of each primer
(10uM each), 5ul of DNA (10ng/ul), 0.4ul Taq Polymerase (5U/ul), and 13.85ul
of ddH20. The PCR was performed in a thermocycler with initial denaturation at
94°C for 3 minutes, followed by 38 cycles of denaturation at 94°C for 3 minutes,
annealing at 55°C for 30 seconds, and extension at 72°C for 30 seconds, followed

by a final extension at 72°C for 5 minutes.

PCR products were cleaned using the ExoProStar S 20 (Sigma-Aldrich) and were

sent for Sanger sequencing (DNA Sequencing and Services, University of
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Dundee, United Kingdom). Sequences were analysed manually with 4Peaks

(Nucleobytes). (appendix table 1).

2.1.7 NanoString gene expression analysis

The top 30 genes with the most differentially methylated regions between ALK-
fusion, NTRK-fusion, and fusion-negative cases were selected for an mRNA
expression analysis using a custom nCounter platform and nDesign
(NanoString). Specimen RNA was mixed in hybridisation buffer with CodeSets
and hybridised overnight at 65°C. Samples wash reagents and imaging cartridge
were processed on the nCounter Prep Station and imaged on the nCounter
Digital Analyser according to the manufacturer’s instructions. Data were
normalised with NanoStringNorm v1.2.1 using variance stabilising normalisation.
Heat maps were made by clustering the median centered expression values or a

correlation matrix based on Euclidean distance using a Ward D2 algorithm.

2.1.8 DNA and RNA sequencing

DNA was sequenced either as whole genome or captured using Agilent
SureSelect whole exome v6. Library preparation was performed using 50 to 200
ng of genomic DNA. Following fragmentation, DNA was end-repaired and A-
tailed, and indexed adapters ligated. DNA was amplified, multiplexed, and
hybridised using 1 ug of total precapture library. After hybridisation, capture
libraries were amplified and sequencing was performed on a NextSeq500
(Mlumina) with 2 x 150 bp, paired-end reads following the manufacturer’s

instructions.
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Ribosomal RNA was depleted from 500 to 2,000 ng of total RNA from FF and
FFPE using NEBNext rRNA Depletion Kit. Following first-strand synthesis and
directional second-strand synthesis, resulting cDNAs were used for library
preparation using NEBNext Ultra |l Directional RNA Library Prep Kit from lllumina
performed as per the manufacturer's recommendations. Exome capture reads
were aligned to the hg19 build of the human genome using bwa v0.7.12 (bio-
bwa.sourceforge.net), and PCR duplicates removed with PicardTools 1.94
(pcard.sourceforge.net). Single-nucleotide variants were called using the
Genome Analysis Tool Kit v3.4-46 based upon current best practices using local
realignment around InDels, downsampling, and base recalibration with variants
called by the Unified Genotyper (broadinstitute.org/gatk/). Variants were
annotated using the Ensembl Variant Effect Predictor v74
(ensembl.org/info/docs/variation/vep) incorporating SIFT (sift.jcvi.org) and
PolyPhen (genetics.bwh.harvard.edu/pph2) predictions, COSMIC v64
(sanger.ac.uk/genetics/CGP/cosmic/), dbSNP build 137
(ncbi.nlm.nih.gov/sites/SNP), ExAc, and ANNOVAR annotations. RNA
sequences were aligned to hg19 and organised into de novo spliced alignments
using bowtie2 and TopHat version 2.1.0 (ccb.jhu.edu/software/tophat). Fusion
transcripts were detected using chimerascan version 0.4.5a filtered to remove

common false positives.

2.1.9 Paediatric High-Grade Glioma panel
A custom panel of 330 genes derived from our 2017 Cancer Cell paper (21) was
designed (appendix table 2). Libraries were prepared from 50-200 ng of DNA

using the Kapa HyperPlus kit and DNA was indexed utilising 8bp-TruSeqg-Custom
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Unique Dual Index Adapters (Integrated DNA Technologies). Following
fragmentation, DNA was end-repaired, A-tailed and indexed adapters ligated.
DNA was then amplified, multiplexed and hybridised using 1 ug of total pre-
capture library. After hybridisation, capture libraries were amplified and
sequencing was performed on either a MiSeq, NextSeq500 or NovaSeq6000
system (lllumina) with 2 x 150bp, paired-end reads following manufacturer’s

instructions.

2.1.10 Single-cell RNA sequencing

Disaggregated single cells from fresh frozen biopsies of infant high grade gliomas
were subjected to single cell RNA sequencing using SMART-Seq2 methodology
in collaboration with Mariella Filbin’'s team at DFCI in Boston. Following library
preparation and sequencing, fastq files, were aligned to the reference genome
(hg19) using bowtie, followed by transcript quantification as Transcripts per
Million using the rsem pipeline. These data were then combined with publicly
available SMARTSeq2 datasets of GBM (75) and DIPG (98) pre- processed in
the same way recovered from GEO (GSE131928 and GSE102130) and the
single cell portal at the Broad Institute. Log transformed counts were combined
as single cell experiments using the R packages scater (1.16.2) and scran
(1.16.0) and annotated with combined metadata. Combined data was then
clustered using PCA and TSNE. Cell type assignments were made using the R
packages singleR (1.2.4) and GSVA (1.36.3) with reference to human
neurodevelopmental cell types (99) and those defined as components of bulk

tumour profiling.
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2.2 Histology

2.2.1 Histology review

Histological review was performed for all cases in the project where an H&E slide
had been obtained. Each case was reviewed using the WHO Classification of
Tumours of the Central Nervous System (2016). The review was undertaken with
the assistance of Professor Thomas Jacques, Consultant Paediatric
Neuropathologist (Great Ormond Street Institute of Child Health), whilst blinded
to the molecular features of each case. A set of criteria to assess the histological
features that are characteristic of gliomas was predetermined and included
astrocytic and stromal morphology, and the presence of mitotic figures and
necrosis. A second review of these cases was then conducted with consideration
of the molecular features that had been identified. This enabled either the
confirmation of the original pathology diagnosis of the case (particularly for the
well-established tumour subtypes), but also allowed both architectural and
cytological features to be derived to characterise the novel infant subgroups of

the study.

2.2.2 Immunohistochemistry

Immunohistochemistry for Ki-67 (M7240, DAKO, 1:100) was performed to
determine the proliferative index of some of the cases. Pressure-mediated
antigen retrieval and the Envision detection system (DAKO K5007) was used,
and the slides mounted with Leica CV Ultra mounting medium. The slides were
then imaged using a high throughput scanning microscope AxioScan Z1 and

quantified using Definiens software.
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2.3 In vitro culture

2.3.1 Primary culture establishment

Three novel primary cultures formed part of this study: QCTB_INF_RO077,
QCTB_INF_R102 and ICR_CXJ-020 (corresponding to patient KING_INF_018).
Using a sterile scalpel, tissue collected from surgery was minced into as small
pieces as possible, and LiberaseTL was added for 10 minutes at 37°C to
enzymatically dissociate the tissue. These, as well as non-infant pHGG cultures
QCTB-R006 and QCTB-R059, were grown under stem cell conditions as two-
dimensional adherent cultures on laminin and/or laminin-fibronectin substrates in
serum-free media composed of 1:1 Neurobasal(-A) and DMEM:F12 which was
supplemented with NEAA, sodium pyruvate, HEPES, and Glutamaxx. To this,
B27(-A), human PDGF-AA (10ng/mL), human PDGF-BB (10ng/mL), human

bFGF (20ng/mL), human EGF (20ng/mL) and heparin (2ng/mL) were also added.

2.3.2 Primary culture passaging and storage

Cells were grown as adherent cultures until 80-90% confluency was reached.
The cells were then dissociated enzymatically using accutase and counted using
a Beckman-Coulter ViCell cell viability analyser. They were then re-seeded into
fresh flasks. The infant lines grew best using a 1:2 or 1:3 split, whereas the control
lines could be grown comfortably up to a 1:5 split. Each time the cells were
passaged, if sufficient cells were available, a vial was stored in the cell bank; cells
were mixed with Stem Cell Banker (1 mL) and stored in the freezer at -80°C

before being transferred to liquid nitrogen storage when appropriate.
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2.4 In vitro techniques

2.4.1 Drug assays

The cells were seeded (3,000-5,000 cells per well) into laminin or laminin—
fibronectin-coated 96-well plates and treated with TRK inhibitors entrectinib
(RXDX-101, Selleckchem), crizotinib (PF-02341066, Selleckchem), milciclib
(PHA-848125, Selleckchem) and larotrectinib (LOXO-101, Selleckchem) at
concentrations ranging from 0 to 20 ymol/L for 8 days. Each assay was
performed in three independent biological replicates of three technical replicates
each. The cell viability was assessed with Cell Titer-Glo using a FLUOstar Omega
plate reader (BMG, LABTECH). GraphPad Prism software was used to analyse

the data and calculate the GI50 values.

2.4.2 Western blotting

The cells were incubated in complete media with the vehicle or increasing
concentrations of entrectinib (0.1, 1, 10 ymol/L). The protein was collected 4
hours post-treatment. Samples were lysed using lysis buffer (Cell Signaling
Technology) containing phosphatase inhibitor cocktail (Sigma) and protease
inhibitor cocktail (Roche Diagnostics). Following quantification using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific), cell extracts were loaded for
Western blot analysis. The membranes were incubated with primary antibody
(1:1,000) overnight at 4°C, and horseradish peroxidase secondary antibody
(Amersham Biosciences) for 1 hour at room temperature. Signal was detected
with ECL Prime Western blotting detection agent (Amersham Biosciences),
visualised using Hyperfilm ECL (Amersham Biosciences) and analysed using an

X-ray film processor in accordance with standard protocols. The primary
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antibodies used were phospho-AKT (Ser473; Cell Signaling Technology; #4060),
phosphop44/ 42 (Thr202/Tyr204; Cell Signaling Technology; #4370), AKT (Cell
Signaling Technology, #9272), p44/42 (Cell Signaling Technology; #9102),

GAPDH (Cell Signaling Technology; #2118).

2.5 Immunofluorescent staining

Paraffin-embedded tissue section of infant gliomas were deparaffinised using
three changes of xylene and ethanol. Heat-mediated antigen retrieval was
performed (Dako S1699, pH 6.0) and tissue slides were permeabilised with 0.5%
Triton X-100 solution at room temperature for 10 minutes. They were then
blocked with the appropriate serum according to the species of secondary
antibody at room temperature for 1 hour. For STAT1 staining (AHO0832,
Invitrogen, 1:800), Alexa Fluor 488 Tyramide Super Boost Kit was used (B40941,
Invitrogen) and the antibody was incubated for 30 minutes at 37 °C. For WNT5A
(MA5-15502, Invitrogen, 1:800) and P63 (39692, Cell signalling, 1:900) staining,
samples were also incubated at 37 °C for 30 minutes. The sample slides were
then washed in PBS three times and incubated with DyLight 649 (DI-2649,
Vector, 1:100) and Alexa Fluor 555 (A31572, Invitrogen, 1:300) -conjugated
secondary antibodies at room temperature for 1 hour. The nuclei were next
counterstained with DAPI and the samples were mounted with Vectashield
(H1000, Vector Laboratories). Finally, the slides were examined using the Zeiss

Axio Scan.Z1 automated Fluorescence slide scanner.
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2.6 In vivo techniques

2.6.1 Intracranial injections

All experiments were performed in accordance with the local ethical review panel,
the UK Home Office Animals (Scientific Procedures) Act 1986, the United
Kingdom National Cancer Research Institute guidelines for the welfare of animals
in cancer research and the ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines (100,101). Single-cell suspensions were obtained
immediately prior to implantation. NOD.Cg-Prkdcs [12rg"™"™i//SzJ (NSG) mice
(Charles River) were anaesthetised with intraperitoneal ketamine
(100mg/kg)/xylazine (16mg/kg) and maintained under 1% isoflurane
(0.5L/minute). The animals were depilated at the incision site on the head and
Emla cream 5% (lidocaine/prilocaine) was applied on the skin. A subcutaneous
injection of buprenorphine (0.03mg/kg) was given for general analgesia. The
cranium was exposed via a midline incision under aseptic conditions with a
scalpel, and a 31-gauge burr hole drilled above the specific injection site. Mice
were then placed on a stereotactic apparatus for orthotopic implantation. The site
of injection was the cerebral cortex in order to mimic the clinical scenario as
closely as possible. The coordinates used for the cortex were x = -2.0, z = +1.0,
y = -2.5 mm from the bregma. 300,000 cells in 5uL were stereotactically
implanted using a 25-gauge SGE standard fixed needle syringe (SGE 005000)
at a rate of 2 yL/minute using a digital pump (HA1100, Pico Plus Elite, Harvard
Apparatus). At the completion of infusion, the syringe needle was allowed to
remain in place for at least 3 minutes, and then manually withdrawn slowly to
minimise any backflow of the injected cell suspension and possible growth of

tumours around the meningeal surface of the brain. An intraperitoneal injection
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of the reversing agent atipamezole (1mg/kg) diluted in Hartmann solution for
rehydration was administered. The mice were monitored until fully recovered from
surgery and given Carprofen (analgesia) in a gel diet for 48 hours post-surgery.
The mice were weighed twice a week and observed for any signs of neurological
deficit (seizures, weakness, problems with balance etc) or general loss of
condition (hunched back, reduced activity and interaction, unkempt coat) at which
point they would be culled and the brains fixed in formalin for 24 hours. The brain
was then cut transversely from anterior to posterior, with one half cryopreserved

and the remainder embedded for histological review.

2.6.2 Magnetic resonance imaging

Mice were weighed twice a week and imaged by 'H MRI performed on a
horizontal bore Bruker Biospec 70/20 (Ettlingen, Germany) equipped with
physiological monitoring equipment (SA Instruments, Stony Brook, NY, USA)
using a 2cm x 2cm mouse brain array coil, with a field strength of 7T. Anaesthesia
was induced using 3% isoflurane delivered in oxygen (11/min) and maintained at
1-2%. Core body temperature was maintained using a thermo-regulated water-
heated blanket. Following optimisation of the magnetic field homogeneity using a
localised map shim over the whole brain, a rapid acquisition with relaxation
enhancement (RARE) T:-weighted sequence (repetition time (Tr) =4500ms,
effective echo time (Texr)=36ms, 2 averages, RARE factor =8, in-plane
resolution 98um x 98um, 1mm thick contiguous axial, coronal and sagittal slices)
was used for the identification of any tumours. All imaging was performed by

Dr Jessica Boult, Division of Radiology and Imaging, ICR.
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2.7 Novel NTRK fusion models
2.7.1 Sequencing of constructs
The novel KCTD16:NTRK2 fusion and ETV6:NTRK3 were chosen. After
reviewing the structure of the fusions, three different breakpoints would be

modelled (two for NTRK3) (appendix 2).

Fusion sequences were designed with a v5 sequence tag at the 5’ end. These
were manufactured by Life Technologies in 19ABHESP_pMA-T plasmids (3952
— 4373 bp) (appendix figure 2). A PCR confirmed the expected sizes for each
fusion construct. Bacteria were grown from glycerol stocks provided by Life
Technologies and DNA was extracted. Restriction digestion of the
AAVS1_Puro_PGK1_3xFLAG_Twin_Strep donor plasmid (appendix figure 3)
was performed (using EcoRlI at restriction sites Notl and Sbfl). Finally, the donor
plasmid and fusion construct were ligated, NEB 5-alpha competent E. coli C2987

bacteria transformed and DNA was extracted.

The PCR reagents (New England BioLabs) were added to a 96 well reaction plate
(Life Technologies) in a final volume of 25ul containing 12.5ul NEB-next high
fidelity 2x PCR mastermix, 1.25ul of each forward and reverse primer (10uM 1:10
dilution of stock), 5ul DNA template (1ng/ul) and 5ul water per reaction. The PCR
was performed in a thermocycler with initial denaturation at 98°C for 2 minutes,
followed by 25 cycles of denaturation at 98°C for 10 seconds, annealing at 55°C
for 20 seconds, and extension at 72°C for 2 minutes, followed by a final extension

at 72°C for 7 minutes.
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PCR products were cleaned using the ExoProStar S 20 (Sigma-Aldrich) and were
sent for Sanger sequencing (DNA Sequencing and Services, University of
Dundee, United Kingdom). Sequences were analysed manually with 4Peaks
(Nucleobytes). The fusion and v5 tag were in the correct sequence. A repeat
experiment was also performed using the genes ETV6, NTRK3, KCTD16, and
NTRKZ2 acting as a control; sequencing confirmed the expected sequences

(appendix table 3).

The methods used for the development of the ALK fusion model can be found in

appendix 3.

2.7.2 Electroporation of human neural stem cells

The electroporation protocol was optimised using pmaxGFP plasmids. Cells were
pre-treated with ROCK inhibitor for 2 hours prior to electroporation. 1-2 x 108
human neural stem cells (E3462, adherent culture on laminin, passage 15) were
electroporated using programme A-023 and Solution 2 (two attempts for each
fusion/gene). Post-electroporation, all cells were transferred to a T25 flask; media
was replaced 24 hours post-procedure to remove dead/dying cells, and

expanded into T175 flasks.

2.7.3 Puromycin selection

Successfully electroporated neural stem cells were selected using the puromycin
resistance gene within the AAVS1_Puro_PGK1_3xFLAG_Twin_Strep plasmid. A
puromycin sensitivity assay showed the lowest concentration at which all the

E3462 cells died was 1.25ug/ml. Fresh media containing this concentration of

70



puromycin was added to the T175 flasks with the prediction that electroporated
cells would survive. Viable cells were expanded and re-challenged with

puromycin; no viable cells for the KCTD16:NTRK2 fusion remained.

2.7.4 Mouse neural stem cells

Mouse neural stem cells (NNSCs) were substituted for E3462, and the donor
plasmid was changed to PBCAG-eGFP (appendix figure 4). Restriction, ligation
and transformation were performed, and sequencing confirmed that the fusion,
vS tag and GFP marker were retained and within the correct sequence. The
electroporation protocol was optimised using the mNSCs. 1-2 x 108 mNSCs were
electroporated with 1ug of plasmid DNA and transposase, protocol A-023 and
Solution 2. A control experiment using PBCAG-eGFP with no fusion was also
performed. GFP expression was reviewed 24- and 48-hours post-electroporation
using a JuLl Smart Fluorescent Cell Analyser. Post-electroporation, the
electroporated cells were expanded into T75 flasks. The cells underwent sorting
for GFP positivity using the BeckmanCoulter MoFlo Astrios. Cells were sorted
into 6 well plates and expanded. GFP positivity was observed using a

fluorescence microscope.

2.7.5 Immunofluorescence for GFP and v5 tag detection

Cells were grown in 8 well chamber slides (Cole-Parmer Instrument Company,
WU-01838-03) for 24-72 hours. They were fixed with 4% PFA (ChemCruz, sc-
281692) and incubated with 0.7% triton-x100 (Sigma, 058K0073) in PBS for 30
minutes. Cells were then washed with PBS and blocked for 1 hour with blocking

solution (10% horse serum (Vector, S-2000) and 10% goat serum (Dako, X0907)
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in 5% BSA (Sigma, A3059). Slides were incubated at 4°C overnight with primary
antibody, washed with PBS next day and incubated with secondary antibody.
Slides were then stained with DAPI, washed with PBS and mounted using
Vectashield (H1000) mounting medium. Imaging was done using confocal
microscopy (Zeiss LSM700). The primary antibodies used were V5 tag
(Invitrogen/Life Technologies R960-25) and GFP (goat-FITC conjugated Abcam
ab6662). The secondary antibodies used were goat anti mouse 555

(Invitrogen, Catalog # A-21422).

2.7.6 In utero electroporation (IUE)

With expertise, practical assistance and training from Dr Ketty Kessler in the
Jones Laboratory, embryos of CD1 mice were injected with plasmids into the
lateral ventricle and electroporated in utero at E13.5. The fusion plasmids were
used alone or in combination with CRISPR guide RNAs against Trp53 (PB-
KCTD16:NTRK2+PX+/-Trp53 and PB-ETV6:NTRK3+PX+/-Trp53). Any live pups
were closely monitored for neurological symptoms, and were scanned at regular
intervals post procedure (all imaging was performed by Dr Jessica Boult). A
mouse from each condition was sacrificed at day 148 to look for evidence of
tumour generation. H&E staining was performed according to standard protocols

on 3um sections

2.8 Statistical analysis
Statistical analysis was carried out using R 3.5.0 (www.r-project.org) and
GraphPad Prism 7. Categorical comparisons of counts were carried out using

Fisher exact test; comparisons between groups of continuous variables
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employed Student t test or ANOVA. Univariate differences in survival were
analysed by the Kaplan—Meier method and significance was determined by the
log-rank test. All tests were two-sided and a P value of less than 0.05 was

considered significant.

2.9 Data availability

All newly generated data have been deposited in the European Genome-—
phenome  Archive (www.ebi.ac.uk/ega)  with accession number
EGAS00001003532 (sequencing) or ArrayExpress
(www.ebi.ac.uk/arrayexpress/) with accession numbers E-MTAB-7802 and E-
MTAB-7804 (methylation arrays). Curated gene-level copy number, mutation
data, and RNA-sequencing data are provided as part of the pediatric-specific
implementation of the cBioPortal genomic data visualisation portal

(pedcbioportal.org).
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CHAPTER 3 - Clinical, radiological and pathological profiling of
infant gliomas

3.1 Introduction

The definition of an infant used in paediatric neuro-oncology typically refers to
children younger than 3 to 5 years (5). Infant tumours reported as HGG appear
to be associated with significant differences in clinical outcome, with infant HGG
(even with incomplete resection and without irradiation) showing a significantly
improved survival compared with those in older children (9,21,102—104). Infant
LGG also show differences in clinical outcome, but the reverse; they have a
worse outcome compared to older children (30). This may indicate the presence
of a distinct group of tumours at the current intersect of LGG and HGG, where
histopathologic grading may not be representative of clinical behavior. Treatment

outcomes also reflect these differences.

Previous studies have hinted at different histologic features within infant HGG.
High densities of “minigemistocytic-shaped” cells with abundant mitoses, absent
necrosis and vascular proliferation are described in two cases (one a congenital
case, the other diagnosed at 30 months) (91). Interestingly, both these cases
were in complete remission at 18- and 10-months follow-up respectively (91).
Other examples show moderately hypercellular, mitotic, and necrotic tumours
with cellular monotony and a lack of significant pleomorphism, giving a mixed
picture of both high- and low-grade features (81). Cytological differences are
reported with some cases displaying a more spindled appearance, a relative
monotony of cell size, and glial fibrillary acidic protein (GFAP) positivity by IHC,

alongside the high-grade features of necrosis and mitotic activity (85). However,
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all cases have a better outcome than expected for an older child (85). This
variation in appearance, and histological high-grade features conflicting with
clinical outcome makes diagnosis challenging and argues for the use of
molecular investigations, such as methylation profiling, to provide a clearer

diagnosis.

Since its publication, the Heidelberg brain tumour classifier has contributed
significantly to our understanding of brain tumours including new classifications
of both ependymomas (105) and CNS-PNETs (78). DNA methylation profiling
has helped to reclassify ependymal tumours into nine molecular subgroups
incorporating histological, genetic, demographic and survival data to provide an
updated classification (105). CNS-PNETs have been reclassified into four new
distinct brain tumour entities, again associated with recurrent genetic alterations,
and characteristic histology and clinical outcome data (78). These studies
demonstrate two major functions of the classifier; classification of tumours into
the existing well-established tumour entities and class discovery. Methylation
profiling is also being developed to classify soft tissue sarcomas (106) and to risk
stratify prostate cancer cases (107,108). It has also indicated that infant HGG
may display a more LGG-like methylation pattern; these tumours have a wide
age variation (but include younger patients), are largely hemispheric, driven by
BRAF V600E, NF1 or FGFR2 mutations or RTK fusions, and have a 2-year

survival of 74% (21).

Infant HGG are very rare tumours accounting for an annual average of 39 cases

in the US (8) and 3.4 per million children in the UK (109). | have collected the
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largest series of infant HGG assembled to date and have used methylation
profiling and histologic review integrated with clinical data to classify and

characterise these rare tumours.

3.2 Results

3.2.1 Case numbers and epidemiology

All patient samples included were classified as gliomas (WHO grade I, Il or V)
age <4 years old (including congenital cases) from all CNS locations (excluding
optic pathway gliomas, but including spinal tumours). The age cut-off was
decided based on the current definitions of the infant age group. Cases were
excluded if they had been diagnosed as a pilocytic astrocytoma with a known
BRAF fusion or mutation. Ependymal, embryonal, mesenchymal, and germ cell

tumours were also excluded (figure 3-1).
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Figure 3-1. Defining the infant glioma study cohort. A, Flow diagram providing an overview of the
inclusion and exclusion criteria for the assembled cohort of 241 samples from patients younger
than 4 years. B, Samples underwent fusion gene analysis using a variety of methods, to exclude
cases with pathognomic fusions. C, Samples then underwent methylation array profiling and
analysis by the Heidelberg classifier using a CNS reference cohort (n=3949) to exclude non-
glioma tumour entities. D, Cases which classified as previously reported high- or low-grade glioma
subtypes were excluded by comparing methylation profiles with a glioma reference set (n=1652).
The remaining cases underwent further characterisation using histopathological assessment and
in-depth sequencing.

Samples were obtained from the following national collaborators (figure 3-2B):
Great Ormond Street Hospital, London (n=33), King’s College Hospital, London,
(n=21), University Hospitals Bristol, (n=9), Newcastle Royal Infirmary, (n=6), St
George’s Hospital, London, (n=4). Contributions from international collaborators
(figure 3-2C) included referrals to the German Cancer Research Center (DKFZ)

(n=86), and from Ospedale Pediatrico Bambino Gesu, (n=37), St Jude Children’s
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Research Hospital, Memphis, (n=17), Memorial Sloan Kettering Cancer Center,
New York, (n=6), Queensland Children’s Tumour Bank, Brisbane, (n=5),
Universitatsklinikum Hamburg-Eppendorf, (n=5), Children’s Cancer Institute,
Sydney, (n=2), Children’s Hospital of Wisconsin, (n=2), Emory University
Hospital, Atlanta, (n=1), St. Petersburg Hospital No. 6, (n=1), Wake Forest
School of Medicine, Winston-Salem, (n=1), The Chinese University of Hong
Kong, (n=1), Children’s National Medical Centre, Washington DC, (n=1), Chaim
Sheba Medical Center, Tel Aviv, (n=1), Oregon Health & Science University,

Portland, (n=1), and University of Ljubljana, (n=1).

A
Bl National n=73
[  International n=168
n=241
National collaborators c International Collaborators

\

German Cancer Research Center (DKFZ) n=86
Ospedale Pediatrico Bambino Gesu n=37

St Jude Children's Research Hospital n=17
Memorial Sloan Kettering Cancer Center n=6

Great Ormond Street Hospital =33
Kings College Hospital n=21

University Hospitals Bristol n=9
Newcastle Royal Infirmary n=6
Il st George's Hospital n=4 Queensland Children's Tumour Bank n=5

Universitatsklinikum Hamburg-Eppendorf n=2

Children’s Cancer Institute, Sydney n=2

Children’s Hospital of Wisconsin n=1

Emory University Hospital, Atlanta n=1

St. Petersburg Hospital No. 6 n=1

Wake Forest School of Medicine n=1

The Chinese University of Hong Kong n=1
Children’s National Medical Centre, Washington n=1
Chaim Sheba Medical Center, Tel Aviv n=1

Oregon Health & Science University, Portland n=1
B university of Ljubljana n=1

Figure 3-2. International and national collaborators. A, Pie chart showing of the overall
contribution of cases to the cohort from national and international collaborators. B, Pie chart
showing the specific national collaborator centres and C, international collaborator centres with
their case contributions to the total cohort of 241.
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Of the total 241 cases, 45.2% (109/241) were female and 54.8% (132/241) were
male (figure 3-3B). Although all cases in the cohort were reported as aged <4
years, not all (n=33) had an available date of birth and/or date of diagnosis to
enable a precise age calculation to be deduced. Of those that did have this
information available (n=208) 55.3% of cases (115/208) were aged >1 year, and
44.7% (93/208) were aged <1 year (figure 3-3A). 9.9% (15/158) of the tumours
were located in the brainstem, 65.8% (104/158) were located in the cerebral
hemispheres, 24.1% (38/158) were located in the midline and 1 case was

metastatic (a hemispheric cystic mass, metastatic to the spine) (figure 3-3C).
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Figure 3-3. Demographics of the infant cohort. A, Violin plot showing the age distribution of the
infant cohort (=208, all aged <4 years). The line within the plot represents the median. B, Pie
chart showing the proportion of male and female patients in the cohort (n=241). C, Histogram
displaying location of the tumours within the CNS (n=158).

3.2.2 Symptoms and signs at presentation

One of the most frequently reported signs was an increasing head circumference
and bulging fontanelles (n=13/48) (figure 3-4). Other signs resulted from
pressure effects at the location of the tumour; hemiparesis (including upper or

lower limb weakness, n=8), hemi-hypesthesia (n=1), and sometimes gait
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disturbances and ataxia (n=5). Several infants also experienced seizure activity
(n=10) which varied from generalised seizures, to complex partial and absence
seizures. For others, there was significant developmental delay or even

regression in their milestones (n=5).

Other more general signs and symptoms included vomiting, poor feeding,
irritability, poor weight gain and lethargy (n=12). Some cases presented acutely
with signs of intracranial haemorrhage or decreased consciousness (n=3). Eye
signs were frequently encountered including strabismus, nystagmus, dilated
pupil, diplopia and squint (n=10). Rarer presentations included facial weakness
(n=2), torticollis (n=1), stridor (n=1) and an unfortunate case of stillbirth (n=1).

Many infants experienced more than one of these clinical features at

presentation.
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Figure 3-4. Clinical features at presentation. Histogram showing the frequencies of the different
signs and symptoms identified in infants at the time of diagnosis (some patients may have more
than one clinical feature at presentation).
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3.2.3 Radiological appearances

The radiological appearances (available for n=39 cases) were variable and
dependent on the type of tumour and location. Several cases of diffuse intrinsic
pontine glioma (DIPG, later confirmed to be H3K27M-mutant) were present in the
cohort and available MRI imaging showed expected features of expansile,
asymmetrical brainstem masses occupying the pons, associated with
haemorrhage, extension into the cerebellar peduncles and contrast

enhancement (n=4).

The hemispheric tumours were T1 hypointense and T2 hyperintense (n=3),
occasionally associated with significant mass effect and in one case bifrontal
destruction of the bone (n=1). They comprised a heterogenous mass
(occasionally described as ‘giant’ or ‘massive’ lesions (n=3)) with both solid and
cystic components (n=12) and some even showed evidence of calcification (n=1).
Some cases were also associated with prominent haemorrhage (n=4) and for
some this was the cause of the initial presentation (n=2). Perilesional oedema
could be observed (n=4), and evidence of necrosis was a rare finding (n=1).
When contrast was used, they were either non-enhancing (n=6) or showed little

or patchy contrast enhancement (n=7) (figure 3-5).
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PMHK_INF_001 QCTB_INF_R077 UOLP_INF_001

Figure 3-5. Representative MRI images of infantile tumours diagnosed as HGG in the cohort. A,
PMHK_INF_001, T1 axial scan showing a large left-hemispheric lesion. B, QCTB_INF_R077, T2
axial scan showing a relatively well-defined mass in the left frontal lobe. C, UOLP_INF_001, T2
axial scan showing a large lesion in the right hemisphere showing solid and cystic components.
White arrows indicate tumour.

3.2.4 Refining the infant cohort using the fusion panel

| firstly applied a custom NGS-based fusion panel in order to identify cases with
pathognomic structural variants indicative of specific LGG or other entities, which
may have been missed or not reported from the original diagnoses. Of the 241
cases in the cohort, 22 cases (9.1%) were found to harbour a KIAA1549:BRAF
fusion, specific to pilocytic astrocytomas. These cases were initially included as
several were annotated as being an ‘unspecified cerebellar astrocytoma’, and
others were reported as ‘astrocytoma’ or the diagnosis was ambiguous, and all
were excluded from further study. Additional fusions identified included FGFR1
tandem duplications (n=3) (figure 3-6B), characteristic of certain glioneuronal
tumours; MYB/MYBL1 fusions (n=2) (figure 3-6A), characteristic of a novel LGG
subtype; and a single case of MN1:BENDZ2 fusion, characteristic of the novel
entity HGNET-MN1 (figure 3-8A) (78). These were also excluded, leaving a new

total of 213 cases.
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Figure 3-6. Refining the infant cohort using fusion panel sequencing. A, CNMC_INF_001 was a 1.7 year old male patient with a hemispheric tumour originally
diagnosed as an anaplastic astrocytoma. The fusion panel identified a PCDHGA1:MYB fusion. Snapshots from Integrative Genomics Viewer (IGV); orange
reads correspond to sequences of MYB and paired blue reads correspond to sequences of PCDHGA1 demonstrating the fusion. This is supported by
methylation profiling. Box plot of highest raw score indicated by the red dot, with references cases shown as grey dots; the line within the box is the median,
the lower and upper limits of the box represent the first and third quartiles, and the whiskers the interquartile range. B, OPBG_INF_014 was a 1.1 year old
female patient with a tumour diagnosed as a glioneuronal tumour. The fusion panel identified an FGFR1 tandem duplication (shown by an IGV snapshot with
paired reads in green demonstrating the tandem duplication). Methylation profiling classified this case as CONTR_INFLAM but poor scoring. Box plot of highest

raw score indicated by red dot, with references cases shown as grey dots; the line within the box is the median, the lower and upper limits of the box represent
the first and third quartiles, and the whiskers the interquartile range.
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3.2.5 Methylation profiling of the infant cohort

With the assistance of the Senior Bioinformatician in the Jones Lab, Alan Mackay,
publicly available methylation array data was collated from the reference and
validation cohorts provided with the initial description of the Heidelberg brain
tumour classifier (v11b4) (59), and combined these with our own additional
paediatric high grade glioma datasets (21,63) and those from a recent CNS-
PNET reclassification study (78). This resulted in a bespoke ‘combined brain
tumour reference set’ consisting of 3,949 cases from across the CNS, and
spanning all age groups and histologies (figure 3-7). This reference set was then

used as a comparator for our infant glioma cohort.
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Figure 3-7. Methylation profiling of the infant cohort. t-statistic based stochastic neighbor
embedding (t-SNE) projection of a combined methylation dataset comprising the initial,
pathognomic fusion-excluded set of the present study (n=198, circled) plus a reference set of
entities and subtypes from across the spectrum of CNS malignancies (n=3949). The first two
projections are plotted on the x and y axes, with samples represented by dots colored by subtype
according to the key provided.
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When the remaining samples were compared to the CNS tumour reference set
by t-SNE projection, a further 13 cases could be excluded as they clearly
clustered with other non-glioma entities, including ependymomas (n=2),
embryonal tumour with multiple rosettes (ETMR) (n=1), high-grade
neuroepithelial tumour with BCOR alteration (HGNET-BCOR) (n=2),
haemangioblastoma (HMB) (n=2), Ewing sarcoma (EWS) (n=1), as well as cases

that classified as normal control brain tissue (n=3) (figure 3-8B).
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Figure 3-8. Defining an intrinsic set of infant gliomas. A, Fusion gene analysis by a variety of
means allowed for the identification of 28 fusions marking clearly defined entities that were
subsequently excluded from further analysis. B, Methylation array profiling and analysis by the
Heidelberg classifier excluded a further 12 cases closely resembling non-glioma entities or failing
quality control (n=9). C, t-distributed stochastic neighbor embedding (t-SNE) projection of the
remaining cases highlighted 61 samples which clustered with previously reported high- or low-
grade glioma subtypes leaving an intrinsic set of 130 infant gliomas for further characterization
by more histopathological assessment and in-depth sequencing.

A further 9 cases failed array quality control; the quantity of DNA submitted was
reviewed (referring back to the representative H&E slide to check the percentage
tumour and cellularity), the quality of the bisulfite conversion (remaining
unmethylated CpGs can alter the classification), and the calibrated score from

the classifier (cases that classify very poorly (<0.3) or classify as PLEX_PED_B
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required careful review). These cases were excluded leaving a series of 191

cases.

Next, these samples were projected onto a glioma-focused subset of the
reference cohort, comprised of 1,652 samples of all ages, anatomical locations,
and grades. Sixty-one of these infant samples clustered with a known high or
low-grade subtype, and were found to have arisen in anatomic areas of the CNS
appropriate for their relative subgroup assignment, such as diffuse midline glioma
K27M-mutant cases in the pons, pilocytic astrocytoma-like cases in the
cerebellum, and PXA-like cases in the cerebral hemispheres (figures 3-8C, 3-

9A).
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Figure 3-9. Defining the infant cohort by glioma subtype. A, Anatomic location of infant gliomas
after exclusion of pathognomonic fusions and non-glioma entities by methylation profiling
(n=130). Left, sagittal section showing internal structures; right, external view highlighting cerebral
lobes. Each circle represents a single case and is colored by the glioma subgroup it most closely
clusters with, defined by the key below. B, Box and whisker plot showing the age distribution of
infant gliomas based on the methylation classification output from the Heidelberg classifier
(n=106). The line within the box is the median, the lower and upper limits of the boxes represent
the first and third quartiles, and the whiskers the interquartile range. *** <0.0001.
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They were also predominantly >1-year-old (figure 3-9B). Survival data of these
cases showed a worse outcome (P=0.0567, log-rank test) compared to the infant

LGG cases which had a better outcome.

3.2.6 Novel infant subgroups by methylation profiling

This left a final series of 130 infant gliomas for further analysis, defined as the

“intrinsic set” as they appeared to comprise a novel grouping (figure 3-10).
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Figure 3-10. Defining the intrinsic set of infant gliomas. t-statistic based t-SNE projection of a
combined methylation dataset comprising the intrinsic set of the current study (n=130, circled)
plus a reference set of glioma subtypes (n=1,652). The first two projections are plotted on the x
and y axes, with samples represented by dots colored by subtype according to the key provided.
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These samples included the vast majority of those patients younger than the age
of 1 year (49/63, 78%; overall median of the intrinsic set = 7.2 months). The vast
majority of these cases were found in the cerebral hemispheres (75/83, 90.4%)

(figure 3-9A).

This group of tumours formed a continuum that clustered clearly apart from other
glioma subgroups in the glioma reference set on the t-SNE projection. They
scored most highly as two named subgroups of the methylation classifier -
DIGG/DIA (11/130 cases, 8.5%) and the poorly defined infantile hemispheric
glioma (IHG) (95/130 cases, 73.1%). Many of these cases, however, did not
unequivocally classify as either IHG or DIGG/DIA (24/130 cases, 18.5%) despite
their tight clustering, suggesting that the reference classes for these tumours

likely need expanding and updating.

There was a male gender predominance in the intrinsic group as a whole (75/130
cases, 57.7%), and particularly within the unequivocal DIGG/DIA cases (8/9)
cases, 88.9%), consistent with the current WHO classification (13). Intrinsic set
cases were frequently aged <1 year (specifically, 53/61 IHG cases (86.9%),
median = 0.5 years, and all DIGG/DIA cases, median = 0.7 years). Those
tumours which clustered more closely along the continuum with DIGG/DIA, but
with poor classifier scores (“DIGG/DIA-like”), were predominantly female (14/22
cases, 63.6%) and the majority were aged 1 or more (7/13 cases, 53.8%, median

= 1.0 years) (figure 3-11).
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Figure 3-11. Demographics of the intrinsic set. A, Histogram showing the gender distribution for
the intrinsic set overall, and for the subgroups that are found within the intrinsic set (n=130). B,
Boxplot showing the age distribution for the intrinsic set (n=83). The line within the box is the
median, the lower and upper limits of the box represent the first and third quartiles, and the
whiskers the interquartile range. ** 0.0062

3.2.7 Histological features

Histologic examination of those tumours classified as IHG revealed highly cellular
astrocytic tumours with cells arranged in uniform sheets throughout the section
(10/20, 50%) (figure 3-12A-C), although in rare instances some showed less
cellularity (figure 3-12G). Tumours frequently showed a superficial hemispheric
location, often involving the meninges, and had a well-defined border with
adjacent normal brain with very little evidence of infiltration. Pseudo palisading
necrosis (15/20, 75%) (figure 3-12D) and microvascular proliferation (9/20, 45%)
were frequently seen, both classic features of high grade tumours. Rarely, focal
areas of mineralisation and calcification were present and occasionally the cells

displayed a more nodular appearance (figure 3-12E-F).
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Figure 3-12. Histopathological assessment of IHG cases (architecture). A — C, H&E images
displaying examples of the high cellularity and uniform architecture of the IHG group. D, High
grade features including palisading necrosis are frequently seen (white arrow). E, H&E image
showing a nodular architecture in an IHG case (white arrow). F, An IHG case displaying prominent
nodularity and some microvascular proliferation (white arrow). G, An example of an IHG case
which is less cellular and has a less uniform architecture. H, Focal xanthomatous change in an
IHG case. Scale bars are provided. I, Histogram showing the frequency of architectural features
within the IHG group cases.

Cytological review of those tumours classified as IHG showed mild to moderate
nuclear pleomorphism (8/20, 40%). Spindled nuclei (8/20, 40%) (figure 3-13A),
often associated with a swirling architectural pattern, an occasional ganglion cell
component (1/20, 2%) (figure 3-13B), or gemistocyte-like cells (9/20, 45%)
(figure 3-13C), could be seen either focally or throughout the tumour. However,
these cytological features were not present within the same case. Rarely,

xanthomatous change could be observed.
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Figure 3-13. Histopathological assessment of IHG cases (cytology). A, The cytological
appearances show variation with some cases containing focal spindle shaped nuclei (red arrow).
B, Very occasionally ganglion cell differentiation is seen (blue arrow). C, Some cases can show
a gemistocyte-like cytological appearance (black arrow). E, Tile plot representing the original
diagnoses of IHG cases, coloured and ordered according the labels provided.

Consistent with the histological features described, 67 of 80 (84%) IHG cases
were originally diagnosed as a high-grade glioma (most frequently anaplastic
astrocytoma WHO grade lll, and glioblastoma WHO grade V), although a variety

of other diagnoses were included in the original pathology reports. Other
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diagnoses included anaplastic ganglioglioma (n=2), DIGG/DIA (n=3), CNS-PNET
(n=4), ependymoma (or containing ependymal features) (n=3), and a

minigemistocytic glioma (n=1) (figure 3-13E).

3.2.8 Treatment and survival

All cases which classified as IHG underwent either a biopsy and/or attempted
surgical resection. One patient received 6 months of neoadjuvant chemotherapy
(POG 8633) before undergoing a resection. Three infants underwent a biopsy
only; one baby died at birth and underwent a post-mortem, one was commenced
on palliative treatment as a result of a diagnosis of GBM, and one suffered a large
intra-tumoural haemorrhage and died 24 hours post-biopsy. Of those infants who
underwent surgery, 8 of 12 (67%) underwent a gross total resection and four had

a sub- or near total resection (one of these underwent 2" look surgery).

Detailed treatment information was only available for 18 IHG patients within the
cohort. 11 of 18 (61%) of infants received adjuvant therapy post-surgery (HIT-
SKK protocol, n=7; Baby POG, n=2; SYJCO07, St Jude n=1; vincristine, n=1).
Three cases experienced local progression (one underwent a re-resection for the
original disease and another was treated with irinotecan and bevacixumab).
Radiotherapy was not given in any reported cases. One infant experienced a
severe neurological insult post-surgery and because a complete resection had

been achieved, chemotherapy was not used.

Survival data was available for 105 patients in the infant cohort. The overall
survival of the IHG group showed a significantly improved outcome compared

with cases classified as HGG, with a median overall survival similar to those
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considered LGG and DIGG/DIA, with the important caveat that detailed treatment
information was not available across the entire cohort. The HGG subtype
exclusions were predominantly >1-year-old and showed a tendency toward a

worse outcome than the other infant tumours (P = 0.0567, log-rank test) (figure

3-14).
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Figure 3-14. Overall survival of the infant cohort. Kaplan—Meier plot of overall survival of cases
separated by methylation subgroups DIGG (desmoplastic infantile ganglioglioma/astrocytoma)
(n=21), IHG (infant hemispheric glioma) (n=43), LGG (other low-grade glioma subgroups) (n=28),
and HGG (other high-grade glioma subgroups) (n=13). P value is calculated by the log-rank test
(P=0.0566 for HGG vs. rest).
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3.3 Discussion

The signs and symptoms at presentation in the infant cohort are very variable,
and particularly challenging to identify given their young age. Data from paediatric
neuro-oncology centres shows that from 2004-2006 the total diagnostic interval
(TDI) ranged from 1 day to 6.9 years (median 3.3 months) (110). The launch of
campaigns such as ‘HeadSmart: Be Brain Tumour Aware’ with the aim of
increasing both professional and public awareness has helped to reduce the TDI
to a median of 6.7 weeks, with the aim of reaching 5 weeks (110). Other studies
have shown that the age and type of the tumour can impact on the TDI;
craniopharyngiomas, optic pathway gliomas and LGG have the longest TDI
ranging from 10.4 — 15.1 weeks. The 12-18-year age group had a median TDI of
12.1 weeks, for 5-11 years it was 8 weeks, and for 0-5 years it was 6 weeks (111).
Although the TDI was not available for our infant cohort, lower TDIs associated
with infants is an interesting finding possibly related to close observation of
infants by parents or other care givers, making signs more noticeable if they
appear. In adults studies have shown associations between the molecular
subgroup of the tumour and clinical presentation with /DH7 mutant tumours more
likely to present with seizures (59-74% of cases) compared to IDH1 wildtype (18-

34% of cases) (112).

A first key finding from the infant cohort relates to the difficulty of differential
diagnoses in these very young children, with approximately 10% of cases
unequivocally classifying as other tumour entities on the basis of methylation
profiling (59) or the presence of pathognomonic gene fusions (78) even after

discounting misdiagnosed or mis-assigned pilocytic astrocytomas. Often this
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uncertainty is reflected in the original pathology report, with atypical features
highlighted. However, the highly heterogeneous nature of high-grade glial
tumours provides for a broadly inclusive category in the current WHO
classification, which in many cases may result in what is considered to be a
relatively uncontroversial histologic diagnosis despite widely varying
morphologies. Similarly, combined genetic and epigenetic analyses reveal a third
of remaining cases to be biologically identical to known high- or low-grade glioma
subtypes, with substantially different prognoses reflective of the known clinical
course of the relevant tumour categories. Together, these data make the
important points that histopathologic evaluation alone is insufficient to predict
outcome, and that high-grade gliomas predominantly occurring in older childhood
may also present in the infant population with little survival benefit from standard

treatment protocols.

After these exclusions, there remains what we define as an intrinsic set of infant
gliomas, which are largely restricted to the cerebral hemispheres and occur in the
youngest patients, usually younger than 12 months old. These patients, despite
more than three quarters unequivocally reported as WHO grade Il or IV
astrocytoma, have an overall survival more akin to lower-grade tumours. They
appear to form a biological continuum of disease between the recognized MAPK-
driven desmoplastic lesions (DIGG/DIA), which may respond clinically to targeted
BRAF V600E inhibitors even after previous chemotherapy (113), and a novel
assignation of infantile hemispheric glioma (IHG). This ‘biological continuum’ is
further hinted at from the histological review with DIGG/DIA tumours

characterised by a spindle-shaped cell morphology or gemistocytic-shaped
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astrocytes (13). Both of these cytological features were also found in the IHG and
DIGG/DIA-like cases. Some IHG cases also contained focal areas of ganglion
cell differentiation (some cases even being reported as anaplastic
gangliogliomas), hinting at a possible change in histological appearance with age.
Although IHGs were mostly reported as HGGs, diagnostic features of these
tumours were absent in the DIGG/DIA group. Although radiologically they are
typically large (sometimes described as massive) hemispheric solid-cystic
lesions, and occur in predominantly male children <1 year, the potential for
misdiagnosis in these cases is considerable, with 16% of our series originally
having differential diagnoses including CNS-PNET and ependymomas.
Methylation profiling is a tool to ensure an accurate diagnosis particularly as

grading of these tumours also remains ambiguous.

The WHO histological grading system is used to predict the response to treatment
and the overall outcome for a patient (13). Pilocytic astrocytomas were excluded
but DIGG/DIA cases remained as they typically occur in infants (42). The IHG
group do not have an assigned WHO grade (at the time of writing) due to the

paucity of available survival data.

However, not all the infants diagnosed as IHG cases have a good outcome.
Treatment decisions used in the very early cases impacted on their survival,
infants who were diagnosed as an HGG by biopsy were palliated due to the poor
prognosis. Others progressed and died of their disease. Therefore, when grading

these tumours, some reflection of this variation is required in the assignation, and
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further work is needed to help identify a way of assessing which cases are going

to behave more aggressively.
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CHAPTER 4 - Molecular landscape of novel infant subgroups
4.1 Introduction

Paediatric high-grade gliomas (HGG) are strongly associated with unique
location-dependent mutations in histone H3 variants H3.3 (H3F3A) and H3.1
(HIST1H3B/C) including two recurrent amino acid substitutions (K27M and
G34R/V) (48,67), which together account for nearly half of all paediatric HGG and
identify robust biological subgroups (68,114). Histone wild-type cases are
comprised of a highly diverse set of tumours, ranging from those with some of
the highest somatic mutational burdens in human cancer (patients with bi-allelic
mismatch repair deficiency syndrome; (115,116) to others with few if any
nucleotide variants which fall into a ‘LGG-like’ methylation class, occur in younger

children and have a better overall survival than other HGG cases (21).

Current molecular data for infant HGG is limited, but EGF receptor (EGFR) and
platelet-derived growth factor receptor A (PDGFRA) expression is reported as
uniformly low in congenital glioblastomas (GBM), with a low level or absence of
copy number alterations in these genes (85,94). TP53 and PTEN mutations,
CDKNZ2A/B deletions, and other copy-number alterations often seen in older
children are also not typically found in infant HGG (117). Occasional BRAFV600E
mutations are found, particularly in DIGG/DIA (118), whereas histone and IDH1

mutations are rare.
The most common somatic alterations seen in infants appear to be gene fusion
events, particularly NTRK1/2/3. Although not specific to brain tumours (95), these

were found to span both LGG and HGG in large-scale studies in children, with
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novel QKI:NTRK2 and NACC2:NTRK2 fusions found in pilocytic astrocytomas
(73), and AGBL4:NTRK2, TPM3:NTRK1, and ETV6:NTRK3 fusions found in
patients with HGG who were less than 3 years of age (74). More recently, several
case reports have identified additional receptor tyrosine kinase (RTK) gene
fusions in infant gliomas of differing histologies (9,81,119-126). Some fusions are
also pathognomic of certain LGG and HGG entities in infants including pilocytic
astrocytomas with KIAA1549:BRAF fusions (73), and the recently classified CNS
HGNET_MN1 and CNS EFS-CIC with BEND2:MN1 and CIC:NUTM1 fusions
(which occur in infants but are not infant-specific tumour entities) respectively

(78).

There are many different NTRK fusions which occur in cancer, with COSMIC
listing 11 types (including TPR:NTRK1, TFG:NTRK1, ETV6:NTRK3) occurring in
tumours of the skin, large intestine, thyroid, soft tissue and salivary glands (127).
RTK fusions are known to occur in other infantile cancer types, specifically
infantile fibrosarcoma (IF) and congenital mesoblastic nephroma (CMN), with
approximately 70 - 90% of IF containing an ETV6:NTRK3 fusion, but also
EML4:NTRK3 and LMNA:NTRK1 fusions reported (128). Importantly, they
represent a targetable treatment option for tumours that are found to have these

fusions (95).

Having refined the infant cohort to an intrinsic set of 130 cases by excluding
known LGG and HGG entities through methylation profiling, and having shown
that the IHG group have characteristic histological appearances, it was necessary

to further explore the molecular profile of this new group of tumours.
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4.2 Results

4.2.1 Mutation landscape of infant gliomas

Gene sequencing (panel, exome, or genome) was available for 65 cases of the
infant cohort, including 41 of the intrinsic set. Samples excluded as representing
other glioma subtypes were found to harbour mutations consistent with such
tumours, including IDH1 R132H (found in cases of A_IDH and A_IDH_HG),
H3F3A K27M and HIST1H3B K27M (both found in cases of DMG_K27M), as well
as common co-segregating variants in TP53, NF1, PTEN, PIK3CA, and ACVR1.
We also observed deletions of CDKN2A/B and amplification of PDGFRA,

frequently associated with paediatric HGG subtypes (figure 4-1A).

These mutations were almost entirely absent from the intrinsic set. High-scoring
DIGG/DIAs and “DIGG/DIA-like” tumors were found with BRAF V600E (n = 3) or
PIK3R1 mutations and isolated mutations in bromodomain-containing genes
(BRD8, BRD4, BRD?2), as well as a single CD109 deletion and an NF1 mutation.
One DIGG/DIA-like case harboured amplifications in both MYC and MYCN, in
addition to TP53 and PIK3CA mutations. Interestingly, the tumours which
classified as part of the IHG group contained very few mutations (isolated
bromodomain-containing gene mutations (BRD2 n=1)), with a distinct absence of

H3F3A, HIST1H3B, TP53, ACVR1, PTEN and PIK3CA mutations (figure 4-1B).
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Figure 4-1. Mutations in infant gliomas. A, Oncoprint representation of an integrated annotation
of single-nucleotide variants and DNA copy-number changes for infant gliomas excluded as other
subgroups (n=24). B, Oncoprint representation of an integrated annotation of single-nucleotide
variants and DNA copy number changes for infant gliomas in the intrinsic set (n=41). Samples
are arranged in columns with genes labeled along rows. Clinicopathologic and molecular
annotations are provided as bars according to the included key.

4.2.2 Copy number analysis

A proportion of the intrinsic set (36/130, 28%) were found to have whole-arm DNA
copy number changes including 2p gain (n=5), 6q loss (n=7), 8p gain (n=3), 12p
gain (n=6), 16p gain (n=3), 17p loss (n=3), 21q gain (n=3) and loss (n=3), and

22q loss (n=8) (figure 4-2).
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Figure 4-2. Variation between infant DNA copy number profiles. A, Copy number profile of
KING_INF_001 demonstrating a highly rearranged profile including an amplification in PDGFRA
and deletion of CDKN2A/B. B, The copy number profile of PMHK_INF_001 shows no identifiable
copy number alterations from the profile. Profiled on the lllumina 450k (KING_INF_001) and EPIC
(PMHK_INF_001) BeadArray platform (green, amplification or gain; red, deletion or loss).

However, the majority of intrinsic cases harboured few if any large-scale copy-
number alterations, with many demonstrating a very flat or copy neutral profile
(94/130, 72%) (figures 4-2B, 4-3), which is significantly more frequent than those
reported in the meta-analysis of pHGG/DIPG cases, with only 28% showing no
changes (21). DIGG/DIA tumours were not associated with any large-scale copy
number alterations (7/94, 7.4%), again significantly less than those seen in

pHGG/DIPG (P=<0.00001 Fishers Exact Test).
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Figure 4-3. DNA copy number profiling of the intrinsic set. Heatmap representation of segmented
DNA copy number for 130 intrinsic samples of infant glioma profiled on the Illumina 450k or EPIC
BeadArray platform (dark red, amplification; red, gain; dark blue, deletion; blue, loss). Samples
are arranged in columns clustered by contiguous categorical copy number states based upon log
ratio thresholds of +0.1 for gain/loss and +0.5 for amplification and deletion. Clustering used

Euclidean distance and a ward algorithm. Clinicopathological and molecular annotations are
provided as bars according to the included key.

As fusion genes have been reported in infant HGG cases in the published
literature, and in the absence of any other driving events identified in the cases
of the intrinsic set so far, copy-number data derived from methylation arrays was

analysed; this identified intragenic breakpoints in RTK genes associated with an
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equivalent breakpoint in another gene indicative of a partner. These RTK fusion
intragenic breakpoints were found in 53/71 (75%) cases across the whole cohort.
There were no differences in the number of large-scale copy-number changes
between fusion-positive and fusion-negative cases (P = 0.567, t test) (figure 4-
4A). Notably, the only significant focal differences were those marking common

gene fusions at the ALK and NTRK3 loci (figure 4-4B).
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Figure 4-4. Fusion-associated DNA copy number alterations in the intrinsic set. A, Boxplot of
copy number changes separated by RTK fusion type. The thick line within the box is the median,
the lower and upper limits of the boxes represent the first and third quartiles, and the whiskers
1.5x the interquartile range. B, Frequency histogram (y axes) of copy number changes plotted
according to chromosomal location (x axes) for fusion-positive (top) and fusion-negative (middle)
cases. Bottom - logz p values derived from a Fishers test comparison between fusion-positive and
-negative cases are plotted against chromosomal location (x axis). Copy number gains are plotted
in green, losses in red.

32/39 ALK fusion cases (82.1%) were associated with an intragenic copy number
breakpoint. For the intra-chromosomal alterations, these included focal gains
(PPP1CB:ALK) or losses (CCDC88A:ALK) spanning the two genes brought
together by the structural variant. Inter-chromosomal fusions often showed copy

number imbalances within the respective partner genes (ZC3H7A:ALK,
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SPECCI1L:ALK, MSI2:ALK and MAD1L1:ALK). The breakpoints in ALK were
always found in the intronic region between exon 19 and 20 with the resultant

portion predicted to include the tyrosine kinase domain of ALK (figure 4-5).
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Figure 4-5. Copy-number—associated fusion genes in infant gliomas. Segmented DNA copy-
number heat map for ALK breakpoint cases, plotted according to chromosomal location. Pink,
gain; blue, loss.

However, 7 of 39 ALK fusions appeared to be copy neutral. By contrast, only 13
of 24 (54.2%, P=0.0234) NTRK fusion cases showed identifiable intragenic copy
number breakpoints, including 8/12 ETV6:NTRK3 fusions, but all NTRK1 fusions

(n=3) were copy neutral.

A novel brain tumour NGS fusion panel was developed and validated, applicable
to both FFPE and FF samples (with the assistance of Elisa lzquierdo and Alan
Mackay in the Jones lab (63). All cases with available DNA of sufficient quality

were sequenced using the panel (n=116). Where possible, these were validated
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through a combination of genome, RNA, and/or Sanger sequencing, as

exemplified for ETV6:NTRK3 and the novel ZC3H7A:ALK fusions (figure 4-6).

A B
GOSH_INF_026 KIFN_INF_001
Age 1.0 yrs e 2.5yrs
2 ! ETV6:NTRK3 Ag ¥ ZC3HT7A:ALK
12p132 15g25.3 16p13.3 2p23.2-2.23.1
O FmEy IR (L) IR
T eews TR ez TR
ETV6 NTRK3 ZC3H7A ALK

TcTTG TC A AACG CT CT TG T CG

‘n‘.‘ N N AN N n
ool
N L EA A A\ WALS
ETV6
HH [ ]

NTRK3

06
0040, | oy | ! 04

o ' ' '
Fo02 —m 02 ) 1 1
N0 i i 0 '
S0z i ' | -02 ' | | 0
-04 ! ' ! -04 ' ! 2
| ' ' -06. ' ' hilhd I | I | ! ' I I
10 11 12 13 14 84 86 88 90 92 10 11 12 13 14 15 27 28 29 30 31 32
Chromosome 12 - Mb Chromosome 15 - Mb Chromosome 16 — Mb Chromosome 2 - Mb

Figure 4-6. Copy-number—associated fusion genes in infant gliomas. A, ETV6:NTRK3. Cartoon
representation of the fusion structure, with reads on either side of the breakpoint coloured by gene
partner and taken from an Integrated Genome Viewer snapshot. Below this is a Sanger
sequencing trace spanning the breakpoint. Underneath are copy-number plots (log: ratio, y-axis)
for chromosomal regions spanning the breakpoints (x-axis). Points are coloured red for copy-
number gain, blue for loss, and grey for no change. The smoothed values are overlaid by the
purple line. B, ZC3H7A:ALK. Cartoon representation of the fusion structure, with reads on either
side of the breakpoint coloured by gene partner and taken from an Integrated Genome Viewer
snapshot. Below this is a Sanger sequencing trace spanning the breakpoint. Underneath are
copy-number plots (log2 ratio, y-axis) for chromosomal regions spanning the breakpoints (x-axis).
Points are coloured red for copy-number gain, blue for loss, and gray for no change. The
smoothed values are overlaid by the purple line.

The fusion was detected in three or more methods for 11 cases, two methods for
28 cases and was only detected using copy number analysis for 32 cases; four
fusions were detected by copy number but not the fusion panel, and DNA was

not available for the other cases (appendix table 4).
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ALK fusions were the most frequent type of fusion identified (n=39), the vast
majority of which were in the intrinsic set (35/39, 90%), specifically within the IHG
group (32/95 cases, 33.7%). No examples were found in the DIGG/DIA group,
and only 3 cases occurred in the DIGG/DIA-like group (3/24 cases, 12.5%)

(figure 4-7).

Figure 4-7. ALK-associated fusion genes in infant gliomas. Circos plot of gene fusions targeting
ALK (dark blue). Lines link fusion gene partners according to chromosomal location, represented
by ideograms arranged around the circle.

Although rare outside the intrinsic set, an SPTBN1:ALK fusion was confirmed in
a LGG_SEGA case (calibrated score 0.92), and an ALK fusion (partner unknown)
and an EML4:ALK fusion were present in poor scoring CONTR_INFLAM and
PLEX _PED_B cases that were excluded from the intrinsic set based on their t-
SNE projection (as a LGG and non-glioma respectively). However, given the high
frequency of ALK fusions in the IHG group, it is possible that they are IHG cases
with other factors influencing the output of the array such as DNA quality or

tumour cellularity. ALK fusions were both intra-chromosomal (PPP1CB:ALK
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(n=8), EML4:ALK (n=5), SPTBN1:ALK (n=1), and CCDC88A:ALK (n=8)) inter-
chromosomal (MAP2:ALK (n=1), HIPT:ALK (n=1), PRKAR2A:ALK (n=1),
MADTL1:ALK (n=1), MSI2:ALK (n=1), SPECCTL1:ALK (n=2), SYNDIG1L:ALK

(n=1), ZC3H7A:ALK (n=1), and CLIP2:ALK (n=1)) (figure 4-8).
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Figure 4-8. Copy number-associated fusion genes in infant gliomas. Cartoon representation of
the ALK fusion structure, with copy number plots (logz ratio, y axis) for chromosomal regions
spanning the breakpoints (x axis) underneath. Points are coloured red for copy number gain, blue
for loss, and grey for no change. The smoothed values are overlaid by the purple line.

NTRK fusions were identified in all 3 genes (NTRK1 (n=3), NTRK2 (n=7) and
NTRK3 (n=14), predominantly ETV6:NTRK3 (n=9) but also recurrent
EML4:NTRK3 (n=2) and TPM3:NTRK1 (n=3) fusions (figure 4-9). 15 NTRK
fusions occurred within the intrinsic set (15/130 cases, 11.5%) with 12 occurring
in the IHG group (12/95, 12.6%), 3 cases in the DIGG/DIA-like group (3/24 cases,
12.5%) and an absence of NTRK fusions in the DIGG/DIA group. NTRK2
rearrangements targeted numerous novel partners (e.g. KCTD16:NTRKZ2 (n=1)

and AGBL4:NTRK2 (n=2)), but were largely found in other glioma subtypes
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occurring in the appropriate anatomic locations (e.g., DMG_K27M in midline
regions), suggesting an important difference in NTRK2 compared with NTRK1/3
fusion—positive cases. Three fusions (ETV6:NTRK3, KCTD8:NTRKZ2, and
NTRKZ2 fusion (partner unknown)) were also identified in three PXA tumours
which were excluded based on their methylation class (calibrated scores PXA
0.54, 0.51 and 0.83 respectively) and t-SNE projection. The non-diagnostic
calibrated scores, histological diagnosis ranging from low-grade neuroepithelial
tumour to GBM, and the fact that cases are reported of NTRK-fused infant HGG
with histological features of a PXA (129) may indicate a small group of the

previously described PXA-like cases (21) in the cohort.
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Figure 4-9. NTRK-associated fusion genes in infant gliomas. Circos plot of gene fusions targeting
NTRK1 (light orange), NTRKZ2 (orange), and NTRK3 (dark orange). Lines link fusion gene
partners according to chromosomal location, represented by ideograms arranged around the
circle.

ROS1 fusions on the other hand were almost all detected by copy number

analysis (11/12, 92%), and strongly associated with the intrinsic set, specifically
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the IHG group (10/95, 10.5%.) 11/12 were associated with short intra-

chromosomal losses with a breakpoint within the ROS7 gene (figure 4-10).
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Figure 4-10. Copy number-associated fusion genes in infant gliomas. A, Cartoon representation
of the ROS1 fusion structure. B, Segmented DNA copy-number heat map for ROS17 breakpoint
cases, plotted according to chromosomal location. Pink, gain; blue, loss.

MET fusions were the least frequent RTK fusion (n=5), all identified via copy
number changes. 4 of 5 were in the IHG group (4/95, 4.2%), the other in a high
scoring GBM_MYCN case. The copy number profiles showed a short intra-

chromosomal loss involving the MET gene (figure 4-11).
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Figure 4-11. Copy number-associated fusion genes in infant gliomas. Segmented DNA copy-
number heat map for MET breakpoint cases, plotted according to chromosomal location. Pink,
gain; blue, loss.

Of the intrinsic set cases that had previously undergone panel, exome or genome
sequencing (and no mutations had been identified), 25 of 41 (61%) harboured
fusions in either ALK (n=10), NTRK1/2/3 (n=2, 2, and 8, respectively) ROS1
(n=2), or MET (n=1). The fusion-positive cases were mostly classified as IHGs
(n=21) or DIGG/DIA-like tumours (n=4). Within the wider glioma cohort we
identified FGFR1:TACC1 (n=2) and FGFR3:TACC3 (n=1) fusions, which were

found in an IDH1 mutant, a DMG_K27, and an ETMR respectively.

4.2.3 Fusion frequency in paediatric HGG

We also examined the likely frequency of RTK fusions across the full spectrum
of pHGG subtypes by looking for intragenic breakpoints in a series of publicly
available methylation datasets for a total of 5466 CNS tumours with 1543 HGG
and DIPG cases (age was known for 1143, with 424 aged 3 - 20 years, 203/424
(47.9%) female and 221/424 (52.1%) male) (figure 4-12A). Of the HGG/DIPG
cases aged 3 - 20, only 2 nominated ALK fusions were identified, showing these
fusions appear to be specific to the infant cohort. In common with our anecdotal
observations in our infant cohort, we observed three ROS17 fusions in cases

classifying as LGG_SEGA (3/28), and intragenic breakpoints were found in MET
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in IDH1 mutated cases aged >20 years (4/103 3.9%) and in 6/424 (1.4%) cases
in the cohort (figure 4-12B). Candidate NTRK2 fusions were found in 1/48 (2.1%)
of GBM_MID cases (and 5/424 (1.2%) of the entire cohort) and NTRK3 fusion
candidates found in 11/190 (5.8%) of DMG_K27 cases (aged <20), and in 13/424
(3.1%) HGG cases as a whole, much lower frequencies than those seen in the
intrinsic set. ROS1 fusions were also seen in 3/424 (0.7%) of the cohort. NTRK1

fusions were identified in 17/424 (4.0%).
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Figure 4-12. Fusion frequency (identified by copy number alteration (CNA)) in older children. A,
Histogram showing the gender frequency in a cohort of n=424 cases of HGG aged <20 years old.
B, Pie chart showing the number of RTK fusions identified by CNA within the cohort (n=457).

4.2.4 Fusion-negative cases
With 61.1% of the IHG group and 50% (65/130) of intrinsic set containing an RTK
fusion, those that were considered fusion-negative underwent whole genome

sequencing (n=6) to look for novel fusions or another driving event. This identified
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several inter-chromosomal translocations including BCAT:NMD3, UFD1L:HR,
GPHN:LOH12CR1, OPHN1:MRPL22 and BCL2L13:PLCL2. Some large-scale
copy number alterations were found (loss of chromosome 19 and 7, and gain of
8) and somatic SNVs and InDels involving AMER1, NPHP3, MYH7B, BRD2 and
DRD4 genes. All of these finding require further validation. However, no

consistent genetic drivers or RTK fusions were found in these cases (figure 4-
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Figure 4-13. Whole genome sequencing of fusion-negative infant glioma cases. In each case,
Circos plots provide somatic SNVs and InDels on the outer ring, DNA copy number changes (dark
red, amplification; red, gain; dark blue, deletion; blue, loss) and loss of heterozygosity (yellow) on
the inner rings, and inter-chromosomal translocations (blue) inside the circle.
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4.2.5 Clinico-pathological correlation

With the caveat that limited survival data was available for intrinsic set cases
(n=63), we nonetheless observed that the presence of any fusion resulted in a
trend towards a longer overall survival compared with those which were fusion-
negative (P = 0.0687, log-rank test). Although very small numbers, the ROS1
fusion cases in the intrinsic set showed a slightly better outcome than the ALK

and NTRK fusions which both followed a similar clinical course (figure 4-14).

< ALK
A NTRK
«= ROS1
2o} ] === None
o
- O
S o1
g < | p=0.0687 Fusion vs None
o ©
N
o
Q |
O T T T T

0 4 8 12 16 20
Time (years)

Figure 4-14. Infant glioma survival. Kaplan—Meier plot of overall survival of cases separated by
fusion event (ALK n=22, NTRK n=13, ROS1 n=7, none n=21, total n=63). P value is calculated
by the log-rank test (P = 0.085 for any fusion vs. none).

Having identified characteristic histological and cytological features associated
with the IHG group, including spindle-shaped and gemistocytic-like cells (see
chapter 3), a subsequent review with reference to the molecular characteristics
of each case showed no association between the microscopic features and the
fusion type. However, only 1/6 of the fusion-negative cases contained

pleomorphic nuclei, visible mitoses and a uniform architecture hinting that a
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fusion may influence the presence of some of these histological and cytological

features (appendix table 5).

The proliferation index as assessed by Ki-67 staining highlighted cases
presenting with both frequent and sparsely positive nuclei. There was a
significantly elevated Ki-67 index in NTRK fusion—positive compared with fusion-
negative IHG cases (P= 0.0479, t test), although not for ALK (P=0.3622, t test)
(figure 4-15). Notably, the NTRK (median = 22.5) and ALK (median = 15.6)
fusion—positive indices are at the upper end of values reported (130) for older
patients with grade IV (median = 15.8) and grade Ill (median = 11.8)
glioblastomas and anaplastic astrocytomas, with fusion-negative cases (median

= 5.6) closer to grade Il astrocytomas (median = 3.0) (130).
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Figure 4-15. Proliferation index in fusion-positive vs. negative cases. A, Immunohistochemistry
for Ki67 showing strong, frequent nuclear positivity. B, Immunohistochemistry for Ki67 showing
only isolated positive nuclei. Scale bars are provided. C, Boxplot of Ki67 nuclear positivity in IHG
cases by immunohistochemistry, separated by cases containing NTRK3 fusions (orange), ALK
fusions (dark blue) or fusion-negative (grey). The thick line within the box is the median, the lower
and upper limits of the boxes represent the first and third quartiles, and the whiskers 1.5x the
interquartile range. * p<0.05, t-test.

In order to determine whether fusion-positive infant glioma cases shared similar
methylation profiles with other fusion-positive infantile tumours, the intrinsic set

were compared with publicly available data from 10 IF and 20 CMN cases by
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means of t-SNE projection.

The infant gliomas clustered apart from the

mesenchymal tumours, despite the overlap of driving ETV6:NTRK3 fusions

(figure 4-16).
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Figure 4-16. Comparison with other fusion-positive infantile tumours. t-statistic based stochastic
neighbor embedding (t-SNE) projection of a combined methylation dataset comprising the
intrinsic infant glioma set (n=130) as well as two ETV6:NTRK3-driven mesenchymal tumours,
infantile fibrosarcoma (n=10) and congenital mesoblastic nephroma (n=20). The first two
projections are plotted on the x and y axes, with samples represented by dots coloured by subtype
according to the key provided.

4.2.6 Differentially methylated regions

In order to explore epigenetic differences between the fusion-positive and
negative cases, we performed a methylation-based gene ontology analysis which
highlighted little overlap between differentially methylated regions of ALK fusion,
NTRK fusion, and fusion-negative cases with only 1-4% pairwise concordance
between different subgroups, and no features common to all three groups (figure

4-17).
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Figure 4-17. Methylation-based gene ontology analysis. Pie chart showing overlap of significant
gene ontology annotations of differentially methylated regions between ALK-fusion, NTRK-fusion
and fusion-negative infant glioma cases.

ALK fusion cases were significantly associated with dysregulation of genes
associated with glutamate receptors, synapses, signal transduction, and
morphogenic stages of development, whereas NTRK fusion cases were linked
with genes controlling neuronal differentiation and the earliest stages of
embryogenesis, as well as signaling via the JNK cascade. In contrast, fusion-
negative cases were predominantly associated with the response to multiple
endogenous stimuli, particularly the TGFB pathway, and the regulation of stem

cell pluripotency and cell fate (figure 4-18).
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Figure 4-18. Epigenetic alterations in fusion-positive and fusion-negative infant gliomas. A,
Differential methylation-based gene ontology analysis for ALK fusion cases, represented in bar
plots of —-logio P value for labeled highest-scoring categories (top) and aggregated ontology
networks (bottom). B, Differential methylation-based gene ontology analysis for NTRK-fusion
cases, represented in bar plots of —logio P value for labeled highest-scoring categories (top) and
aggregated ontology networks (bottom). C, Differential methylation-based gene ontology analysis
for fusion-negative cases, represented in bar plots of —log1o P value for labeled highest scoring
categories (top) and aggregated ontology networks (bottom). Node size is proportional to the
number of genes, shading represents —logio P value (darker is higher). Thickness of connecting
lines reflects the percentage of overlapping genes

Although only exploratory due to the small sample sizes, and needing
independent validation in an independent cohort, as exemplars of the differential
epigenetic regulation of key genes controlling these processes in the distinct
subgroups, consistent reduction in methylation at CpG sites governing
expression of WINT5A in ALK fusion cases, STAT1 in NTRK fusion cases, and
TP63 in fusion-negative samples was observed. This resulted in differential
protein expression as assessed by multi-labelled immunofluorescence with
antibodies directed against these targets, with representative examples shown

for WNT5A and STAT1 in ALK-fusion and NTRK-fusion cases, respectively.
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STAT1 varied in expression level across cases with both focal and generalised
expression seen. WNTS5A expression was very focal in ALK positive cases. TP63

expression was not detected across any groups (figure 4-19).
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Figure 4-19. Epigenetic alterations in fusion-positive and fusion-negative infant gliomas. A,
Genome browser view of the WINT5A locus, with lower methylation, provided as bar plots, in
selected ALK-fusion (blue) cases compared to NTRK-fusion (orange) and fusion-negative (grey)
cases. B, Genome browser view of the STAT7 locus, with lower methylation, provided as bar
plots, in selected NTRK-fusion (orange) cases compared with ALK-fusion (blue) and fusion-
negative (grey) cases. C, Genome browser view of the TP63 locus, with lower methylation
provided as bar plots, in selected fusion-negative (grey) cases compared with ALK-fusion (blue)
and NTRK-fusion (orange) cases. Chromosomal ideograms are provided, with the red bar
indicating the cytoband in which the locus is found. Differentially methylated probes are
highlighted by the red box. D, Immunofluorescence staining of an antibody directed against
WNT5A (white) in an EML4:ALK fusion infant glioma case, UOLP_INF_001. DAPI is used as a
counterstain. Scale bar, 200pm. E, Immunofluorescence staining of an antibody directed against
WNT5A (green) in an ETV6:NTRKS3 fusion infant glioma case, GOSH_INF_007. DAPI is used as
a counterstain. Scale bar, 200um.

Using a NanoString assay for the 30 most differentially methylated genes
between subgroups, some differences in expression were noted between

ALK/NTRK fusion-positive and negative subgroups in a series of 21 infant HGG
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for which there was sufficient material (10 ALK, 6 NTRK, and 5 fusion-negative
cases). Notably, although TP63 protein expression was not observed in any of

the samples, differential overexpression of the transcript was observed for fusion-

negative cases (figure 4-20).
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Figure 4-20. NanoString expression analysis. Heat map representing gene expression values
from a NanoString assay of 30 most differentially methylated genes between ALK-fusion (blue),
NTRK-fusion (orange), and fusion-negative (grey) cases. Expression values are coloured
according to the scale provided.

4.2.7 Single-cell RNA sequencing analysis
With the assistance of Dr Mariella Filbin at the Dana-Farber Cancer Institute in
Boston, we began an exploratory single-cell RNA sequencing analysis of NTRK1

(QCTB_INF_R102, TPM3:NTRK1), NTRK2 (KING_INF_018, KCTD16:NTRK2)
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and NTRK3 (OPBG_INF_035, ETV6:NTRK3) fusion-positive tumours to

investigate cellular subpopulations in these subtypes.
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Figure 4-21. Single-cell RNA sequencing of NTRK-fusion-positive infant gliomas. t-SNE
projection of the NTRK-fusion-positive infant gliomas QCTB_INF_R102 (TPM3:NTRK1),
KING_INF_018 (KCTD16:NTRKZ2) and OPBG_INF_035 (ETV6:NTRK3) plotted again other infant
GBMs, GBMs in older children and DIPGs. The composition and association of the tumours in
terms of cell type (macrophages, oligodendrocytes, and T-cells) is indicated by the coloured key.

Unfortunately these experiments were halted during the Covid-19-enforced lab
shutdown, and only preliminary analysis has very recently been able to be
undertaken. When projected onto a t-SNE with publicly available data from other
infant GBMs, GBMs from older children and DIPGs (75,98,99), the cells from the
NTRK-fusion-positive cases clustered separately to these other tumour types
(figure 4-21). Also, they clustered in close proximity to a macrophage/microglia

cluster, and there was a notable macrophage/microglia and T cell population
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present in KING_INF_018 (approximately 40% macrophages/microglia) and also
in QCTB_INF_R102 (approximately 15% macrophages/microglia), similar to
another sample reported as infant GBM (BT1187) (75) which appeared to be
predominantly macrophages/microglia (>*90%) and a large proportion of T cells
(figure 4-22). These levels of immune cell infiltrate were largely absent from other
tumour types (save for one DIPG with a particularly high T cell component), with
DIPGs instead showing a higher degree of oligodendrocyte-like differentiation.
This was completely lacking in the three NTRK-fusion-positive tumours.

Additional informatic analysis of these data are continuing.
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Figure 4-22. Bar plots of cell proportions. Bar plots showing the proportions of the labelled
tumours (including the NTRK-fusion-positive infant gliomas QCTB_INF_R102 (TPM3:NTRK1),
KING_INF_018 (KCTD16:NTRK2) and OPBG_INF_035 (ETV6:NTRK3)) that are composed of
macrophages, oligodendrocytes or T cells.
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4.3 Discussion

After excluding gliomas occurring in the infant population which resembled other
established entities and subtypes, there remained what we termed the ‘intrinsic’
set of cases, which are largely restricted to the cerebral hemispheres, occur in
the youngest patients (usually younger than 12 months old) and lack the key
molecular features of both HGG and LGG. Tumours representing what was
termed ‘IHG’ in the Heidelberg classifier made up the largest proportion of these
cases, and were strikingly defined by nearly two thirds of tumours harbouring
fusions in genes encoding the RTKs ALK, NRTK1/2/3, ROS1, and MET.
Individual fusions did not predict for specific histological features. Although
structural variants involving these genes within the age group have been
described in case reports (81,119-126) and a recent larger study (n = 29) (9); the
current report represents a uniquely powerful study of these rare tumors by
accumulating a series of 82 infant cases with RTK fusions with full methylation

profiles.

Molecularly, these variants included interstitial microdeletions such as those at
chromosome 2p23 resulting in the fusion of CCDC88A or PPP1CB and ALK
(9,125) and at 6921 fusing ROS71 and GOPC (previously known as FI/G, and
originally described in an adult GBM cell line (131); additional focal DNA copy-
number losses targeted MET at 7q31 (79). There were multiple instances of inter-
chromosomal copy-number gains fusing ALK to a series of novel partners,
including MAD1L1 (7p22), ZC3HT7A (16p13), MSI2 (17q22), SYNDIG1 (20p11),
and SPECCI1L (22g911), as well as the intra-chromosomal EML4:ALK fusion that

is well characterised in non—small cell lung cancer and others (132). As well as
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lung cancer, ALK fusions have been identified in other cancer types such
WDCP:ALK fusions occurring in colonic tumours (133), and CARS:ALK fusions
in soft tissue tumours (134), however they were very rarely seen in a series of
424 HGG cases in older children (aged <20 years) highlighting the infant-specific
nature of these fusions in glioma. Therefore, copy number profiling should be
considered as a screening method and the presence or absence of a copy
number alteration for any infant glioma case should be validated ideally with
panel or RNA sequencing to prevent a false positive or negative result. However,
where a fusion associated copy number change was found, this was frequently
the only copy number alteration identified. Notably, 51/457 (13%) tumours in
patients up to the age of 20 years were found to harbour copy number alterations
suggestive of others possible RTK fusions, particularly NTRK2 and NTRKS3; this
is a significant percentage of cases, but very likely to be an overestimate.

Validation of these candidates is needed to be certain.

An example of where these older cases may be important comes from the
HERBY trial, which evaluated the use of bevacizumab in addition to
temozolomide or radiotherapy as a phase Il, randomised, multi-centre trial in
patients aged between 3 -18 years who were newly diagnosed with non-
brainstem HGG. | contributed to the molecular profiling of this cohort carried out
by the Glioma Team, through the application of the custom fusion panel
described in this chapter (63). Here we identified an NTRKZ2 fusion in a non-infant
hemispheric WHO grade IV GBM (with additional somatic mutations), which was
included in the group of MAPK pathway-driven ‘PXA-like’ tumours (63). This

group (predominantly BRAF V600E or NF1 mutant) were found to contain
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significantly more CD8+ tumour infiltrating lymphocytes in contrast to other
HGG/DMG, which had a distinct absence of immune cell infiltrates. Strikingly, the
tumours with CD8+ tumour infiltrating lymphocytes also had an improved survival
when bevacizumab was used in their treatment (63). Considering the ‘immune
responsive’ tumour cell population and the high frequency of microglia identified
by single-cell RNA sequencing in the NTRK2-fusion-positive KING_INF_018
case, this may merit further exploration of the immune cell infiltrate in infant HGG
to see if this correlates with outcome, can be used to predict outcome, or be

enhanced through treatment.

ALK fusion gene breakpoints always occurred in the intronic region between exon
19 and 20 in every case, also reported in non-small cell lung cancer (NSCLC)
(135). In very rare instances, this can occur in the intronic region between exon
18 and 19 (136). Multiple ALK partners are associated with synapse formation
and activity (CCDC88A, HIP1, SYNDIG1), neuronal cytoskeletal reorganization
(CCDC88A, SPECC1L), and microtubule assembly (MAP2, PRKARZ2A, EML4),
as well as PI3K/MAPK signaling (PPP1CB, CCDC88A, SPECC1L) and cell-cycle
progression (MAD1L1; (137-145). Thus, in addition to the activated kinase
activity of the ALK receptor itself, these fusions likely disrupt key regulatory
processes in neurodevelopment, as exemplified by the differential methylation of
genes controlling these processes that were observed. ALK itself is known to be
expressed in foetal brain with a role in neurodevelopment (146,147).
Interestingly, the fusion partner is important for treatment in NSCLC with tumours

harbouring EML4:ALK responding better to ALK inhibitors and showing improved
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overall survival compared to fusion-negative cases and those with different fusion

partners (148).

The NTRK genes had a variety of inter-chromosomal partners, with around half
of cases marked by a DNA copy imbalance at either locus. Notably, NTRK2
fusions (also described in LGG; (73)) were largely found in tumours classifying
as other glioma subtypes, as were the previously described FGFR:TACC fusions
(149). NTRK fusions, although found at a higher frequency than in older
paediatric HGG, were less frequently marked by copy number alterations with all

TPM3:NTRK1 fusions being copy neutral.

Approximately 80 different 5’ fusion partners of the NTRK genes are reported
across different tumour types (150). All three NTRK genes are involved in
nervous system physiology and development (95). However, coexistent somatic
mutations may be important and individual cases hint at this across fusion types;
an NTRK fusion case in the infant cohort classified as a GBM_RTK Il and
contained an EVT6:NTRK3 fusion, a PTEN mutation and CDKNZ2A/B deletion.
The fusion did not confer any survival advantage for this child likely as a result of
the other mutations. Another case diagnosed as a GBM histologically (PXA 0.54
by methylation profiling) with a KCTD8:NTRKZ2 fusion and a coexistent
CDK2NA/B deletion is alive and in remission at last follow-up. A further infantile
midline tumour (diagnosed as AA by histology, DMG K27 0.99 by methylation
profiling) containing an AGBL4:NTRKZ2 fusion in addition to a H3F3A K27M
mutation had a survival of 2.51 years. This shows that the background mutations

have a significant impact on the outcome of fusion-positive cases.
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Despite the frequency of alterations identified, not all of the intrinsic infant gliomas
were found to harbor RTK fusions. These fusion-negative cases (at least on the
basis of the platforms used in this study) had a lower proliferation index compared
with NTRK-positive cases, but a worse prognosis under standard treatment.
Given the lower proliferation index, the worse survival is surprising. However, a
great number of cases are needed for assessment in each group to be more
definitive. Certainly, the increased proliferation index in NTRK-fusion positive
cases associated with an improved survival could be an indicator of better
responsiveness to adjuvant therapy and could support the potential impact of Trk
inhibitors useage in these cases. Although we could identify no apparent
recurrent genetic driver of the fusion-negative subgroup, even with whole-
genome sequencing of a subset of cases, there were clear epigenetic differences
compared with fusion-positive cases. These included dysregulated gene
networks associated with the regulation of stem cell pluripotency, plausibly
suggesting an immature progenitor cell phenotype for these genetically bland
lesions. In contrast, NTRK-fusion cases were associated with an embryonic,
neuronal developmental program, and ALK-fusion cases with later AMPA-

receptor synaptic plasticity signatures.

The presence of recurrent ALK/NTRK/ROS1/MET fusions also represents clearly
targetable alterations, in common with subgroups of adult epithelial tumours
(151,152), and their identification through screening approaches and routine
diagnostic sequencing panels (80,153-155) makes them amenable to selection
for clinical trials despite their rarity. The distinct morphologic variants, the

restricted spatial and temporal patterns of presentation, and the specificity of
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oncogenic events largely in the absence of other mutations or large-scale
chromosomal rearrangements suggests an exquisite developmental
susceptibility for transformation that would account for this rare subgroup of
tumours. However, further work is needed to explore all intrinsic infant glioma
subgroups, in particular the fusion-negative cases. It is clear that these tumours
harbour unique biology with associated clinicopathologic differences and should

no longer be diagnosed or treated in the same way as their older counterparts.
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CHAPTER 5 - Longitudinal sampling of infant glioma

5.1 Introduction

Paediatric HGG has a very poor prognosis. As a result, re-biopsy or re-resection
of these tumours is very rare, and the acquisition of samples is challenging.
However, longitudinal sampling represents a tantalising opportunity to observe
and identify changes in the molecular profile of these tumours as they evolve,
and in response to treatment. They also can help to identify potential resistance
mutations and mechanisms that have important implications for future drug

development.

Published longitudinal studies featuring paediatric HGG are very limited. Our
recent study which used a hybrid-capture NGS panel to molecularly profile 233
paediatric patients with solid tumours featured some paediatric HGG cases. 90%
of the patients in this study had an episode of progression or relapse before they
were enrolled but only the initial tumour sample was requested. At least one
genetic alteration was detected in 70% of cases, 51% of which were clinically
actionable (156). Interestingly, 8 patients had paired samples sequenced at
different stages of treatment; six of these showed different variants at different
time points; PTEN, NF1 and TP53 mutations were found in the second sample of
a paediatric BRAF V600E positive HGG case treated with the MEK inhibitors
dabrafenib and trametinib. In a second case of H3F3A and TP53 mutant glioma
(mutations present in both samples), a PTEN mutation was detected at diagnosis
and a PIK3CA mutation at progression (156). These examples show that these

tumours have a changing molecular profile; re-biopsy is necessary to detect
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these changes so that treatment can be adapted where necessary and

appropriate.

Other studies further support the value of re-biopsy at relapse in paediatric
cancer; the 'Individualized Therapy for Relapsed Malignancies in Childhood'
(INFORM) study molecularly profiled (using WES, WGS, methylation profiling,
RNA sequencing, and expression microarray analysis) primary tumours
(featuring both sarcomas and brain tumours amongst others) with identification
of druggable targets (157). Re-biopsy samples were also profiled in the same
way again demonstrating that the tumours were evolving and even helped to

identify the onset of secondary malignancies rather than relapse (157).

Longitudinal studies in adult glioma have demonstrated the influence of treatment
on the evolving molecular profiles of HGG. A study featuring 222 patients with
gliomas were profiled into three groups; IDH mutant and 1p/19q co-deleted, IDH
mutant without 1p/19q co-deletion and IDH wild-type tumours (47). Driver
mutations were retained at recurrence (as seen in paediatric cases) but there was
very little evidence of recurrence-specific gene alterations within the cohort.
However, the type of treatment did influence the molecular profile; alkylating
agents were associated with a hypermutator phenotype across the three groups,
although this did not impact on survival (47). It is important to detect these
treatment-induced mutations which could have important implications for the use
of alkylating agents in paediatric cases, particularly in infants. Allelic-depth (the
number of reads which align to a particular variant) can be compared between

two samples to see if there has been an increase, decrease or no change (47).
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Studies have also hinted at differences in immune infiltration profiles in glioma
related to their mutational spectrum; increased infiltration of CD4+ T cells,
neutrophils and macrophages are reported in in EGFR mutated LGG, and are
also correlated with a worse survival (158). Also, it is reported that IDH wild-type
status in WHO grade II-1V gliomas is associated with increased levels of tumour
infiltrating lymphocytes and PD-L1 expression with /[DH mutant tumours having
higher levels of PD-L1 promotor methylation thereby influencing expression

(159).

This longitudinal study aims to look for changes in the molecular profile of a small

series of infant HGG which could be potentially correlated with treatment and

clinical outcome.
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5.2 Results

5.2.1 The sample cohort

The longitudinal cohort was composed of 10 cases with a total of 22 samples.
Nine cases featured within the initial infant glioma study (and were all part of the
intrinsic set); these were either the first biopsy or resection sample for each case
and were therefore designated ‘A’. Nine cases were composed of paired samples
(therefore annotated ‘A’ and ‘B’), and a single case had four samples available
(A-D). A new case was added to the cohort which didn’t feature in the initial study,
designated HMCI_INF_001; only samples from the second and third resections

were available and these were designated ‘B’ and ‘C’ respectively.

Of the 10 cases, 4/10 (40%) were female and 6/10 (60%) were male. 9/10
cases were aged <1 year at diagnosis (median 0.45 years). The location of the
tumour was known for 9/10 cases; all had a hemispheric location. 7/10 (70%) of
cases were diagnosed as a HGG/glioblastoma based on histology, and 3/10

(30%) were diagnosed as a DIGG/DIA (figure 5-1).
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Figure 5-1. Demographics of the longitudinal cohort. A, Bar chart showing the gender distribution
of the longitudinal cohort (n=10, key provided). B, Box plot showing the age distribution of the
longitudinal cohort. C, Bar chart showing the proportion of different histological diagnoses within
the longitudinal cohort (key provided).
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Two cases (GOSH_INF_005, a 5 month old male infant, and OPBG_INF_035 a
6 month old female infant (see chapter 7)) underwent an initial biopsy of
hemispheric tumours (sample A). GOSH_INF_005 was diagnosed with a GBM
and commenced on POG 8633 chemotherapy, undergoing a resection 6 months
after the initial diagnosis (sample B) (table 5-1). The child remains alive with a
complete response to treatment. OPBG_INF_035 was also diagnosed with a
GBM, and was commenced on chemotherapy undergoing a resection 3 months
later (sample B). An ETV6:NTRKS3 fusion was identified in both samples by myself
and the child was then treated with crizotinib monotherapy and then larotrectinib,

and remains alive with significantly reduced tumour burden (figure 5-2).

GOSH_INF_028 (6 month old male infant) underwent a partial resection of a
hemispheric tumour (sample A), diagnosed as a GBM. After starting HIT-SKK
chemotherapy he underwent second surgery 3 months after the first (sample B)
due to local progression. The child was alive with a complete response at last
follow up. GOSH_INF_003 (3.7 month old female) had a subtotal resection of a
hemispheric tumour (sample A) but underwent ‘second look surgery’ 1 week later
(sample B) with a near gross total resection. Diagnosed with a GBM, POG 8633
chemotherapy was commenced. There was no progression or relapse and the
child remains alive and well. HMCI_INF_001 (10 month old male) underwent a
subtotal resection of a hemispheric tumour diagnosed as a GBM (sample A,
although not available for this study). He was treated with Baby POG
chemotherapy but progressed and underwent another resection (sample B) and
a further resection 3 months later (sample C). The child died of neurological

complications secondary to the tumour. DKFZ_INF_307 (1 month old male) who
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underwent a gross total resection of a hemispheric GBM (sample A), and was
treated with HIT-SKK chemotherapy for 6 months. He progressed 5 months after
the completion of chemotherapy, partial resection was performed (sample B), and
he started temozolomide for 6 months. An ALK fusion was identified and he was

treated with ceritinib. The child is alive with stable disease (figure 5-2).

SMHB_INF_008 (3.2 year old male) underwent a gross total resection of a
hemispheric lesion (sample A) diagnosed as a DIGG/DIA. No adjuvant therapy
was given, but he developed a lesion in the left temporal lobe (considered
metastatic) 2 years later which was resected (sample B). He was commenced on
chemotherapy for 1 year, and remains alive at last follow up. PMHK_INF_001 (5
day-old female) underwent a gross total resection (sample A) after acute
presentation with haemorrhage in a left parietal lesion. Diagnosed as a GBM, she
started vincristine chemotherapy, at 18 months she underwent a further resection
(sample B) due to recurrence and was commenced on trametinib. A ROS1 fusion
was identified in this tumour and she was commenced on entrectinib with a partial
response. A further resection was performed at 21 months (sample not in study);
sequencing at the referring institution identified PTCH1 and KMT2D mutations.
The child is alive and continues on treatment. Unfortunately, clinical data was

not available for SMHB_INF_007 or SMHB_INF_009 (figure 5-2).
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Sample ID Age (years) | Gender | Location | Sample A | Diagnosis | Adjuvant | Sample B type | Further treatment | Outcome
type treatment

GOSH_INF_005 | 0.40 Male Hemispheric | Biopsy GBM Chemo Resection N/A Alive (CR)
OPBG_INF_035 | 0.50 Female | Hemispheric | Biopsy GBM Chemo Resection Trk inhibitors Alive (PR)
GOSH_INF_028 | 0.50 Male Hemispheric | STR GBM Chemo Resection N/A Alive (CR)
GOSH_INF_007 | 0.30 Female | Hemispheric | STR GBM N/A 2" look surgery Chemo Alive
HMCI_INF_001 | 0.80 Male Hemispheric | STR GBM Chemo Resection (x2) N/A Died (NC)
DKFZ_INF_307 | 0.10 Male Hemispheric | GTR GBM Chemo Subtotal resection | ALK inhibitor Alive (SD)
SMHB_INF_008 | 3.20 Male Hemispheric | GTR DIGG/DIA | N/A Resection Chemo Alive
PMHK_INF_001 | 0.01 Female | Hemispheric | GTR GBM Chemo Resection MEK/Trk inhibitors | Alive

Table 5-1. Clinical data of longitudinal cohort. A table summarising the available clinical data of patients in the longitudinal cohort including age, gender,
location, type of sample and treatment. GTR = Gross Total Resection. STR = Subtotal Resection. GBM = glioblastoma. CR = complete response. PR = partial
response. NC = neurological complications.
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Total survival and longitudinal sampling times
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Figure 5-2. Longitudinal cohort sample timelines. Swimmers plots showing the timeline of when
the different samples were taken for cases within the longitudinal cohort. The primary sample is
labelled A, and subsequent samples are labelled B, C, and D where applicable. The last known
follow-up is also labelled. Clinical information was not available for SMHB_INF _009.

5.2.2 Histological review

3/7 of longitudinal cases which classified as an IHG by the methylation classifier
had an H&E slide available for histological review (GOSH_INF_003,
GOSH_INF_005, HMCI_INF_001) (figures 5-3, 5-4 & 5-5). Architecturally, the
paired samples showed consistent features of high cellularity and uniformity

(figure 5-3, 5-4A, 5-5A).
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Figure 5-3. Representative H&E images of GOSH_INF_005A and B. Calibration bar in bottom
right corner of image. Each image labelled with name of case.

However, cytologically differences were seen; GOSH_INF_003B showed an area
where the stroma became loose with prominent spindled cells identified (figure
5-4D) which were very striking compared to the gemistocytic cells of the primary
sample (figure 5-4A). Also, within this area, possible ganglion cell differentiation
was observed (figure 5-4C) with focal areas of possible lymphocytic infiltration

(figure 5-4E). Necrosis was present in both GOSH_INF_003A and B.
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Figure 5-4. Histological review of IHG longitudinal cases. A, Representative H&E image of
GOSH_INF_003A (primary resection). B, Representative image of GOSH_INF_003B (second
resection). C, H&E image showing possible ganglionic cells in GOSH_INF_003B (black arrow).
D, H&E image showing spindled cells (black arrow) in GOSH_INF_003B. E, H&E image showing
possible lymphocytes (black arrow) in GOSH_INF_003B. Calibration bar in bottom right corner of
image. Each image labelled with name of case and respective histological feature identified
(where appropriate).
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As mentioned above, the HMCI_INF_001A sample was not available for analysis.
However, HMCI_INF_001B showed high cellularity, spindled cells, mitoses and
mild-moderate pleomorphism, features consistent with an IHG, and also showed
focal areas of xanthomatous change (also identified in one case in the first infant
study) (figure 5-4B), and multinucleated giant cells (figure 5-4C). These giant
cells appeared to be immune in origin, consistent with an inflammatory process
rather than tumour giant cells. HMCI_INF_001C showed focal areas of
haemosiderin consistent with previous bleeding (possibly as a result of previous
surgery) (figure 5-4D), and focal areas of possible lymphocytic infiltration and
calcification. Also, some of the cells appeared to be much larger than others

(figure 5-4E).
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Figure 5-5. Histological review of IHG longitudinal cases. A, Representative H&E image of
HMCI_INF_001B (second sample). B, H&E image showing xanthomatous areas (black arrow) in
HMCI_INF_001B. C, H&E image showing giant cells (black arrow) in HMCI_INF_001B. D,
Representative H&E image of HMCI_INF_001C (third sample), black arrow indicating
haemosiderin. E, H&E images showing possible lymphocytes (black arrow). F, H&E image
showing calcification (black arrow). G, H&E image showing and larger cells (black arrow)
identified in HMCI_INF_001C. Calibration bar in bottom right corner of image. Each image
labelled with name of case and respective histological feature identified (where appropriate).
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Histological review of the DIGG/DIA-like cases (SMHB_INF_007,
SMHB_INF_008 and SMHB_INF_009) also showed some subtle differences
(figure 5-6). SMHB_INF_009A showed a cellular tumour with cells containing a
round to oval nucleus and prominent smalls vessels. SMHB_INF_009B, although
only a very small sample, showed a much less cellular infiltrate with nuclei which
were more spindled in shape (figure 5-6C). SMHB_INF_008A showed a cellular
tumour with round to oval shaped nuclei infiltrated with small vessels.
SMHB_INF_008B showed a very similar appearance with the addition of
occasional multi-nucleated cells (figure 5-6B). The four samples of
SMHB_INF_007 consistently showed a cellular tumour with focal areas of
spindled cells and other areas where the nuclei were more rounded. Palisading
necrosis was seen prominently in samples A and B, and mitoses were identified

in samples A and C but otherwise there were no differences between them.
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A SMHB_INF_007A SMHB_INF_007A - necrosis

Figure 5-6. Histological review of non-IHG cases. A, Representative H&E images of
SMHB_INF_007A, and necrosis is indicated by the black arrows). B, Representative H&E images
of SMHB_INF_008A and B. C, Representative H&E image of SMHB_INF_007C. D,
Representative H&E image of SMHB_INF_007D. E, Representative H&E images of
SMHB_INF_008A. F, Representative SMHB_INF_009A and B. Spindled cells are indicated by
the black arrow. Calibration bar present in the bottom right corner of each image.
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5.2.3 Methylation profiling

The longitudinal samples were profiled using the methylation array to compare
the profiles within each case, and between cases. To confirm that the samples
from each case belonged to the same patient, we looked at 65 (450k) and 59
(EPIC) high-frequency, explicitly built in (labelled in the manifest and targeted)
SNPs included in the array design by lllumina. These have been used in studies
to cluster samples based on ethnicity (160). We clustered the longitudinal cases
according to the beta values corresponding to these SNPs (figure 5-7). The
paired tumour samples annotated as having been collected from the same patient

were found to have concordant SNP profiles for all 10 cases within the cohort.
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Figure 5-7. SNP heatmap. A heatmap showing the methylation profiles of the 22 cases within the
cohort looking at 60 CpG sites (listed on the right hand side). A scale reflecting the beta values is
provided (red; hypermethylated, blue hypomethylated). The methylation class, methylation
score, sex, age and fusion positivity are labelled in bars at the top with keys to these shown.

The samples were then quality control checked by reviewing the level of bisulfite
conversion for each sample. The SMHB_INF_007C sample showed a particularly
high number of unconverted probes compared to all other samples in the cohort
and was therefore excluded from further methylation analysis. Methylation
profiling showed that 7/10 of the primary samples classified as IHG tumours

(figure 5-8).
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Figure 5-8. Boxplots of methylation classifier raw scores. Boxplots showing the methylation
classifier raw scores for the initial samples for all cases in the longitudinal cohort. The raw score
of each case is coloured red and labelled. The grey circles refer to the references cases shown
as grey dots; the line within the box is the median, the lower and upper limits of the box represent
the first and third quartiles, and the whiskers the interquartile range.

The remaining 3/10 cases could not be classified into any established entities;

when projected onto the pan-glioma set t-SNE (including the infant intrinsic set

cohort), they plotted either within the DIGG/DIA cluster or as a continuum

between the IHG and DIGG/DIA groups; they were annotated as ‘DIGG/DIA-like’

tumours (figure 5-9).
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Figure 5-9. t-SNE projection of the longitudinal cohort. Longitudinal cases projected onto the pan-
glioma reference set and infant intrinsic set. Longitudinal cases are in full colour, outlined with a
black circle, and are labelled with the infant ID. The second t-SNE shows a magnified view of the
longitudinal cohort projection, with each paired case joined by a line (grey).

When adding the paired samples, the IHG cases projected adjacent to each other
within the same cluster. The longitudinal samples for 2/3 ‘DIGG/DIA-like’ showed
similar findings with the samples projecting adjacent to each other on the t-SNE.
However, SMHB_INF_007 showed some variation; all three samples were not in
close proximity to each other with ‘A’ and ‘B’ positioned within the IHG cluster,

and ‘D’ plotting in the DIGG/DIA cluster (figure 5-10).
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Figure 5-10. t-SNE projection of the longitudinal cohort. A magnified view of the longitudinal
cohort projection is shown, with each paired case labelled A & B, or A-D, and linked to the case
ID label with a solid black line.

5.2.4 Copy number analysis

Using the same methodology for the original infant cohort, copy number data was
derived from the methylation data and processed using the R package conumee
(figure 5-11). The copy number profiles for OPBG_INF_035A and B were
excluded from this analysis as they did not pass QC due to considerable variation
across the copy number profiles so changes within and between the samples

could not be identified. However, despite SMHB_INF_007C being excluded from
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the methylation analysis by QC, it was included in the copy number analysis as

it passed QC on this aspect.
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Figure 5-11. DNA copy number profiling of the longitudinal set. Heatmap representation of
segmented DNA copy number for 20 longitudinal samples of infant glioma profiled on the lllumina
450kor EPIC BeadArray platform (dark red, amplification; red, gain; dark blue, deletion; blue,
loss).

The analysis showed large scale copy number alterations in HMCI_INF_001,
consistent across paired samples (1q gains) (figure 5-12B). A small gain (1q)
and loss (1p) were seen in PMHK_INF_001B, changes which were not seen in
the primary sample. HMCI_INF_001C acquired a loss on chromosome 22 which
was not seen in HMCI_INF_001B, and DKFZ_INF_307B showed small gains on
chromosome 1 and 2, and losses on chromosome 7 which were not observed in

the primary sample. SMHB_INF_007 showed that the primary sample had a very
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flat profile but B and C showed very small losses on chromosomes 9 and 10. In
addition, sample C also showed losses on chromosomes 8 and 16, and a gain
on chromosome 18. However, sample D showed a flat profile similar to the
primary sample (figure 5-12C). GOSH_INF_003A showed small gains on
chromosome 6 and 7 which were not present in GOSH_INF_003B.
GOSH_INF_028A and B, SMHB_INF_008A and B and SMHB_INF_009A and B

showed consistently flat profiles.
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Figure 5-12. DNA copy number profiles. A, Copy number profiles of GOSH_INF_005A and B
profiled on the lllumina 450kor EPIC BeadArray platform (red, amplification or gain; blue, deletion
or loss). B, Copy number profiles of HMCI_INF_001B and C profiled on the lllumina 450kor EPIC
BeadArray platform (red, amplification or gain; blue, deletion or loss). C, Copy number profiles of
SMHB_INF_007A, B, C and D profiled on the lllumina 450kor EPIC BeadArray platform (red,
amplification or gain; blue, deletion or loss).

Copy number profiles of GOSH_INF_005A and B showed changes consistent
with the SPECC1L:ALK fusion (small gains on chromosome 2 associated with
ALK, and losses on chromosome 22, associated with SPECC1L (figure 5-12A),
as did DKFZ_INF_307 (consistent with the MAD1L1:ALK fusion (figure 5-13).
PMHK_INF_001 (ROST7), GOSH_INF_028 (ROS17), and SMHB_INF_007
(EML4:NTRK3) (figure 5-14) were all copy neutral fusion-positive cases from the
initial analysis of the primary samples, and this was further supported when

comparing the profiles of the paired samples.
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5.2.5 Sequencing

The longitudinal cohort cases (n=20) were sequenced with the DNA fusion panel
(except DKFZ_INF_307A and B as material was not available). Fusions had
already been identified in the primary samples of the following cases;
DKFZ_INF_307 (MAD1L1:ALK) (figure 5-13), GOSH_INF_005
(SPECC1L1:ALK), SMHB_INF_007 (EML4:NTRK3), and OPBG_INF_035
(ETV6:NTRKS).
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Figure 5-13. RTK fusions in longitudinal samples; DKFZ_INF_307. A, Schematic cartoon
representation of MADL1L:ALK fusion identified in DKFZ_INF_307A and B. B, Copy number
profiles of DKFZ_INF_307A and B derived from methylation array data. Red, loss or deletion;
green, gain or amplification.

The fusion panel and FISH (performed by Anna Burford) confirmed that the
EML4:NTRK3 fusion was present in all four SMHB_INF_007 samples (figure 5-

14).
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Figure 5-14. SMHB_INF_007 longitudinal case. A, Schematic cartoon representation of the
EML4:NTRK3 fusion identified across all four longitudinal samples of SMHB_INF_007. B, Images
from Integrative Genomics Viewer (IGV) of the EML4:NTRK3 fusion identified in each case via
the DNA fusion panel (purple reads, EML4; red reads, NTRK3). C, Fluorescence in situ
hybridisation (FISH) using an NTRK3 break-apart probe for FFPE sections across the longitudinal

samples. The white arrows are pointing to cells which are fusion-positive. NTRK3 BA 3’ (green),
NTRK3 BA 5’ (red).

152



In addition, the fusion panel confirmed the SPECCT1L:ALK fusion in
GOSH_INF_005B B (figure 5-15A-D), and the ETV6:NTRK3 in OPBG_INF_035

(figure 5-16).

A B
GOSH_INF_005A, ALK break apart
GOSH_INF_005
SPECC1L1:ALK \
2911.23 22322231 \
{07 T N NI TD
B
SPECCIL1 ALK
C
GOSH_INF_005A ALK 2p23.2-p23.1 | ALK 2p23.2-p23.1
GOSH_INF_005B
SPECC1L1 ALK
D
GOSH_INF_005A GOSH_INF_005B
g - R
g g, Phiblasit i
[ [ 7 o
o (e}
- 2 w
Chromosomé S Chromosorﬁe' .

Figure 5-15. RTK fusions in longitudinal samples. A, Schematic cartoon representation of the
SPECC1L1:ALK fusion identified in GOSH_INF_005A and B. B, Fluorescence in situ
hybridisation (FISH) using an ALK break apart probe performed on an FFPE section of
GOSH_INF_005A. The white arrows indicate fusion-positive cells. ALK BA 2p23.2-p23.1 (red),
ALK 2p23.2-p23.1 (green). C, Integrative Genomics Viewer (IGV) snapshots showing the
SPECC1L1:ALK fusion identified in GOSH_INF_005A and B via the DNA fusion panel. Red,
SPECC1L1; grey, ALK. D, Copy number profiles of GOSH_INF_005A and B derived from
methylation array data. Red, loss or deletion; green, gain or amplification.
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SMHB_INF_008A and B, SMHB_INF_009A and B, GOSH_INF_003A and B,

HMCI_INF_001B and C and GOSH_INF_028A and B were also sequenced via
the fusion panel but they were fusion-negative.
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OPBG_INF_035A, NTRK3 break apart
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Figure 5-16. OPBG_INF_035 longitudinal case. A, Schematic cartoon representation of the
ETV6:NTRKS3 fusion identified in this case. B, Fluorescence in situ hybridisation (FISH) using an
NTRK3 break apart probe on a FFPE slide of OBPG_INF_035A. The white arrow indicates fusion-
positive cells. C, Integrative Genomics Viewer (IGV) snapshots for the DNA fusion panel
sequencing for OPBG_INF_035A and B. (Purple reads, ETVG6; grey reads, NTRK3).
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However, the GOSH_INF_028 samples underwent WGS and a HNRNPD:ROS1
fusion (ROS1 was not included in the fusion panel design) was identified in both
samples, and also a ROS17 fusion in PMHK_INF_001A; RNA sequencing
performed by the referring institution confirmed the ROS7? fusion in
PMHK_INF_001B. Only the SPECC1L:ALK and MAD1L1:ALK fusions were

associated with small copy number changes.

All 22 samples underwent either WGS (n=6) or WES (n=16) to determine whether
acquired mutations could be identified over time — a major caveat is the lack of

germline DNA for somatic subtraction in all cases.
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Figure 5-17. Oncoprint of somatic mutations. An oncoprint of the somatic mutations identified
through WES, WGS and HGG panel sequencing of the longitudinal cohort (the type of mutation
is indicated by the key provided. The gender, age, methylation group and fusion type are labelled
in bars at the top, with reference to the keys provided.

155



The cases were filtered for known pHGG, COSMIC and census coding variants
(although it cannot be ruled out that these may be germline SNPs). 62% of
variants were consistently identified across sample pairs including KMT2D in
DKFZ_INF_307, TTF1 in GOSH_INF_005, FGFR4 in HMCI_INF_001 and
ARID1A in SMHB_INF_008. A subtraction was then performed whereby the
diagnostic sample was used as the reference (figure 5-17). Variants identified in
the secondary sample(s) which were not detected in the primary included KMT2D
in SMHB_INF_007C and D, ZFHX3, LRRC16B, TTBK1, SORBS2, FBXW?7, and
PRCC in GOSH_INF_003B, CLTCL1, CARS, LMO1, SGSM2, and NCOR1 in
SMHB_INF_007B, C and D, MAP7, GLI1, LRFN5, and FLNA in
SMHB_INF_007C and D, with STAG1, PDGFRB and NONO present in
SMHB_INF_007D only. Three cases contained variants in KMT2D
(DKFZ_INF_307, GOSH_INF_003 and SMHB_INF_007) but there were no
variants identified which were common to all longitudinal samples. Also, there
was a distinct absence of the mutations frequently associated with pHGG
including H3F3A, HIST1H3B, ACVR1, TP53, NF1, PDGFRA, PIK3CA and IDH1

mutations.
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Figure 5-18. Allelic depth of somatic mutations. Oncoprints for cases where differences in the
allelic depth of SNPs and known mutations between the initial and secondary samples were
identified across the longitudinal cohort. Scale for levels of shading provided.

In the absence of a germline subtraction, | wanted to determine whether certain
variants identified in both samples may be selected for, or against, over time and
in response to treatment, suggestive that they may indeed be somatic. To see if
these variants were expanding in secondary samples, the allelic depth of all
coding variants identified was then compared between paired samples (figure 5-
18 & 5-19). 9/10 cases showed an increased allelic depth of variants in the
secondary sample(s) including EGRZ2 in DKFZ_INF_307, METTL11B, NONO,
STAG1 and PDGFRB in SMHB_INF_007, ARID1B, SETBP1, AURKA, RET,
CCCND2 and PCDH1B in PMHK_INF_001 (figure 5-19B), AASDH, BMS1 and
SPDYE2B in GOSH_INF_028B and SUZ12, ERBB2, ATRNL1, SDHAA and
FPRN in SMHB_INF_008. Whilst 71 variants across all 10 cases showed a

decreased allelic depth across the paired samples including ERBB2 and GDPG2
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in SMHB_INF_008, TRIP11in GOSH_INF_005 and MCF2L, RNF213, and PER1

in PMHK_INF_001 (figure 5-19B).
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Figure 5-19. Allelic depth. A, Box plots of allelic depth of pHGG/COSMIC/Census coding variants
shown for each of the samples in the longitudinal cohort. The different samples are coloured
according to the key provided. The line within the box is the median, the lower and upper limits of
the box represent the first and third quartiles, and the whiskers the interquartile range. B, Pair-
plots for showing the differences in allelic depth between paired samples for particular coding
variants identified. The line within the box is the median, the lower and upper limits of the box
represent the first and third quartiles, and the whiskers the interquartile range. The first sample is
labelled ‘A’ and the second ‘B’. The lines connecting the two samples represent the allelic depths

of particular genes highlighting the difference between the two samples.
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5.3 Discussion

Infant HGG cases are very rare; longitudinal samples of these tumours are
therefore scarce but potentially provide a valuable insight into their evolution.
Although only 10 cases with paired samples were gathered within our cohort,
they showed some important results. The histological review of the recurrent IHG
cases revealed some subtle cytological differences compared to the primary
samples with a change in cell morphology to spindle shaped, a loose stroma and
ganglion cell differentiation observed; in this particular case, the child remains
alive 8 years post diagnosis. Case reports and studies show similar features in
recurrences of infant HGG with evidence of differentiation and reduced
proliferative activity seen in published longitudinal samples (9,161). The presence
of multinucleated giant cells in one case is consistent with chronic inflammation;
given the previous surgery this may be linked, but also may show an important
accessibility of the immune system in these cases particularly given the
prominence of possible lymphocytes seen focally. Further panels of

immunohistochemistry may be useful.

When analysing the neoantigen ratios in adult cases, the observed-to-expected
ratio strongly correlates with the initial and recurrent tumours of each patient; the
neoantigen depletion level in the recurrence sample is reflective of the initial
tumour with no consistent evidence of immunoediting deduced (47). Higher levels
of CD4+ T cells are seen in primary tumours with observed-to-expected
neoantigen levels >1, whereas higher levels of macrophages and neutrophils
were seen in the recurrent tumours with a ratio of <1 (47). Mutation status,

treatment, and neoantigen ratios of glioma influence the immunological tumour
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microenvironment, and monitoring changes in this microenvironment using re-

biopsy may therefore be useful to predict prognosis going forward.

The use of methyl CIBERSORT in glioma research has utilised a more robust
approach to analysing the immune profile of a tumour; the more traditional
methods of using panels of IHC and flow cytometry have significant limitations in
that they can miss immune populations and do not identify functional phenotypes
such as resting or active lymphocytes (162). CIBERSORT can analyse both
expression data and methylation data derived from bulk tumour samples against
a validated signature matrix; this is then used to define different immune cell
fractions within a tumour (162). It has been recently used to develop a reference
signature that defines different non-cancer cell types which then can be used to
estimate the infiltrations of these cells in CNS tumour cohorts (163). Using
CIBERSORT to analyse the methylation array data of both the primary and
longitudinal cohort would be useful to further explore the levels and differences

in immune cell infiltration and the role of the immune system in these tumours.

In general, the methylation profiles remained stable with longitudinal samples
clustering adjacent to the primary sample. The longitudinal samples of one case
(SMHB_INF_007) did not cluster as well; however they also showed reduced
levels of bisulfite conversion (seen across all samples from the SMHB referral
centre, possibly related to storage) compared to the other samples which may

account for this observed difference.
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Longitudinal studies of methylation profiles have shown differences which can be
used to predict behaviours and outcome; a comparison of the DNA methylation
profiles of 77 patients (200 samples) diagnosed with diffuse glioma found that
IDH wildtype and /IDH mutant 1p-19q co-deleted glioma cases retained their
epigenetic profiles across longitudinal sampling. However, IDH mutant non-co-
deleted gliomas showed epigenetic shifts across recurrence; the IDH mutant
tumours more frequently display the CpG island methylator phenotype (G-CIMP),
which can be further divided into G-CIMP-high and G-CIMP low (164). A subset
of IDH mutant LGG G-CIMP-high tumours retain their DNA methylation
phenotype when they relapsed. However, a small proportion of IDH mutant LGG
G-CIMP-high tumours undergo disease progression but showed G-CIMP-low
epimethyl phenotypes in the recurrent samples. By profiling the hypomethylated
CpG sites associated with recurrence for each case, this data could be used to

predict which tumours are likely to recur (164).

The initial phase of this study highlighted the presence of RTK fusions
(ALK/ROS1/MET/NTRK) characterising the tumours within the intrinsic set, with
evidence supporting these as the driving alteration in the absence of other
background mutations. 6/10 cases in the longitudinal cohort were positive for
RTK fusions (ROS1 (n=2), ALK (n=2), NTRK3 (n=2)); these fusions were retained
across the paired longitudinal samples. This has also been shown in longitudinal
liquid biopsy sampling in NTRK fusion-positive colorectal carcinoma; longitudinal
sampling of ctDNA in a patient with LMNA:NTRK1 positive tumour confirmed the
fusion via ddPCR in each of the samples, tracked the number of copies of the

fusion (correlated with treatment), as well as identifying potential resistance
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mutations in NTRK1 (165). NTRK fusions are also reported in longitudinal studies
of metastatic cutaneous malignant melanoma; a small study identified NTRK1
and NTRK2 fusions in the metastatic lesions by sequencing, and confirmed that
the cutaneous primaries were also positive for the fusion Vvia
immunohistochemistry (166). In our previous study of a recurrent astroblastoma
in a 6 year old girl, the characteristic MN1:BENDZ2 fusion was detected in all 11
samples indicating that this was an early clonal event driving the pathogenesis of
the tumour (167). A doubling of the genome was found in later samples, as well
as variants in genes involved in NF-KB signalling and evidence of pathway
activation suggesting a possible role in progression (167), also suggesting that

re-biopsy has an important role in tumour monitoring.

Re-biopsy of progressive lesions is important to check for the presence of fusions
and for monitoring the molecular profile of a tumour; a GCC2:ALK fusion was
identified in a primary lung adenocarcinoma which was subsequently treated with
crizotinib achieving 18 months of progression free survival (the fusion was not
detected in liquid biopsies during this time). However, a new lung lesion was
biopsied and the fusion was confirmed which lead to treatment with ceritinib
achieving a partial response at last follow up (168). A study of 16 patients with
primary and recurrent pHGG showed that the methylation subgroup is maintained
at recurrence, and that histone mutant tumours retain their histone mutation in
longitudinal sampling, with  ACVR1 and TP53 mutations also conserved
throughout tumour progression (169). However, mutations in PDGFRA, PIK3R3,

ERBB2, and EGFR are often found in recurrence samples of pHGG but not in the
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primary sample, particularly associated with histone and IDH1 wild type tumours,

with a trend towards an increased mutational burden at recurrence (169).

Our cohort also showed some examples of evolving copy number changes within
samples; new changes identified in SMHB_INF_007B and C were absent in D.
This may reflect heterogeneity of the tumour and illustrate the variation seen as
a result of tumour sampling. Some recurrent pHGG tumour samples show an
increased number of allelic imbalance regions, and others show genome wide
loss of heterozygosity events resulting in a copy neutral genome, a finding
compatible with radiotherapy induced changes (169). Copy number changes can
be associated with progression, and can vary according to the location of
sampling; the astroblastoma case featured some samples with a flat profile and
others (from a different phylogenetic branch) showing whole arm copy number

gains (167).

Sequencing did identify differences in the presence and allelic depth of coding
variants between paired samples. However, we did not identify any recurrent
variants (excluding RTK fusions) or any of the well-recognised mutations known
to occur in pHGG including H3F3A, HIST1H3B, ACVR1, TP53 and PIK3CA.
Studies have shown that mutational burden tends to increase at recurrence in
70% of cases of adult gliomas. Shared fractions of mutations are also comparable
between different subtypes of glioma, and also associated with the age at
diagnosis (47). Our own study showed the acquisition of PTEN, NF1, TP53 and
PIK3CA mutations in two cases of non-infantile paediatric HGG cases (156).

Driving alterations were also maintained and not acquired across sample pairs,
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particularly in IDH1 mutant co-deleted 1p/19q cases (47), but differences in the
number of cells containing particular events may change, particularly if an event
is linked to clonal expansion, although significant consistent differences are not
seen when comparing the initial and recurrent tumours (47). However,
consideration should be given to the time frame when secondary surgery was
undertaken in the infant cases; two cases were biopsied and then underwent
resections following chemotherapy 3 — 6 months later; the resection was
therefore likely of the residual original tumour, albeit post-treatment. Three had
gross total resections, and two of these were treated with chemotherapy before
a second resection 11 — 24 months later and therefore can be considered to be
genuine recurrences. Two cases underwent a subtotal resection followed by
adjuvant chemotherapy before the second resection, so again are not strictly
recurrences but regarded as progressive tumours. However one case underwent
a subtotal resection and then 1 week later underwent second-look surgery
(without chemotherapy) where sample B was taken (GOSH_INF_003).
Therefore, the re-resection was of the original tumour over a very short time
period and not a relapse; new mutations would not be expected, other than
possible differences related to tumour heterogeneity. However, when looking at
new coding variants, 6 were identified in sample B that were not present in
sample A, and the allelic depth of the variants identified in this case also show
increasing levels. The histology of sample B also showed some striking changes
not identified in sample A. This hints that changes can happen very quickly in
these tumours, not influenced by chemotherapy, or are related to sampling and

heterogeneity of the tumour.
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CHAPTER 6 - Infant glioma modelling

6.1 Introduction

Models of paediatric HGG are required to help understand many of the features
of these tumours including their growth, invasion and their response to treatment
in the context of their phenotypic and molecular features. Patient-derived models
(in vitro and in vivo) are potentially useful tools for preclinical studies of paediatric
HGG due to their retention of the molecular characteristics of the original tumour
(170). The models require careful classification and characterisation to better
understand the underlying biology and provide a resource for the development of
novel therapeutic approaches (171). Treating clinicians can also derive valuable
information to help shape patient management plans in real-time (170,172).
However, given the poor prognosis of paediatric HGG, the time taken to establish
these models and properly characterise them, this can be a very challenging aim
to achieve for individual cases, although the data derived can be used to shape
drug development programmes and develop clinical trials thereby improving the

knowledge and outcome for the disease in general (171).

Despite these clear benefits, sufficient progress has been hindered by several
factors including a lack of available material from which to derive these models
(171). Acquiring patient-derived samples requires excellent engagement with
clinical colleagues through multi-disciplinary team (MDT) meetings where new
and existing patients are discussed and treatment strategies planned. Research
teams can attend theatre to collect a sample of tumour and blood at the time of

surgery. Viable tumour cells can be grown as either 2D (adherent culture) or 3D
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(neurospheres, non-adherent), with the aim of mimicking the in vivo tumour
features (173). The ability to establish a cell culture is dependent on the
characteristics of the tumour; they grow at different rates, not always in both
conditions, and can require culture-specific modifications to the media to optimise

their growth (170,173).

Formerly, cell line models were grown as monolayer cultures in serum-containing
media. The first molecular characterisation of paediatric HGG cell line models
(KNS42, SF188, and UW479) was published in 2009; the high turnover, and
ability to proliferate indefinitely (through dysregulation of the RB1, p53 and
RTK/AKT/PI3K pathways) provided useful models upon which to experiment,
with KNS42 representing the first H3.3 G34V histone mutant in vitro model (171).
Subsequently, the use of short-term cultures was developed using serum-free
media (to avoid the media containing undefined components which may impact
on growth etc) allowing the generation of many models across different HGG
types; these models more closely mimic the clinical disease as they retain the
genetic characteristics and can be obtained from biopsy or resection specimens
(170). Tissue derived from post-treatment biopsies/resections or at progression,
and the use of rapid autopsy, have created models which provide data about the
evolutionary trajectory of tumours from diagnosis, through treatment to end-stage

across different tumour types (47).

Different methods exist to engineer both in vitro and in vivo models with the

purpose of exploring functional aspects of driver events and their therapeutic

potential. Existing studies have successfully modelled gene fusions using

166



combined approaches, including using CRISPR-Cas9 and homology-directed
repair to model EWSR1:WT1 fusions (characteristic of the rare paediatric
sarcoma, desmoplastic small round cell tumour) in human mesenchymal cells
(174). The approach uses a donor template which contains a selectable marker
(puromycin resistance gene driven by a PGK marker), flanked by short segments
representing homology arms derived from the translocating loci of EWSR1 and
WT1 (174). Viral mediated delivery of the CRISPR-Cas9 system has also been
successfully used to model fusions; guide RNAs that target the EML4 and ALK
loci and Cas9 are transferred into an adenoviral vector which efficiently infect the
lung epithelium of adult mice by intratracheal instillation. One month after
infection, the lungs showed small lesions and by 6-8 weeks larger tumours were
visible, histologically consistent with NSCLC. Complete or partial regression was
also demonstrated in response to treatment with crizotinib for two weeks (175).
Designing and engineering models of fusions seen in infant HGG, and increasing
the number of patient-derived infant HGG cultures are therefore priorities to better
understand the biology of the novel subgroups, and both therapeutic and

resistance mechanisms.
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6.2 Results

6.2.1 Establishment of primary-patient derived in vitro cultures

For several cases included in my molecular study, we were able to establish
patient-derived models. The clinical details of these cases will be discussed in
chapter 7. QCTB_INF_RO077 was acquired from collaborators at Queensland
Children’s Tumour Bank contained an ETV6:NTRK3 fusion (identified by RNA
sequencing and FISH). In my hands, the cells grew as an adherent culture on
laminin but did not grow in 3D as neurospheres. Phenotypically, they were
elongated with processes extending from the cell body towards neighbouring
cells but there was insufficient cell density to reach confluency in a T25 flask over
several months. The addition of ROCK inhibitor to the media had no noticeable
effect, and changing the growth substrate to fibronectin resulted in good initial
cell adherence but detachment after two days (n=2). A mix of both laminin and
fibronectin (1:1) resulted in an adherent culture; cells were passaged into T25
flasks and were dependent on high densities of cells for continued growth.
Neurotrophin 3 (NT3, the ligand for the TRK C receptor) was added to the media
and the concentration of all other growth factors were doubled allowing the

growth of sufficient cells to allow limited assays (figure 6-1A).

QCTB_INF_R102 was a cryopreserved sample also provided by Queensland
Children’s Tumour Bank; a TPM3:NTRK1 fusion was identified via the fusion
panel using DNA extracted from frozen tissue. The cells were grown in 2D (they

did not grow in 3D) using the laminin-fibronectin substrate, with the addition of
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nerve growth factor (NGF, ligand for TRK A receptor) to the media; with these

modifications the cell density was sufficient to allow limited assays (figure 6-1B).

QCTB_INF_R102 (adherent, passage 4)

Figure 6-1. Infant glioma cell cultures. A, Light microscopy images of QCTB_INF_RO077 in 2D
adherent culture at passage 5. B, Light microscopy images of QCTB_INF_R102 in 2D adherent
culture at passage 4. The magnification is provided in the bottom right hand corner of the image.

A common feature of both QCTB_INF_RO077 and QCTB_INF_R102 infant lines
was the limited number of passages that were possible before the cells ceased
proliferating (passage 11). In later passages, the cells appeared larger,

differentiated and remained static with no obvious further growth (figure 6-2).
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Figure 6-2. Morphological changes of QCTB_INF_RO077. Light microscopy images showing
QCTB_INF_RO077 cells in 2D adherent culture at passage 7 and 11. The magnification is provided
in the bottom right hand corner of the image.

OPBG_INF_035 contained an ETV6:NTRK3 fusion and no other background
mutations. The cell culture was initially successful with cells adherent on laminin-
fibronectin; however when approaching confluency the cells detached (n=3). The

cells were therefore cryopreserved.

GOSH_INF_028 was derived from a 7-month-old male infant with a right frontal
lobe tumour. WGS of DNA extracted from the frozen tumour sample identified an
HNRNPD:ROS1 fusion. However, in culture (2D on laminin-fibronectin) the cells
did not grow and remained static. With the ligand for the ROS1 receptor currently
unknown (176), the culture was cryopreserved. Unfortunately, no patient-derived
cell cultures containing ALK fusions were available or collected during the course

of this study.

QCTB_RO006 and QCTB_R059 were obtained from older paediatric HGG cases
and were therefore used as controls; QCTB_R006 was from a frontal lobe tumour
of a 9.5 year old male child, diagnosed as a GBM (histone wild-type by

sequencing). QCTB_R059 was derived from a thalamic tumour of a 10.4-year-
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old female child. The tumour contained an H3F3A K27M mutation identified by
sequencing. They were grown as 2D adherent cultures (laminin and laminin-

fibronectin) with normal and double concentrations of growth factors +/-

neurotrophins (figure 6-3).

A

GOSH_INF_028 (adherent, passage 1)

e
-
0

QCTB_RO059 (adherent, passage 22)

Figure 6-3. Patient derived infant glioma cultures. A, Light microscopy images of OPBG_INF_035
in 2D adherent culture at passage 3. B, GOSH_INF_028 in 2D adherent culture at passage 1. C,
Control line QCTB_RO006 in 2D adherent culture at passage 20. D, Control line QCTB_R059 in
2D adherent culture at passage 22. The magnification is provided in the bottom right hand corner
of the image.
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6.2.2 Characterisation of established infant cultures

Methylation profiling was undertaken for tumour samples and cultured cells of
QCTB_INF_R077 and QCTB_INF_R102. QCTB_INF_RO077 tumour classified as
a poor scoring IHG (calibrated score 0.08) and the cells also classified poorly
(meningioma (MNG), calibrated score 0.15). QCTB_INF_R102 tumour classified
as an IHG (calibrated score 0.99) and the cells scored poorly (PLEX, PED B,
calibrated score 0.13). OPBG_INF_035 tumour classified as an IHG (calibrated
score 0.99) and the cells classified as a GBM_MES (calibrated score 0.53), with
IHG scoring second (calibrated score 0.13). When projected onto the pan-glioma
t-SNE the methylation profile from the cells associated with the IHG and
DIGG/DIAA tumours; the OPBG_INF_035A tumour and cells remained in close
proximity (in the IHG cluster), but OPBG_INF_035B tumour projected to the
DIGG/DIA group. The QCTB_INF_RO077 cells and QCTB_INF_R102 cells also
projected to the DIGG/DIA cluster, distant to their parent tumours which were
located in the IHG cluster (figure 6-4) (59). Short tandem repeat (STR) analysis
performed for QCTB_INF_RO077 cells confirmed that there was no contamination

or evidence of infection .
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Figure 6-4. Methylation profiling of tumour and cells. t-SNE projection of the methylation profiles
of the infant glioma cell culture models and the respective tumours from which they have been
derived. Each culture and tumour are labelled and is represented by an enlarged circle in full
colour.

Immunofluorescence studies (performed by Valeria Molinari) comparing
QCTB_INF_RO077 with QCTB_R006 and QCTB_R059 based on the expression
of glioneuronal and mesenchymal markers showed that QCTB_INF_RO077
expressed the stem/differentiation markers (Nestin/GFAP, Sox2, Olig-2,
CNPase, Musashi-1, TUJ-1) and the mesenchymal markers (Vimentin, Desmin

and aSMA). In contrast, QCTB_R006 and QCTB_R059 showed some
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Nestin/GFAP, Musashi-1, TUJ-1 and Olig-2 expression, but very little Vimentin
and Desmin expression. FISH studies (performed by Anna Burford) confirmed
the presence of the fusion, but also showed that cells at passage 7 had become

tetraploid (figure 6-5).
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Figure 6-5. Characterising the QCTB_INF_RO77 infant cell culture. A, Immunofluorescence
panel comparing the profiles of QCTB_INF_R077, QCTB-R059 and QCTB-R006. GFAP (green),
Nestin (red), CNPase (green), SOX2 (red), Musashi-1 (green), Olig-2 (green), TUJ1 (red),
Vimentin (green), aSMA (red) and Desmin (green). B, Fluorescence in situ hybridisation (FISH)
to detect the ETV6:NTRK3 fusion using break-apart probes in cells from two different passages
of QCTB_INF_RO077. ETV6; green, NTRKS3; red.

6.2.3 Trk inhibitor screening in infant high-grade glioma primary cultures

Focusing on the models which grew best, their in vitro sensitivities to four small-
molecule inhibitors of TrkA/B/C were compared with the two fusion-negative
pediatric glioma cultures (QCTB_R006 and QCTB_R059). NTRK fusion—positive

cells were more sensitive to entrectinib, crizotinib, and milciclib, with differential
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sensitivities ranging from 2- to 9-fold over fusion-negative cells (P = 0.0253,

crizotinib; P = 0.0786, entrectinib; P = 0.0141, milciclib) (figure 6-6).
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Figure 6-6. Preclinical experience with Trk inhibitors in fusion-positive infant glioma. A,
Concentration—response curves for three Trk inhibitors tested against two NTRK fusion-positive
infant glioma cell cultures (QCTB-R102, TPM3:NTRK1, light orange; QCTB-R077, ETV6:NTRKS,
dark red) and two fusion-negative glioma cultures (QCTB-R006, light grey; QCTB-R059, dark
grey). Concentration of compound is plotted on a log scale (x-axis) against cell viability (y-axis).
Mean plus SE are plotted from at least n=3 experiments. B, Table of the GI50 values for each of
the cell cultures tested.

In vitro sensitivity to larotrectinib was also tested; three different formulations of
the drug were tried (including pre-solubilised) however no sensitivity was
observed across all cultures. Anecdotally, we received similar reports from

multiple other labs and chose not to pursue this compound further.

In order to look for evidence of pathway modulation in response to treatment,
QCTB_INF_R102 cells were treated with increasing concentrations of entrectinib
(0, 0.1, 1, 10uM), and phospho-ERK and phospho-AKT levels assessed by

Western blot analysis. There was a clear reduction in downstream signaling via
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both phospho-AKT and phospho-ERK, demonstrating MAPK/PI3K pathway
modulation in response to increasing concentrations of entrectinib (particularly
0.1 and 10uM). Despite the loading control not being equal, a trend is still seen

indicating the downregulation of pAKT and pERK (figure 6-7).
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Figure 6-7. Pathway modulation in response to Trk inhibitors. Western blot analysis of
phosphorylated and total Akt and Erk for QCTB-R102 cells (TPM3:NTRK1) treated with
increasing concentrations of entrectinib.

6.2.4 Establishment of orthotopic xenografts in mice

Having established cultures in vitro, tumourigenicity was assessed via attempted
in vivo modelling. Prior to my arrival in the team, two experiments (performed by
Dr Maria Vinci and Dr Katy Taylor in 2014) involved intracranial injection
(hemispheric) of QCTB_INF_RO077 cells into NOD.Cg-Prkdcsd l/12rg™"Wil/SzJ
(NSG) mice (n=3 and 5), however no tumours were visible by MRI (last scanned
at day 351 post-injection and terminated at 1 year). Subsequent experiments
(performed by myself and supervised by Dr Diana Carvalho) used mice at a

younger age (6-7 weeks) to determine whether this influenced the tumourigenicity
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of the cells. MRI scans confirmed the correct site of injection but again showed
no evidence of tumour formation confirmed by histology (n=3, terminated at 1
year). A fourth experiment used younger mice still (3-4-weeks); MRI scans at day
71 and 142 post-injection confirmed the correct site of injection but once more
showed no evidence of tumour formation, confirmed by histology (n=6) (figure 6-
8). Sufficient cell densities were not available to attempt in vivo studies with

QCTB_INF_R102.

1mm

1mm

MNeedle entry point
) MNeedle track

Figure 6-8. Intracranial injections of QCTB_INF_RO077. A, T2-weighted MRI images of one mouse
from the cohort on day 142 post intra-cranial injection. B, H&E coronal image of a mouse brain at
the conclusion of the experiment (day 365).
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6.2.5 ALK modelling (DKFZ)

To assess the tumourigenic potential of the most commonly detected ALK gene
fusion variant (PPP1CB:ALK) in a model system, our collaborators at DKFZ
(David Jones and Britta Ismer) attempted to generate an in vivo model using two
complementary somatic gene transfer-based methods (RCAS/Ntv-a viral gene
transfer and in utero electroporation (IUE)). Although not generated by myself,
this was included in our published study (177), and is analogous to my own
attempts to generate novel models of NTRK fusions using the same IUE
techniques (below). When using the RCAS approach with injection of cells
producing PPP1CB:ALK containing virus at p0 on a Cdkn2a-null background,
tumour formation was rare (2/19 mice), and only after 300 days. In contrast, IUE
at E14.5 with PPP1CB:ALK alone was able to generate consistent tumour
formation with 100% penetrance, albeit with a relatively long latency of more than
250 days. Although not commonly found in the human disease, when combined
with CRISPR/Cas9-mediated knockout (KO) of either Trp53 or Cdkn2a for
practical purposes, highly efficient tumour formation was observed with a median

survival of 32 and 52 days, respectively (figure 6-9A & 6-9B).
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Figure 6-9. Preclinical modelling of ALK-fused glioma. A, Schematic representation of the in vivo
modeling workflow. IUE, in utero electroporation; KD, kinase domain. B, Kaplan—Meier curve of
injected animals using IUE and p0-RCAS method: PPP1CB:ALK only IUE, PPP1CB:ALK Trp53-
KO IUE, PPP1CB:ALK + Cdkn2a-KO IUE and PPP1CB:ALK p0-RCAS only. *, P < 0.05; **, P <
0.01. C, and D, Effect of targeted ALK inhibition on growth of allografted PPP1CB:ALK + CdknZ2a-
KO mouse tumour cells in vivo. p.i., post injection. E, Targeted inhibition significantly prolonged
the survival of PPP1CB:ALK + Cdkn2a-KO allografted mice compared with temozolomide or
vehicle controls. Two mice in the lorlatinib group were sacrificed due to technical complications
with drug delivery, with no tumour being evident upon dissection of the brain. ***, P < 0.001. F,
Primary cells derived from a PPP1CB:ALK fusion+ Cdkn2a-ko mouse tumor display sensitivity to
various targeted ALK inhibitors. G, Effect of targeted ALK inhibition on growth of allografted
PPP1CB:ALK only mouse tumour cells in vivo. p.i., post injection. H, Targeted inhibition
significantly prolonged the survival of PPP1CB:ALK only allografted mice compared with
temozolomide. **, p<0.01. Work performed by David Jones and Britta Ismer (DKFZ).

PPP1CB:ALK mice +/- Cdkn2a-KO gave rise to tumours which reflected the

human disease. Histological review of the human tumour by myself showed the
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typical foci of palisading necrosis and mitotic activity indicative of a high grade
tumour. It was highly cellular and composed of cells which were glial in origin,
with clear astrocytic differentiation. The cytology of the tumour showed
moderately pleomorphic nuclei with some cells displaying a gemistocytic-like
appearance. Small vessels were scattered throughout the tumour. The mouse
tumour also reflected these appearances, with a highly cellular tumour showing
prominent high-grade features of mitotic activity and palisading necrosis.
Cytologically, the cells also showed a gemistocytic-like appearance. All tumours
would be classified as high-grade astrocytomas or glioblastomas. Staining for the
HA epitope tag included at the C-terminus of the ALK fusion protein in the

IUE/Cdkn2a-KO setting indicated widespread expression of the fusion protein,

with invasion of individual tumour cells into the brain parenchyma (figure 6-10).

A B

Figure 6-10. Preclinical modelling of ALK-fused glioma — histology. A, H&E staining of
representative human ALK fusion-positive tumours and PPP1CB:ALK +/- Cdkn2a-ko IUE mice
showing evidence of palisading necrosis (top) and clear astrocytic differentiation (bottom). B,
Whole-brain HA-tag staining of a representative PPP1CB:ALK + CdknZ2a-ko IUE mouse indicating
expression of the ALK fusion transgene (top) and single tumour cells infiltrating into the normal
brain parenchyma (bottom). Sample processing performed by David Jones and Britta Ismer.
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Further work carried out at DKFZ identified in vitro efficacy of four targeted ALK
inhibitors in neurospheres derived from this model. (figure 6-9F) (appendix 12).
Furthermore, lortatinib was tested in vivo due to its reportedly good blood—brain
barrier penetration, and compared with temozolomide. Although temozolomide
was found to slow tumour growth in comparison with vehicle control, all tumours
in these two treatment arms continued to grow. In contrast, all but one lorlatinib-
treated animal displayed a significant reduction in BLI signal compared with the
pretreatment baseline. This imaging response corresponded with a significant
increase in survival in the lorlatinib-treated group compared with the two control
arms (P < 0.0001; although all tumours regrew after stopping treatment after 28
days, with all mice ultimately needing to be sacrificed due to onset of tumour
symptoms). (figure 6-9C, D & E). A similar experiment was performed in mice
transplanted with cells from an ALK fusion—-only mouse tumour (figure 6-9G &
H), with a similar tumour regression and survival increase with lorlatinib (P =
0.004, log-rank test). Overall, these findings provide a strong preclinical rationale

for the potential use of targeted ALK inhibition in a clinical setting.

6.2.6 NTRK modelling
We sought to implement the IUE techniques used by DKFZ in our own lab to
model the fusions KCTD16:NTRK2 and ETV6:NTRKS3. In parallel, | wanted to

explore the effect of these fusions in vitro in the neural stem cell context.

After designing the sequences for the KCTD16:NTRK2 fusion and two versions
of the ETV6:NTRKS3 fusion (with a v5 sequence tag at the C-terminus), they were
manufactured in 19ABHESP_pMA-T plasmids (3952 — 4373 bp). PCR confirmed

the expected sizes for each fusion construct. After restriction digestion and
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ligation of the donor plasmid (AAVS1_Puro PGK1_3xFLAG_Twin_Strep),
followed by transformation of NEB 5-alpha competent E. coli C2987 bacteria, the
constructs were sequenced confirming that the fusion and v5 tag were in correct
sequence. Control constructs using the genes ETV6, NTRK3, KCTD16, and

NTRKZ2 with v5 tags were also created (figure 6-13).
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Figure 6-13. NTRK fusion constructs. A, PCR gel showing the 1kb DNA ladder and the band for
the KCTD16:NTRK2 fusion + v5 tag, and the Sanger sequencing output. B, PCR gel showing the
1kb DNA ladder and the band for the ETV6:NTRK3 (1) fusion + v5 tag, and the Sanger
sequencing output. C, PCR gel showing the 1kb DNA ladder and the band for the ETV6:NTRK3
(2) fusion + v5 tag, and the Sanger sequencing output.

After optimising the electroporation protocol using pmaxGFP plasmids, 1-2 x 10°
human neural stem cells (E3462) were electroporated and expanded into T175
flasks. Immunofluorescence was performed on the cells to identify the v5 tag and
therefore confirm successful integration of the fusion; the results did not show

any positivity for either the fusions or control genes (figure 6-14).
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Figure 6-14. Immunofluorescence for v5 tag. A panel of immunofluorescence images for E3462
human neural stem cells electroporated with DNA containing the respective fusions and genes
(labels in white in bottom left hand corner of image.) DAPI; blue, v5 tag; green.

However, the puromycin resistance gene of the donor plasmid was used to select
for successfully electroporated neural stem cells. A puromycin sensitivity assay
showed the lowest concentration at which all the E3462 cells died was 1.25ug/ml
(figure 6-15A). After 48 hours, most cells had died/were dying and the remaining
viable cells were re-seeded. Colonies of cells were sustained for both
KCTD16:NTRK2 and ETV6:NTRKS3 fusions (figure 6-15B & 6-15C). However,

no viable cells remained for the control constructs.

After expansion and puromycin re-challenge no viable cells remained for the
KCTD16:NTRK2 fusion. Two viable colonies of EVT6:NTRK3 electroporated
cells remained after four challenges of puromycin. Phenotypically, they were
more spindle shaped compared to their non-electroporated counterparts (figure
6-15D). A repeat experiment was performed with KCTD16:NTRK2 but again no

viable cells were achieved. Due to low cell density, the remaining ETV6:NTRK3
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electroporated cells did not proliferate to achieve sufficient numbers for further
assays, and without KCTD16:NTRK2 electroporated cells for comparison, the

experiment was concluded and the remaining cells were cryopreserved.
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Figure 6-15. Cell selection using puromycin resistance. A, A concentration-response curve for
E3462 human neural stem cells using puromycin. B, Light microscopy images of E3462 human
neural stem cells pre-puromycin and 24 hours post-puromycin. C, Light microscopy images
showing viable cells for both ETV6:NTRK3 and KCTD16:NTRK2 electroporated E3462 human
n