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Abstract

Medulloblastoma (MB) is the most common malignant paediatric brain tumour, with 5-year
survival rates over 70%. Survivors frequently suffer a wide variety of late-effects due to their
tumour and its multi-modal treatment: tumour resection, chemotherapy and craniospinal
radiotherapy with posterior fossa boost (PFB). Treatment induces deleterious late-effects
through damage to normal tissues and increases the risk of neurocognitive impairment,
endocrine impairment, ototoxicity, secondary tumours, cardiotoxicity, poor physical function
and premature ageing/frailty. Sadly, approaches to ameliorate treatment-induced late-effects
are lacking; a paucity of appropriate model systems hinders their development. This thesis
aims to develop clinically-relevant models of MB treatment to enable investigation of the
biological mechanisms that underpin late-effect onset, and facilitate the appraisal of
interventions.

To recapitulate childhood medulloblastoma radiotherapy and late-effect profile in vivo, age-
equivalent mice received CT image-guided, human-equivalent cranial radiotherapy (CRT) or
CRT+PFB and were longitudinally assessed for over 1 year. Following CRT, mice were
significantly more frail, had reduced physical functioning and exhibited neurocognitive
deficits. Receipt of PFB did not induce a more severe late-effect profile. The biological
underpinnings of radiation-induced late-effects were explored, ex vivo. Assessment of
transcriptional modifications 1 year post-irradiation, via RNA-sequencing, showed CRT did not
induce consistent global changes, instead pathways including interferon-o/y and epithelial-
mesenchymal-transition were downregulated. Quantification of pro-inflammatory proteins,
using immunohistochemistry, showed higher abundance following CRT, though response was
not dose-dependent. Altered DNA methylation patterns are associated with premature
ageing. Utilising a prebuilt epigenetic-clock, predicted age increased with chronological age,
though this was more accurate in DNA from peripheral blood than brain tissue. CRT did not
induce a significantly accelerated epigenetic age. To understand acute response to radiation-
insult, human-equivalent radiation was delivered in vitro and the Luminex assay was utilised
to develop a novel, multi-analyte assessment of molecular insult response to MB-equivalent
radiation. Markers of inflammation increased 1 hour post-irradiation, and typically increased
further at 48 hours. Increased inflammation was expected and is thought to play a major role
in the development of radiation-induced late effects. To provide a baseline model for future

investigation of chemotherapy-induced late-effects, a close-MB chemotherapy regimen was

\



developed in vivo that replicated the popular Packer-style chemotherapy. The development
of clinically-relevant, treatment-induced late-effect models enables the elucidation of
novel/target mechanisms underpinning MB late-effects and the development of novel

interventions for their amelioration.
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Chapter 1. Introduction



1.1. Medulloblastoma

1.1.1. Introduction

Medulloblastoma (MB) is the most common paediatric malignant embryonal tumour of the
central nervous system (CNS; World Health Organisation [WHO] grade 4). With approximately
55 children diagnosed each year in the UK, MB accounts for 20% of all childhood CNS tumours
(Northcott et al., 2019) and is responsible for approximately 20% of all paediatric cancer

deaths (Northcott et al., 2019).

MB primarily occurs in children but can, rarely, occur in adults, with peak incidence between
6 and 8 years old. MB is more common in males, with an incidence rate of 1.7: 1 (male:
female). MB tumours originate in the posterior fossa, typically within the cerebellum and
often present having spread into the 4th ventricle (Figure 1.1). Standard-of care consists of
multi-modal treatment, typically consisting of surgical resection, followed by craniospinal
radiotherapy (for non-infants; defined as 3-5 years old at diagnosis depending on country)
and chemotherapy. Current 5-year survival rates are over 70%, however prognosis is highly
variable depending on clinico-pathological and molecular features (ranging from <40% for
very high risk to >95% for favourable risk patients) (Pizer and Clifford, 2009; Millard and De
Braganca, 2016; Ostrom et al., 2018; Bailey et al., 2025).

Midline/fodrth ventricle

Figure 1.1. Cranial MRI scan showing tumour location of a patient with MB. A) Sagittal and B)
transverse plane of cranial MRI showing tumour localisation to the midline/fourth ventricle. Adapted
from Northcott et al.



1.1.2. Clinical presentation

MB patients present with varying severity of symptoms depending on the size and location of
the tumour, which typically arise due to the tumour blocking cerebrospinal fluid (CSF)
drainage. CSF is produced in the lateral ventricle, flows through the 3™ and 4" ventricles to
the subarachnoid space and drains to the spinal cord (Bothwell;Janigro and Patabendige,
2019). As MB often spreads to the surface or base of the 4t ventricle, the tumour can block
the drainage of CSF and increase intracranial pressure. Patients typically present with generic
symptoms such as: headaches (particularly in the morning), nausea and fatigue, as well as
more specific symptoms such as: blurred vision, hydrocephalous, increased head size and
irritability. In infants, increased intracranial pressure results in an abnormal head shape and

size through the splaying of sutures.

Due to the location of the tumour, patients also often display signs of cerebellar dysfunction
such as poor co-ordination, difficulty walking and increased clumsiness (ataxia). As tumour
size increases, symptoms can also include double vision, nystagmus (rapid, involuntary eye

movements), facial weakness and hearing loss (Kim et al., 2011).

1.1.3. Diagnosis

MB is diagnosed through a combination of assessments, including: 1) clinical symptoms, 2)
magnetic resonance imaging (MRI) scans to determine the presence of a tumour and its
location, 3) lumbar puncture to determine the presence of any tumour cells in the CSF, 4)
histopathological assessment of the tumour following surgical resection and 5) molecular

profiling of the tumour material following surgical resection (Northcott et al., 2019).

1.1.3.1. Metastatic staging

One third of patients typically present with metastasised MB at diagnosis (Pizer and Clifford,
2009). Metastases typically spread from the primary tumour site through the CSF and occur
either locally within the brain (cerebral subarachnoid space, third ventricle or lateral ventricle)
or to the spinal cord (spinal subarachnoid space). In rare occasions MB can also spread outside
of the craniospinal axis to the bone marrow, lymph nodes, liver or lungs (Pizer and Clifford,
2009). MB metastases are staged according to Chang’s criteria based on location and align

with the flow of CSF (Chang;Housepian and Herbert, 1969). A summary is shown in Table 1.1.



Stage Description

MO No evidence of tumour metastasis in the MRl scan orCFS
M1 Microscopic tumour cells observed in the CFS cytology

Metastasis detected from MRl scan cerebellar orcerebral

M2 subarachnoid space or third or lateral ventricle

M3  Metastatic spread within the spinal subarachnoid space

M4  Metastatic spread outside the cerebrospinal axis

Table 1.1. Medulloblastoma metastatic staging system (Chang;Housepian and Herbert, 1969)

1.1.3.2. Histopathological assessment

Several tumour types can arise in the posterior fossa including ependymoma, astrocytoma,
atypical teratoid/rhabdoid tumours (ATRT) and other embryonal tumours. Histopathological
assessment of the tumour material is required for diagnosis of MB. There are four recognised
WHO histopathological subgroups, comprising of classical (CLA), desmoplastic nodular (DN),
MB with extensive nodularity (MBEN) and large cell/anaplastic (LCA) (Figure 1.2). DN and
MBEN share similar histology and are often grouped together, collectively referred to as

DN/MBEN.

Figure 1.2. Histopathological classification of medulloblastoma. A) Classic: undifferentiated small
cells in a sheet-like pattern, with mild-moderate pleomorphism (magnification x200); B) Large
cell/anaplastic (LCA): nuclear pleomorphism with a high mitotic count and abundant apoptosis, cell
wrapping, a large cell phenotype (magnification x400); C) Desmoplastic/nodular with extensive
nodularity (DN/MBEN): nodules of neurocytic cells and internodular desmoplasia around embryonal
cells showing variable nuclear pleomorphism, irregular regions of neurocytic cells against a neuropil-
like matrix (magnification x100). Adapted from Northcott et al.



1.1.3.3. Molecular profiling

MB is a biologically heterogeneous disease. The incorporation of histopathological
assessment with genome-wide molecular analyses of the MB (epi)genetic has led to the
classification into multiple molecular groups. In 2012, a global research consensus defined
four principle molecular groups: Wingless (MBwnr), Sonic Hedgehog (MBshh), Group 3 (MBgrp3)
and Group 4 (MBgrps) (Taylor et al., 2012). The molecular groups form the genetically-defined
medulloblastoma classification in the 2016 and 2021 WHO classifications of CNS tumours,
alongside the histopathological characterisation (Louis et al., 2016; Louis et al., 2021). A

summary of each molecular group is shown in Figure 1.3.

1.1.3.4. MBuwnr

MBwnr is the least frequent subgroup and has an excellent prognosis (5-year survival >90%)
(Ramaswamy et al., 2016). Tumours are typically located in the cerebellar
peduncle/cerebellopontine angle cistern or the midline with brainstem involvement
(Perreault et al., 2014). MBwnr is typically characterised by loss of chromosome 6 and CTNNB1
mutations, leading to over-activation of the WNT signalling pathway (Taylor et al., 2012;

Millard and De Braganca, 2016; Juraschka and Taylor, 2019; Northcott et al., 2019).

1.1.3.5. MBsuH

MBsnH is defined by over activation of the SHH signalling pathway (PTCH1, TERT, SMO, SUFU
mutations) (Taylor et al., 2012; Millard and De Braganca, 2016; Juraschka and Taylor, 2019;
Northcott et al., 2019). Unlike the other molecular groups, MBsun are typically located in the
cerebellar hemispheres (Perreault et al., 2014). The overall prognosis for MBsuy is
intermediate, and depends on the age of the patient, and histo-molecular features of the
tumour. Infant (<3 years old) patients have a good prognosis, whereas patients with TP53-
mutated tumours (somatic mutations) have a poor prognosis (<50% survival) (Schwalbe et al.,
2017). Recent studies have reported heterogeneity; MBsun can be further classified into 4

subgroups (1-4) (Louis et al., 2021).

1.1.3.6. MBarp3 and MBerpa

MBarp3 and MBgrpa are less biologically distinct, and the underlying aetiology is not fully

understood (Taylor et al., 2012; Millard and De Braganca, 2016; Juraschka and Taylor, 2019;

Northcott et al, 2019). MBgrp3s and MBgrpa have poor and intermediate prognoses,

respectively (Taylor et al., 2012; Millard and De Braganca, 2016; Juraschka and Taylor, 2019;
7



Northcott et al., 2019), and are typically located in the midline 4t ventricle (Perreault et al.,
2014). Recent studies have reported heterogeneity and overlap between MBgrpz and MBgrpa.
Sharma et al classified the clinicopathological and molecular features of MBgrps and MBagrpa

into 8 second-generation methylation subgroups (I-VIII,

Figure 1.4) supporting the heterogeneous biology between MBgrp3/MBgrpa (Sharma et al.,
2019). These second-generation methylation subgroups have been adopted into the 2021
WHO classification of CNS tumours, and display distinct demographic, clinical and molecular
features (Louis et al., 2021). Additionally, Williamson et al reported MBgrp3/MBgrpa tumours

develop on a continuum (Williamson et al., 2022).

Cytogenetic aberrations are more common among MBgrps and MBarpa, With key changes
including loss of 17p and gain of 17q (collectively referred to as isochromosome 17q; i17q),
gain of chromosome 7, loss of chromosome 8 and loss of chromosome 11 (Northcott et al.,
2012; Northcott et al., 2017; Gajjar et al., 2021). Amplification of MYC is almost exclusive to
MBearp3 and conveys a dismal prognosis (<5%) (Roussel and Robinson, 2013). Whole-
chromosome aberration (WCA) signatures can improve risk stratification and be used to
predict survival. Goschzik et al defined a favourable risk WCA signature (WCA-FR; defined as
> 2 of: gain of 7, loss of 8 and loss of 11) within standard-risk MB predicts a favourable
prognosis with 100% 5-year PFS. Remaining tumours were classified as WCA-HR and had
much poorer outcomes (68% 5-year PFB (Goschzik et al., 2018). Incorporation of WCA groups
with methylation subgroups and clinical features has led to further development of risk-

stratified models (Goddard et al., 2023; Mynarek et al., 2023).
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1.1.4. Treatment

1.1.4.1. Surgery

Surgical excision of the tumour is carried out with the aim of achieving gross total resection
(GTR). In some patients it is not possible to remove all of the tumour; patients are classed as
having sub-total resection (STR) when there is >1.5cm? tumour remaining, and near-total
resection (NTR) when there is <1.5cm? remaining. Patients with residual tumour (STR) are
typically considered high risk and receive higher intensity chemotherapy and radiotherapy,
however there is evidence that this may no longer be necessary (Thompson et al., 2016). High
risk patients are more likely to have STR, and hence STR is associated with poor survival,

however, STR alone is not independently prognostic of worse outcomes (Keeling et al., 2024).

1.1.4.2. Radiotherapy

Radiation therapy, or radiotherapy, after surgery greatly improves survival outcomes
compared to surgery alone and forms an important part of current MB treatment and
management (Northcott et al.,, 2019). Radiation, the transmission of energy as
electromagnetic waves or subatomic particles, can be categorised into non-ionising radiation
and ionising radiation, based on the ability to strip electrons from atoms (ionise). lonising
radiation can be emitted in the form of particles (alpha, beta and neutron) or electromagnetic
waves (gamma and X-ray). Alpha- beta- and neutron-particles have differing abilities to ionise,
and penetrate objects, based on their size and charge (Donya et al., 2014). A summary of the

types of ionising radiation and their degree of penetrance provided in Figure 1.5.
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Figure 1.5. Types of ionising radiation. lonising radiation can be emitted as either particles (alpha; a, beta; B, and neutron; n) or electromagnetic waves
(gamma; y, and X-rays; X).
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Conventional MB radiotherapy consists of fractionated x-ray irradiation of the entire
craniospinal axis, with an additional boost to the tumour site. Radiotherapy induces cell death

through direct, indirect and bystander effects (summarised in

Figure 1.6). lonisation of DNA molecules induces base modifications, single- and double-
strand breaks, which, if unrepaired, prevent cell growth and induce cell death (Santivasi and
Xia, 2014; Goldstein and Kastan, 2015). Tumour cells are typically associated with increased
sensitivity to radiation due to high proliferation rates and impaired DNA damage response
pathways (Goldstein and Kastan, 2015). Prior to the introduction of craniospinal irradiation
(CSI), most MB patients would not survive (Bloom, 1982). The aim of radiotherapy is to
eliminate any residual tumour following surgical resection and to reduce the risk of relapse
by eradicating any microscopic deposits. MB typically spreads within the CNS and therefore
patients usually receive radiation to the entire craniospinal axis, with an additional focal boost
to the tumour site, within 3-4 post-surgery (Gottardo and Gajjar, 2006; Northcott et al., 2019).
Due to the adverse effects associated with radiotherapy, CSl is withheld or delayed in infants
(typically patients under 3 years old but can also include under 5 depending on national
conventions). Details of the current risk-stratified radiotherapy treatment protocols for non-
infants are provided in section 1.1.5. A previous clinical trial (HIT-SIOP-PNET4; NCT01351870,
running from 2001 — 2006) investigated the impact of hyper-fractionated radiotherapy to
reduce tumour cell repopulation time between fractions (delivery of 1 Gy twice per day,
compared to the conventional 1.8Gy daily fractions), however there was no survival

advantage compared to standard radiotherapy delivery (Lannering et al., 2012).

o

lonising radiation

PN

Direct effects Indirect effects Bystander effects
lonisation of DNA lonisation of water Biological effects of
causes single- and molecules within cells, radiation observed in

double- strand produces highly neighbouring cell (e.g.

breaks. reactive free radicals cytokine production,
(ROS) which cause cell senescence and
further DNA damage. cell death).

Figure 1.6. lonising radiation induces damage by direct, indirect and bystander effects.
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Receipt of conventional photon radiotherapy is associated with a plethora of debilitating long-
term toxicities, which is discussed in detail in Chapter 1.2. The use of proton beam
radiotherapy may offer an alternative. With typical photon radiation, the highest dose is
received within centimetres of entry and attenuates exponentially though the tissue,
depositing a dose before, within and after the target volume (tumour) (Hoffman and Yock,
2009). In contrast, proton radiation has a unique energy absorption profile and requires a
lower entrance dose which rapidly decreases after the target volume; proton radiation results
in minimal irradiation of non-target structures, whilst maintaining delivery of the lethal dose
to the tumour (Hoffman and Yock, 2009). Studies have shown proton beam therapy to result
in fewer long-term deficits whilst maintaining survival rates (Yock et al., 2016; Pulsifer et al.,
2018). However, further large-scale trials are required to directly compare conventional and

proton radiation therapy, to fully decipher the potential late-effect benefit.

1.1.4.3. Chemotherapy

Patients are treated with adjuvant chemotherapy during and after radiotherapy;
chemotherapy is currently recommended for all patients regardless of risk status (Tait et al.,
1990; Millard and De Braganca, 2016). In the 1970s, chemotherapy was added to treatment
regimens to increase survival rates by further eliminating remaining microscopic tumour, and
since the 1990s the adoption of adjuvant chemotherapy alongside radiotherapy, has enabled
a reduction in the CSI dose (from 36 Gy to 23.4 Gy for standard risk patients) (Evans et al.,
1990; Fossati;Ricardi and Orecchia, 2009; Northcott et al., 2019).

Childhood MB chemotherapy regimens are complex, and often differ between treatment
centres, with numerous clinical trials to assess the potency of new combinations. The most
widely used chemotherapy drugs given before or during radiotherapy include cisplatin,
vincristine, cyclophosphamide, lomustine (CCNU) and carboplatin (Yock et al., 2016). Perhaps
the mostly widely used chemotherapy regimen is the so-called Packer regimen (named after
the esteemed paediatric oncologist Roger Packer), which consists of cisplatin, CCNU, and
vincristine (Packer et al., 1994). Variations of Packer-style chemotherapy are used within the
current major MB clinical trials in Europe (SIOP-PNET5-MB; NCT02066220 and SIOP-HR-MB;
EudraCT Number: 2018-004250-17) and the US (SJMB12; NCT01878617) (Bailey et al., 2022).

A summary of the chemotherapy regimens is shown in Table 1.2.
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A combination of chemotherapy agents are typically used to target cells across multiple
phases of the cell cycle. Classes of chemotherapy used in MB treatment include alkylating
agents, mitotic inhibitors, antimetabolites and topoisomerase inhibitors. Alkylating agents
are perhaps the most commonly used classes of chemotherapy drugs, and act in all phases of
the cell cycle. Examples include cyclophosphamide, lomustine, thiotepa, and temozolomide.
Alkylating agents introduce an alkyl group into DNA, typically at N-7 of guanine, causing
crosslinking of DNA strands which prevents DNA replication and induces programmed cell
death (Fischer, 2005). Platinum-containing agents (e.g. cisplatin and carboplatin) have a
similar mechanism of action, and crosslink DNA strands with platinum (Dilruba and Kalayda,
2016). Mitotic inhibitors such as vinca alkaloids (e.g. vincristine) act during metaphase, these
agents inhibit mitosis by binding tubulin which prevents microtubule formation and inducing
programmed cell death (Banyal et al., 2023). Antimetabolites, such as pemetrexed and
gemcitabine, are particularly effective during S-phase; the nucleotide analogues are
incorporated into DNA and inhibit DNA replication (Morfouace et al., 2014). Moreover,
topoisomerase Il inhibitors (e.g. etoposide) also act during S-phase through preventing DNA
ligation; DNA double strand breaks introduced during DNA synthesis remain and cells undergo

apoptosis (Nitiss, 2009).
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Medulloblastoma clinical trials

Chen;;:frl:rapy SIO:-NL:EI;(;’CG- H:,T|;|SEI-|(-)4P- SIOP;\;’;IETS- SIO“I,’I-BHR- ACNO331 SIMBO3 SIMB12
Vincristine v v v v v v v
Cisplatin v v v v v v
Cyclophosphamide Ve v v v v v
Etoposide v V'R
Carboplatin v v'R v'R
Lomustine v v v v
Thiotepa v'R
Temozolomide V'R
Pemetrexed v
Gemcitabine v

Table 1.2 Chemotherapy combination used in previous and ongoing clinical trials. Chemotherapy agents used in SIOP-UKCCG-PNET3 (Taylor et al., 2003)
HIT-SIOP-PNET4 [NCT01351870] (Lannering et al., 2012), SIOP-PNET5-MB [NCT02066220] (Mynarek et al., 2021), SIOP-HR-MB (Bailey et al., 2022),
ACNS0331 [NCT00085735] (Michalski et al., 2021), SJIMB03 [NCT00085202] (Gajjar et al., 2021 (Gajjar et al., 2021)) and SIMB12 [NCT01878617]. R

represents a chemotherapy agent included as part of a randomised arm of the trial.

16



1.1.4.4. Infant medulloblastoma

Infant medulloblastoma (iMB; patients under 3 years old at diagnosis but can also include
children under 5 depending on national conventions) accounts for 25-35% of
medulloblastoma. Unlike childhood MB, there is little consensus on iIMB management
treatment. iMB patients are treated with surgical resection and chemotherapy; patients
typically do not receive CSI due to the high risk of impaired neurodevelopment leading to
permanently disabling late-effects (Rutkowski et al., 2010). Instead, CSl is avoided or delayed,
through the use of intrathecal chemotherapy, high-dose intravenous chemotherapy followed
by stem-cell rescue, or in combination with focal radiotherapy (Rutkowski et al., 2005; Ridola
et al., 2007; Rutkowski et al., 2010; von Bueren et al., 2011; Miller et al., 2014). Treatment
must carefully balance morbidity and mortality, and unfortunately, iMB is associated with

poor prognosis (<60% 5-year survival) (Hicks et al., 2021).

iMB is typically risk-stratified based on histology; DN/MBEN has been shown to predict very
good prognosis (>90% 5-year survival). iMB can be largely classified into iMBsun or iMBarp3
(both approximately 40% of iMB) (Dhall et al., 2008; Robinson et al., 2018; Hicks et al., 2021).
iMBsnn are typically SHH-TP53 wildtype with DN/MBEN histology, though approximately 20%
exhibit classic histology (Hicks et al., 2021; Bailey et al., 2025). iMBsu can be grouped into
iMBshh-1 and iMBshh-2; iMBshn-2 is typically associated with poorer survival, though prognosis
may also be treatment-dependant (Remke and Ramaswamy, 2018; Robinson et al., 2018;
Lafay-Cousin et al., 2020; Mynarek et al., 2020; Hicks et al., 2021). iMBgrp3 typically have

classic or LCA histology and a poor prognosis (Dhall et al., 2008; Rutkowski et al., 2010).

1.1.4.5. Acute side-effects

Successful delivery of chemotherapy and radiotherapy regimens is dependent on the
management of acute their side effects (occurring during, immediately after or within 2 weeks
of treatment). Treatment induces off-target tissue damage and can induce acute side-effects
affecting most biological systems (De Braganca and Packer, 2013). Examples of dose limiting
toxicities (DLT) include haematological toxicities (e.g. neutropenia, anaemia, leukopenia, and
thrombocytopenia), gastrointestinal (e.g. nausea, vomiting and mucositis), hepatic toxicity
(increased liver enzymes), nephrotoxicity and pulmonary toxicity. Acute toxicities during
treatment are carefully managed through supportive care (such as blood transfusions, IV

fluids), delaying of treatment or dose reduction (De Braganca and Packer, 2013).
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1.1.5. Risk-stratified treatment

Non-infant medulloblastoma patients are risk-stratified using established clinical,
pathological, and molecular risk-features. Current clinical trials across Europe and the US are
delivering risk-adapted biomarker-driven therapy, which reduce therapy for favourable
MBwnt (SIOP-PNET5-MB; NCT02066220 and SJMB12; NCT01878617) and use intensified
regimens for high-risk MB (HR-MB) patients (SIOP-HR-MB; EudraCT Number 2018-004250-17)
(Bailey et al., 2022).

High-risk features include metastatic disease, large cell/anaplastic (LCA) histology, sub-total
resection (STR), as well as additional molecular biomarkers such as TP53 mutation (only for
MBsun) and MYC/N amplification. The presence of one or more high-risk factors confers higher
disease risk, however, STR alone is not independently prognostic of poor survival outcomes,
as already mentioned (Keeling et al., 2024). Non-MBwnr patients are stratified into high-risk
(HR-MB) or standard-risk (SR-MB) groups dependant on the presence or absence of high-risk
features, respectively. MBwnt confers better prognosis and therefore patients are stratified
into standard-risk (SR-MB) or favourable-risk (FR-MB) groups dependant on the presence or
absence of high-risk features, respectively. A summary of current European clinical trial risk

stratification is shown in Table 1.3.

Risk group Risk stratification criteria

Metastatic disease

LCA pathology

High-risk MYC amplification

MB.,,., with TP53 mutation or MYCN mutation

SHH

Non-MB and no HR features

WNT

Standard-risk VBwnr (>16 years old with no HR features)

MB,, (3-16 years old with HR features)

Favourable-risk MBwnr (3-16 years old with no HR features)

Table 1.3. A summary of the risk stratification criteria for the SIOP-E non-infant clinical trials. SIOP-
PNET5-MB (Mynarek et al., 2021) and SIOP-Europe HR-MB (Bailey et al., 2022). HR denotes high-risk.
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Patients typically receive the same chemotherapy and radiation boost to the tumour bed
regardless of risk group but receive variable doses of CSI (Taylor et al., 2004). In Europe, most
non-infant MB patients are treated on the protocols developed in the standard-risk clinical
trial (SIOP-PNET5-MB) (Mynarek et al., 2021) or the high-risk clinical trial (SIOP-Europe HR-
MB (Bailey et al., 2022). A summary of the risk-stratified inclusion criteria is shown in Table
1.4. Briefly, standard risk patients receive 23.4 Gy craniospinal irradiation (CSI) with an
additional boost to 54 Gy to the tumour bed. Conversely, patients with high-risk MB receive
a higher radiotherapy dose, typically consisting of 36 Gy CSI with 54 Gy boost to the tumour
bed (Table 1.4). In SIOP-Europe HR-MB, patients are randomised to receive either standard
high risk treatment or intensified treatment consisting of increased CSI dose or high-dose
chemotherapy with stem-cell rescue (R1-3, respectively; Table 1.4) (Bailey et al., 2022).
Within SIOP-PNET5-MB, favourable-risk patients (MBwnt with no high-risk features) received
de-escalated therapy of 18 Gy CSI with 54 Gy boost, followed by reduced chemotherapy (6
cycles rather than the standard 8). This trial aims to determine whether the severity of late-
effects can be reduced, whilst maintaining high rates of overall survival (Mynarek et al., 2021).
Unfortunately, dose de-escalation strategies are not suitable for most MB patients, for whom
the receipt of higher dose treatment (23.4-36 Gy) remains critical for survival. Consequently,
there is an acute need for the improved understanding of the aetiology of MB late-effects,

and the development of interventions strategies to alleviate the significant burden.
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Risk group Clinical trial Risk factor Treatment

R1: 36 Gy CSI + 54 Gy PFB

SIOP-Europe

Presence of 1 or more R2: 39 Gy CSI (HART) + 54 Gy focal
HR-MB HR feature
R3: 36 Gy CSI + 54 Gy PFB with HR chemo with stem cell rescue
High-risk LFS (MO): 54 Gy tumour bed only
SIOP-PNET5- MB,,, with TP53 LFS (M+): 23.4 Gy CSI + 54 Gy focal (+ 54 Gy to intracranial mets, 45 Gy to spinal
MB mutation mets)

No LFS: 36 Gy CSI + 54 Gy focal (+ additional dose to mets as above, if applicable)

SIOP-PNET5-  non-MB,,,; with no

Standard-risk VIR HR features, or MB, 23.4 Gy CSI + 54 Gy focal
with HR features
SIOP-PNET5- .
Favourable-risk MByyyr with no HR 18 Gy CSI + 54 Gy focal
MB features

Table 1.4. A summary of radiotherapy regimens in the current SIOP-E non-infant clinical trials. SIOP-PNET5-MB (Mynarek et al., 2021) and SIOP-Europe
HR-MB (Bailey et al., 2022). HR features are summarised in Table 1.3. Patients in the SIOP-Europe HR-MB were randomised to receive either standard HR
treatment (R1) or intensified treatment (R2 or R3). PFB = posterior fossa boost, LFS = Li-Fraumeni syndrome (germline TP53 mutation), MO = non-metastatic
disease, M+ = metastatic disease, ‘mets’ = metastases.
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1.2. The long-term burden of medulloblastoma

Survival rates for childhood medulloblastoma are now over 70%, however, the quality of life
(QolL) of the survivors is lower than that of their siblings and peers (Limond et al., 2015;
Chevignard et al., 2017; King et al., 2017). The harsh treatment modalities previously
described cause damage to the normal healthy tissue, and result in the development of late-
effects presenting months to years after the primary treatment. Treatment causes acute
damage that may persist, or it can induce further complications that develop over a longer

period of time.

The late-effect burden of MB treatment includes a wide variety of conditions that affect most
systems of the body; examples include secondary tumours, endocrine impairment,
neurological problems, premature ageing/frailty, cardiotoxicity and renal-toxicity (Figure 1.4)
(Kiltie;Lashford and Gattamaneni, 1997; Kurt et al., 2008). Nearly all survivors of childhood
cancer experience at least 1 chronic health condition, and by 30 years post-diagnosis, many
will experience severe late-effects that are disabling or life-threating (Figure 1.7). Survivors of
MB are at a particularly high risk of developing neurocognitive complications as a result of

surgery and/or radiation to the brain (Armenian and Robison, 2013).
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Figure 1.7. Medulloblastoma survivors experience severe, life-threatening health conditions.
Fifteen-year cumulative incidence of A-B) severe, life-threatening, and fatal health conditions (grade
3-5) by A) treatment era and B) treatment exposure, and C) health-related mortality by treatment
era and treatment exposure, among 5-year survivors of childhood medulloblastoma. HR, high risk;
RT, radiotherapy; SR, standard risk (Salloum et al., 2019).
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1.2.1. Second malignant neoplasms

Secondary malignant neoplasms (SMNs) are the leading cause of death among adult survivors
of central nervous system tumours (Morris et al., 2007; Mertens et al., 2008). MB survivors
are at increased risk of developing SMNs. Typically, SMNs arise in the brain as a result of
exposure to DNA damaging cranial radiation, with secondary gliomas and meningiomas being
most common (Neglia et al., 2006; Peterson et al., 2006; Reulen et al., 2011; Salloum et al.,
2019). Higher incidence of SMNs has been observed following adjuvant chemotherapy
compared to radiotherapy alone (Packer et al., 2013; Salloum et al., 2019). Topoisomerase
inhibitors (e.g., etoposide) and alkylating agents (e.g., cyclophosphamide) typically cause
leukaemia rather than solid malignancies (Morris et al.,, 2007). Genetic predisposition
increases this risk further; patients with Li-Fraumeni syndrome (a germline mutation in
tumour suppressor gene TP53) are highly likely to develop primary and secondary cancers
(Suri et al., 2013; Shin et al., 2020). The developmental time of secondary tumours post-
treatment can vary greatly (ranging from months to decades), and overall survival is

extremely poor (Broniscer et al., 2004; Edelstein et al., 2011; Salloum et al., 2019).

1.2.2. Endocrine impairment

Over half of MB survivors will develop an endocrine impairment as a result of CSI (Johnson et
al., 1994; Heikens et al., 1998; Walter et al., 1999; Ribi et al., 2005; Frange et al., 2009;
Chevignard et al., 2017). Endocrine impairment in MB survivors typically occurs due to
radiation-induced damage of the pituitary gland, with the hypothalamus-pituitary-thyroid
(HPT) and hypothalamus-pituitary-gonadal (HPG) axes also often affected (Johnson et al.,
1994; Heikens et al., 1998; Walter et al., 1999; Ribi et al., 2005; Frange et al., 2009; Chevignard
et al.,, 2017; Salloum et al., 2019). Most commonly, growth hormone (GH) response is
impaired. GH, produced by the pituitary gland, plays a vital role in growth and metabolism
through stimulating insulin production (Stanley, 2012; Huang et al., 2020). CSl leads to growth
defects with survivors often exhibiting a premature ageing phenotype and short stature
(Oeffinger et al., 2006; Diller et al., 2009b; Ness et al., 2013). Additionally, survivors often
experience delayed puberty, infertility, hypothyroidism and insulin-induced hypoglycaemia
(Johnson et al., 1994; Heikens et al., 1998; Walter et al., 1999; Ribi et al., 2005; Frange et al.,
2009; Chevignard et al., 2017).
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1.2.3. Cardiovascular impairment

Adult survivors of childhood cancers have an 8-fold increased risk of developing a severe or
life-threatening heart condition, including myocardial infarction and congestive heart failure
(Oeffinger et al., 2006). Survivors of childhood MB can experience reduced cardiovascular
fitness, due to damage caused to the pericardium, myocardium, coronary arteries, valves and
conduction system during combined chemotherapy and radiation treatment (Wolfe et al.,
2012; Martinez et al., 2021). Development of cardiotoxicities are associated with high-risk
therapy regimens, with incidence increasing 3-fold compared to that of radiotherapy alone
(Oeffinger et al., 2006). Chemotherapeutic agents such as anthracycline and cisplatin further

increase the risk of cardiotoxicity development (Oeffinger et al., 2006).

1.2.4. Neurophysiological impairment

Paediatric MB survivors can experience long-lasting neurological impairment from damage
caused by the tumour itself, its surgical excision, or the subsequent radiotherapy and
chemotherapy (Diller et al.,, 2009a). Some patients develop obstructive hydrocephalus,
resulting in vomiting, lethargy, headaches and double vision, although typically this can be
resolved through perioperative CSF diversion (a shunt) (Lee et al., 1994). The Childhood
Cancer Survivor Study (CCSS) reported that over a third of childhood MB survivors
experienced seizures and over 10% experienced a stroke by 30 years post-diagnosis;
increased risk was associated with high-dose radiation to the brain, receipt of chemotherapy

and/or recurrence of primary tumour (King et al., 2017).

1.2.4.1. Posterior fossa syndrome

A relatively common side effect of surgery is Posterior Fossa Syndrome (PFS), which occurs in
~20% of cases. The exact cause of PFS development remains unclear, though risk factors
include a midline tumour location and involvement of the brain stem (Law et al., 2012; Avula
et al., 2015; Jabarkheel et al., 2020). PFS, also referred to as cerebellar mutism, includes
symptoms such as mutism, brainstem dysfunction, ataxia (poor balance), dysphagia (difficulty
swallowing) and severe irritability. Duration and severity of symptoms vary greatly between
patients, typically the mutism tends to be temporary, however, speech, language and
neurocognitive impairments often remain (Law et al., 2012; Jabarkheel et al., 2020). The
presence of PFS can also be used to predict the onset of later neurocognitive impairments

(Northcott et al., 2019).
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1.2.4.2. Auditory and sensory impairment

Both cranial radiation and platinum-based chemotherapies (e.g. cisplatin and carboplatin) are
associated with hearing loss (Grewal et al., 2010; Harao et al., 2020). Permanent hearing loss
frequently occurs in children treated with cisplatin, with severity increasing with higher
cumulative doses (Granowetter;Rosenstock and Packer, 1983; Packer et al., 1994; Kortmann
et al., 2000; Grewal et al., 2010). Ototoxicity typically occurs as a result of cranial radiation,
and can be exacerbated with younger age, the presence of hydrocephalus or in combination
with platinum-based chemotherapy (primary cisplatin) (Grewal et al., 2010). By 30 years post-
diagnosis, over a third of survivors experience deafness or hearing loss (King et al., 2017). The
development of cataracts leads to visual impairment; survivors are approximately 30 times

more likely to develop cataracts than siblings (King et al., 2017).

1.2.4.3. Physical functioning

Impaired physical functioning typically occurs during treatment and can improve over time;
however, many patients experience lasting impairments (Packer et al., 2003). Impaired
physical functioning typically occurs in survivors who received cranial radiation, following
receipt of chemotherapy or as a result of the tumour itself. Survivors often experience a wide
range of neurological symptoms resulting in impaired gross motor skills such as balance and
co-ordination, in addition to fine motor impairment and cranial nerve palsies (Chevignard et
al., 2017). Reduced physical function following irradiation has been demonstrated in vivo
(Fielder et al., 2019). The CCSS reported the majority of MB survivors (>60%) experience
problems with balance, co-ordination, and/or tremors at 5 years post-diagnosis, with
cumulative incidence increasing further (to >70%) by 30-years post-diagnosis (King et al.,

2017).

Chemotherapeutic drugs such as platinum-based agents (e.g. cisplatin) and vinca alkaloids
(e.g. vincristine) can induce peripheral neuropathy (Armstrong et al., 2009). Chemotherapy-
induced peripheral neuropathy (CIPN) is a serious dose-limiting adverse effect that can result
in permanent nerve damage leading to reduced muscular strength and walking difficulties.
CIPN has been replicated in vivo; mice display impaired gait and reduced muscular endurance

and balance (Geisler et al., 2016; Liu et al., 2018).
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1.2.5. Premature ageing

Many survivors of childhood brain tumours appear frailer and prematurely aged compared to
the general population (Ness et al., 2013). A frail phenotype is characterised as low lean
muscle mass, muscle weakness, slow walking speed, fatigue and the onset of chronic disease
and mortality (Ness et al., 2013). An increase in frailty is associated with reduced quality of
life, and an increased prevalence of depression (Bray et al., 2016; Lee;Chiu and Lee, 2016;
Provencher et al., 2016). The overall physical performance in adult survivors of brain tumours
is typically akin to those decades older; survivors experience increased sensory loss, reduced
leg and grip strength, as well as a diminished tolerance of exercise (Ness et al., 2010).
Assessment of frailty and premature ageing can be used as a predictor of morbidity across
species (Rockwood et al., 2017). The frailty index (Fl) provides an overall picture of general
health and wellbeing in both humans and mice. Whitehead et al developed an index of frailty
to quantify premature ageing in mice through assessment of physical features associated with
frailty, and subsequently showed this frailty index was comparable to the Rockwood frailty
index used in humans (Whitehead et al., 2014; Rockwood et al., 2017). Assessment of frailty
using this method provides an overview of overall physical function, however, can be
subjective due to individual assessor judgement. Previous work by Fielder et al have shown
whole-body irradiation of mice (3 doses of 3 Gy) promotes increased frailty (Fielder et al.,
2019). Frailty score can be used to predict mortality; mice displaying increased frailty also
have higher mortality rates (Figure 1.8), something that is also seen in humans (Rockwood et

al., 2017; Fielder et al., 2019).
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Figure 1.8. Whole-body irradiation induces premature frailty and earlier mortality. Frailty index (Fl)
can predict mortality. Mice were typically culled due to reaching the humane end point, rather than
from natural causes (Fielder et al., 2019).

1.2.6. Neurocognitive impairment

Radiation to the developing brain promotes the greatest risk of significant neurocognitive
defects in MB survivors (Grill et al., 1999; Packer et al., 2003; Ellenberg et al., 2009). Many
survivors experience deficits affecting attention, working memory and processing speed
which often result in intellectual disability and low levels of academic attainment that
requires specialist education (Packer et al.,, 2003; Chevignard et al., 2017). Survivors
experience a mean loss of 1Q points of 2.5-3.9 per year and reach a plateau of impairment
around two standard deviations below average (Walter et al., 1999; Palmer et al., 2001b; Ris
et al., 2001). Higher executive processes responsible for decision making, judgement and
awareness are also generally poor; many survivors experience poor psychosocial satisfaction,
and reduced independence in adulthood (Spiegler et al., 2004; Maddrey et al., 2005; Robbins
et al., 2012; Gupta et al., 2022). These domains support the acquisition of new learning such
that childhood brain tumour survivors acquire new information at half the rate of unaffected
peers (Palmer et al.,, 2001a). Cranial radiation leads to reduced neurogenesis in the
hippocampus, resulting in reduced spatial memory (Winocur et al., 2006; Wong-Goodrich et

al., 2010; Rao et al., 2011; Schnegg et al., 2013).
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Neurocognitive impairment is associated with all CSl doses, though increased cranial radiation
dose is associated with a greater risk of impaired neurocognitive function. 70-90% of survivors
who received high-dose CSI demonstrate a significant impairment in global intellectual
functioning, which are in turn strongly correlated with decreased quality of life (Walter et al.,
1999; Palmer et al., 2001b; Ris et al., 2001; Ramaswamy et al., 2016). Impaired neurocognitive
function is particularly severe when cranial radiation is received at a younger age. In infant
patients, the risk of permanently disabling neurocognitive impairment is high, and
consequently infant MB patients no longer receive CSI until they are over at least three years
of age, sadly coming at the cost of reduced overall survival rates (Chapter 1.1.4.4) (Lafay-
Cousin et al., 2009; Chevignard et al., 2017). Decreased neurocognition has also been linked
to chemotherapeutic agents such as cisplatin and cyclophosphamide (Janelsins et al., 2016;

Zhou;Kavelaars and Heijnen, 2016; Chiu et al., 2017; Flanigan et al., 2017).

1.2.7. Assessing quality of survival

The late-effect burden experienced by survivors of cancer is collectively referred to as ‘Quality
of Survival’ (QoS). QoS encompasses the long-term neurocognitive, endocrine, behavioural,
medical, and emotional outcomes of cancer survival, and is broader than the subjective view

of an individual survivor, termed quality of life (QoL) (Limond et al., 2015).

Adult survivors of MB are less likely to reach major life milestones; survivors are less likely to
live independently, get married or obtain a higher education degree compared to siblings,
and are more likely to experience depression and anxiety (King et al., 2017). Survivors are
twice as likely to be unemployed, and those that are employed are often in lower paid, lower-
skill jobs, with less career mobility (de Boer;Verbeek and van Dijk, 2006; Kirchhoff et al., 2011,
King et al., 2017). Sensory impairment can greatly impact QolL; development of speech and
language is often delayed or impaired, detrimentally impacting social interaction,

communication and academic achievement (Grewal et al., 2010).

QoS and Qol is assessed through a battery of direct and indirect assessments typically via
neuropsychometric assessments and questionnaires, either in person or via online platforms.

A summary of the questionnaires used within European clinical trials is available in Table 1.5.
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Domain Questionnaire

Health status The Health Utilities Index (HUI)
. . The Pediatric Quality of Life Inventory (PedsQL) and
Quality of life Multidimensional Fatigue module
Behavioural difficulties The Strengths and Difficulties questionnaire (SDQ)

. . The Behaviour Rating Inventory of Executive function
Executive function

(BRIEF)
Demographic, endocrine, and Medical, Educational, Employment and Social
medical information Questionnaire (MEES)

Table 1.5. Indirect questionnaire-based assessments of QoL (Limond et al., 2015).

1.2.7.1. Assessing neurocognitive impairment

Typically, neurocognitive impairment is assessed during diagnosis, treatment, and follow-up,
however, these assessments can be missed due the need for rapid treatment or the patients
being too unwell. Neuropsychometric assessment is typically conducted by a
neuropsychologist, or via an online platform. An overview of the assessments commonly used
in clinical oncology protocols in Europe and the USA is provided in Table 1.6 (Limond et al.,
2015). A widely used assessment is the Wechsler Intelligence Scale for Children (WISC), which
assesses individual components of intelligence: Working Memory (WM), Verbal
Comprehension (VC), Processing Speed (PS) and Perceptual reasoning (PR). Together, these
give a score for overall intellectual ability: Full Scale Intelligence Quotient (FSIQ).

(Gomez;Vance and Watson, 2016).
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Domain USA Germany France UK Belgium Italy Netherlands Norway

Perceptual/ Fluid Block design RPM Block design Block design Block design Block design Block design Block design
reasoning (WISC-IV) Matrix reasoning Matrix reasoning (WISC-III) (WISC-III) (WISC-III) Matrix reasoning
(WISC-IV) (WISC-IV) (WASI)
Short-term - Number recall (K- Digit span* (WISC IV or Digit span* (WISC Digit span* (WISC Digit span* Digit span* Digit span (WISC-1V)
memory ABC I/11) CMS) IV or CMS) Il or CMS) (WISC 1), (WISC 111)
Visual-motor - Visual motor Visual motor Design Copy Visual motor Visual motor Visual motor -
skills integration (Beery integration (VMI) (WRAVMA) integration (VMI) integration (VMI) integration (VMI)
VMI)
Motor skills - Purdue pegboard Purdue pegboard Pegboard Finger tapping Purdue pegboard - -
(WRAVMA)
Semantic Vocabulary Vocabulary Vocabulary (WISC-IV) Vocabulary Vocabulary (WISC- Vocabulary Vocabulary Vocabulary (WASI)
memory (WISC-IV) (WISC-IV) (WISC-IV) 1) (WISC-III) (WISC-III)
Attention -- Continuous TEA-Ch/TEA/Mesulam TEA-Ch/TEA Amsterdam Continuous TEA-Ch/TEA Continuous
vigilance and performance test neuropsychology performance test performance test
reaction times (CPT -short) test battery (CPT) (CPT-11), Knox, SDMT
Processing speed Coding and - Coding and symbol Coding and Coding and Coding and Coding and -
symbol search search (WISC-1V) symbol search symbol search symbol search symbol search
(WISC-IV) (WISC-IV) (WISC-III) (WISC-III) (WISC-III)
Long-term Stories, Dot - Stories, Dot locations, Stories, Dot Dot locations, List learning RAVLT, CAVLT-II,
memory locations, Faces Faces (CMS) locations, Faces Family pictures, (BVN), RCFT Visual Reproduction
(CMS) List learning (CMS)(CMS) Word pairs (CMS) TEMA (WMS)
List learning Rivermead List learning (CMS
(CVLT) behavioural memory or CVLT),
test Word pairs (CMS)
Reading - - Local reading Basic reading - Local reading - -
measure (WIAT-II) measure

Table 1.6. Neuropsychometric assessments commonly used in clinical oncology protocols in Europe and the USA. TOMAL/TEMA: Test of memory and
learning (name recall). CAVLT-Il = Child auditory verbal learning test, CMS = Children memory scale, CPT= Continuous performance test, CVLT = California
verbal learning test, K-ABC = Kaufman assessment battery for children, RAVLT = Rey auditory verbal learning test, RCFT = Rey Complex figure test and
recognition trial, RPM = Raven's Progressive Matrices, SDMT = Symbol Digit Modalities Test, TEA = Test of everyday attention, TEA-Ch = Test of everyday
attention for children, VMI = Visual motor integration, WASI = Wechsler abbreviated scale of intelligence, WISC-IIl = Wechsler intelligence scale for children,
WISC-IV = Wechsler intelligence scale for children, WMS = Wechsler memory scales, WRAVMA = Wide range assessment of visual motor abilities, WIAT-Il =
Wechsler individual achievement test. NB: Several countries use additional tests in their national protocols.
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1.3. The relationship between treatment and late-effects

It is well known that the intense treatment regimens childhood cancer survivors (CCSs)
endure are significantly impacting their QoL (Evans et al., 1990; Heikens et al., 1998; Grewal
et al., 2010; Chevignard et al., 2017). Despite the high risk of neurocognitive impairments,
receipt of cranial irradiation is crucial for survival of MB and therefore remains standard of
care for non-infants. Survivorship studies of completed European SR-MB clinical trials,
SIOP/UKCCG-PNET3 (running from 1992- until 2000) and HIT-SIOP-PNET4 (NCT01351870,
running from 2001 - 2006), assessed whether the respective treatment arms associated with
neurocognitive outcomes (HIT-SIOP-PNET4 only) or QoL. SIOP/UKCCG-PNET3 showed the
addition of pre-radiotherapy chemotherapy improved survival rates compared to
radiotherapy alone, but there was no difference in QoL between the two treatment arms
(Taylor et al., 2003; Taylor et al., 2004; Taylor et al., 2005). Interestingly, QoL varied depending
on MB subgroup (MBwnt, MBsii and MBarp3/arpa)(Bull et al., 2014). Health-related QoL
(HRQoL) was highest in patients with MBsun and poorest in patients with MBwnr, although the
cohort size was very small (Figure 1.9) (Bull et al., 2014). Patients with MBsun had less 1Q
decline, and a lower incidence of cerebella mutism and motor defects (Bull et al., 2014), which
has also been recapitulated in recent larger studies (Moxon-Emre et al., 2016; Jabarkheel et
al., 2020). Heterogeneous MB tumour biology may play a role in determining overall
survivorship, however the enhanced QoL seen in survivors of MBsyn tumours is likely due to
the tumour location rather than biological subgroup differences; MBsyn tumours are typically
hemispheric, whilst MBwnt, MBgrp3s and MBgrpa located in the midline (Teo et al., 2013;

Perreault et al., 2014; Juraschka and Taylor, 2019).
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Figure 1.9. Tumour molecular subgroup affects QoL in MB survivors. Patients receiving the same
treatment regimens had variable Qol, MBsuy had the best QoL and MBwnr the poorest. ‘Other’
depicts MBgrps and MBegroa combined (Bull et al., 2014).

Later, HIT-SIOP-PNET4 aimed to compare hyper-fractionated radiotherapy (HFRT) with
standard radiotherapy (STRT) in terms of survival benefit, and additionally whether either
treatment arm had a benefit to QoS (Camara-Costa et al., 2015). There were no significant
differences in overall survival and most measures of QoS between the two treatment arms,
though verbal 1Q was typically highly following HFRT (Camara-Costa et al., 2015). MB clinical
trials SIOP/UKCCG-PNET3 and HIT-SIOP-PNET4 were completed prior to the introduction of
molecular analysis, and consequently subsequent studies did not consider the new biological
features of MB such as methylation subgroups (Kool et al., 2012). Molecular annotation was
conducted post hoc on remaining tumour material from the HIT-SIOP-PNET4 cohort,
identifying distinct subgroup-specific risk models within the SR-MB patients (Goschzik et al.,

2018), however any relationships with late-effects have not yet been assessed.

SIOP-PNET5-MB (NCT02066220) is the first European MB clinical trial to assess dose de-
escalation in FR-MB patients (Mynarek et al., 2021). The trial aims to assess whether a
reduced dose radiotherapy and chemotherapy regimen alleviates adverse effects, whilst still
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maintaining overall survival. In addition to full clinico-molecular data, SIOP-PNET5-MB will
also collect QoS outcome data (including assessment of health status (HUI3), quality of life

(PedsQL) and neurological function (MEES)), and germline genotyping data.

Similarly, in the US SR-MB trial SIMB12, low risk patients will also receive therapy de-
escalation, with extensive QoS outcome data collected (including assessments of fatigue,
motor function and cognitive performance (e.g. BRIEF, WISC and CVLT)). These trials will
enable future assessment of associations between clinical, treatment, tumour and host
factors and the onset of late-effects, and further understanding into survivorship in MB
patients. However, QoS data is not yet available from these trials and it cannot yet be
concluded that dose de-escalation precipitates a benefit to late-effect development and as
stated, only a minority of patients are eligible for such approaches. Therefore, the is a critical
need for the use of model systems to i) test candidate interventions and ii) better understand

the mechanisms of late-effect onset to discover novel targets for new intervention strategies.
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1.4. Preclinical characterisation of MB treatment-related delayed adverse effects

Functional assessment of treatment-induced late-effects is essential to test candidate
interventions and better understand the biological mechanisms underpinning the
development of late-effects. The use of mammalian in vivo treatment injury models enables
appraisal of MB therapy-induced late-effects in close-to-human physiological systems.
Moreover, longitudinal appraisal of the overall physical effect of therapeutic insult provides
a baseline for the future appraisal of intervention strategies and exploration of the underlying

mechanisms of late-effect onset.

1.4.1. Modelling MB radiotherapy induced late-effects in vivo

Traditionally, irradiation to the murine brain is delivered via whole-head irradiation, whereby
the body is lead-shielded from the radiation, with the head exposed (Wong-Goodrich et al.,
2010; Rodgers et al., 2016; Ungvari et al., 2017; de Guzman et al., 2019; Tang et al., 2019).
However, delivery via this modality is not precise; non-target regions such as the mouth, ears
and eyes are in the radiation field. Consequently, whole-head irradiation comes with high
levels of acute toxicity, (e.g. damage to salivary gland, mouth ulceration, eye dryness, weight
loss) (Jham and da Silva Freire, 2006; Brook, 2020) and therefore cannot achieve the high
radiation doses relevant to MB. Moreover, whole-head irradiation cannot deliver targeted-
radiation to specific brain regions, which negates the opportunity to deliver a posterior fossa
boost dose. Thus, irradiation using these methodologies cannot fully recapitulate the dose

and targeting of medulloblastoma regimens.

To date, previous in vivo studies have failed to fully recapitulate humanised MB cranial
irradiation due to a failure to achieve either 1) the appropriate targeting, 2) the appropriate
dose of radiation administered, 3) investigations in age-appropriate animals and 4)
comprehensive, longitudinal late-effect assessment. A summary of previously published
studies is provided in Table 1.7, and a detailed introduction to in vivo modelling of MB

radiotherapy-induced late-effects is provided in Chapter 3.

34



Clinically Targeted | Assessment Long-
Study Reference relevant MB | Juvenile cranial of late-effect term
radiation dose irradiation profile follow up
This thesis and companion
publication (Castle et al., v v v v v

2024)*

(Fielder et al., 2019)

(Tang et al., 2019)

(Yuen et al., 2021)

(Sandor et al., 2014)

(Rao etal., 2011)

(Moravan et al., 2011)

(de Guzman et al., 2019)

(Ungvari et al., 2017)

(Yabluchanskiy et al., 2020)
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(Tomé et al., 2015)

(Belcher et al., 2020)
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(Suckert et al., 2021)
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Table 1.7. A summary of the in vivo radiotherapy literature in terms of clinical relevance to
paediatric brain tumours (dose, developmental stage, targeting, late-effect assessment and follow
up). The studies are summarised according to the following criteria: i) Use of a clinically-relevant
radiation dose (single or cumulative) of 18 Gy or higher to the brain, ii) use of juvenile mice under
PND 42, iii) delivery of targeted radiation to the brain or sub-region of the brain, iv) comprehensive
assessment of the late-effect profile (>2 types of assessments [e.g. neurocognition, physical
function, frailty]), v) long-term follow up (= 6 months post-irradiation). *The model developed during

this thesis has now been published (Castle et al., 2024).

35




1.4.2. Modelling MB chemotherapy induced late-effects in vivo

The mostly widely used chemotherapy regimens are modifications of Packer chemotherapy
(consisting of cisplatin, CCNU, and vincristine; discussed in Chapter 1.1.4.3) (Packer et al.,
1994). However, there are currently no published in vivo studies that have recapitulated MB
combination chemotherapy (Packer-style or any other combination) and assessed the
resulting late-effects. Further details of in vivo chemotherapy modelling are provided in

Chapter 5.
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1.5. Understanding the mechanisms underpinning radiation-induced late-effects
1.5.1. Overview

1.5.1.1. The basic structure of the brain

The brain is complex and is organised into many substructures; an overview of the major brain
structures is displayed in Figure 1.10. The brain comprises of two hemispheres, organised into
four lobes each controlling discrete functions (Brain Basics: Know Your Brain, 2025). The
frontal lobe, located at the front of the brain, controls high order functions such as decision-
making and problem-solving. The motor cortex, located at the back of the frontal lobe,
controls voluntary muscle function. The parietal lobe, which contains the somatosensory
cortex, is responsible for sensory function and support reading, speech and arithmetic. The
occipital lobes, located at the back of the brain, process visual information. Finally, the
temporal lobe, located in front of the occipital lobe and under the frontal and parietal lobe,
processing auditory information. The hippocampus, located within the temporal lobe, is
involved in memory formation is particularly vulnerable to radiation (Turnquist;Harris and
Harris, 2020a). The two hemispheres of the brain communicate through the corpus callosum,
a large bundle of white matter fibres beneath the longitudinal fissure. MB typically originates
in the cerebellum, located under the cerebral hemispheres, which co-ordinates voluntary

movement and maintains balance (Brain Basics: Know Your Brain, 2025).

There are five major cell types within the brain: neurons, astrocytes, oligodendrocytes,
microglia and endothelial cells (McKenzie et al., 2018; Turnquist;Harris and Harris, 2020a).
Neurons are primarily responsible for transmitting electrical signalling and are categorised
and are supported by glial cells. Astrocytes, the most abundant type of glial cell within the
brain, provide structural support, regulate neurotransmitters and maintain the blood-brain
barrier (BBB). Oligodendrocytes provide the myelin sheath to neuronal axons and provide
metabolic support, facilitating rapid electrical transmission. Microglia are primarily
responsible for the immune response within the brain, are become activated following insults
such as radiotherapeutic injury (McKenzie et al., 2018; Turnquist;Harris and Harris,
2020a).(McKenzie et al., 2018; Turnquist;Harris and Harris, 2020a). MB patients are
particularly vulnerable to the damaging side-effects of radiation, due to typically receiving
high doses (up to 36 Gy) to the whole brain, and a boost (up to 54Gy) to the tumour site

(typically within the cerebellum).
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Figure 1.10. The human brain. Sagittal view of the human brain, labelled with the major structures. (Brain Basics: Know Your Brain, 2025). The brain is
divided into 4 lobes: the frontal, parietal, temporal and occipital.
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1.5.1.2. Radiation-induced brain injury

Early radiation-induced brain injury ranges from acute injury (oedema, headaches,
drowsiness) and early-delayed (transient demyelination, reduced attention, and short-term
memory loss). When damage is sustained for over 6 months, more permanent late-effects
are present. Damage includes the development of abnormal vasculature, demyelination,
gliosis and white matter necrosis, resulting in cognitive impairment (Greene-Schloesser et al.,
2012). The hippocampus is responsible for learning and memory. Radiation had been shown
to reduce neurogenesis and maturation of neurons within the dentate gyrus and subgranular
zone (SGZ) of the hippocampus, as well as the subventricular zone (SVZ) of the lateral

ventricles (Monje et al., 2002; Lazarini et al., 2009b).

Elucidation of the biological mechanisms underpinning the development of radiotherapy-
induced late-effects, provides the potential for the development of new therapies to
ameliorate the late-effect burden faced by survivors. Moreover, through understanding the
mechanisms involved in the stages of late-effect progression, biomarkers of risk can be
identified for improved screening and potential intervention of high-risk patients. The
prevention of treatment-related late-effects will lead to both improve overall survival and
QoS (Bentzen, 2006; Begg;Stewart and Vens, 2011). The biological mechanisms underpinning
the development of acute- and late-toxicities are not completely understood. Radiation
destroys tumour cells through the induction of DNA damage; however, this also causes
damage to the surrounding healthy tissue (Bentzen, 2006; Begg;Stewart and Vens, 2011).
Damage to normal cells induces an inflammatory response, which can persist and induce
injury through a wide range of mechanisms including: disruption of the blood-brain barrier,
neuronal cell death, reduced neurogenesis, and the induction of a senescence-associated

secretary phenotype (SASP) (Figure 1.11).
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Figure 1.11. Overview of the mechanisms of radiation-induced brain injury (Turnquist;Harris and
Harris, 2020b).
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1.5.2. Molecular response to radiotherapeutic insult

1.5.2.1. DNA damage

Radiation induces DNA damage which typically leads to cell death, resulting in both direct and
indirect tissue injury (Baskar et al., 2014). The major types of DNA damage induced by
radiation include base and sugar damage, single-strand breaks, double-strand breaks,
clustered DNA damage, and covalent intra-strand or inter-strand crosslinking (Huang and
Zhou, 2020). DNA damage that is not repaired induces programmed cell death (Figure 1.12).
Tumour cells are particularly sensitive to DNA damage due to their highly proliferative nature

and inability to repair.

Radiation can also cause indirect DNA damage in neighbouring cells and tissues through the
release of free radicals (Baskar et al., 2014). DNA damage can then further induce oxidative
stress and inflammation that can persist for many months, together resulting in potentially
irreversible damage to healthy tissue, both within the brain and systemically (Zhao;Diz and
Robbins, 2007; Moravan et al., 2011; Greene-Schloesser et al., 2012; Lumniczky;Szatmari and

Safrany, 2017).
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Figure 1.12. Radiation-induced programmed cell death. Radiation induces direct DNA damage, and indirect DNA damage through the production of free
radicals. Following DNA damage, cells either undergo programmed cell death via A) apoptosis, B) necroptosis, C) autophagy or D) pyroptosis and ferroptosis
(Ketelut-Carneiro and Fitzgerald, 2022).
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1.5.2.2. Chronic inflammation

The biological mechanisms underpinning radiotherapy-induced late-effect development
remain relatively undefined, though chronic inflammation is thought to play a major role.
Radiation to the brain induces neuronal damage, activation of microglia and damage to the
blood-brain barrier (BBB) leading to immune infiltration and an inflammatory response. DNA
damage within microglia leads to their activation through the NFxB pathway, resulting in
upregulation of MHC and CD68, and the release of pro-inflammatory cytokines (e.g. CCL2)
(Lumniczky;Szatmari and Safrany, 2017). Consequently, peripheral macrophages are recruited
through the BBB via CCL2 signalling. Moreover, radiation-induced damage in neurons induces
the release of pro-inflammatory cytokines, which also activate microglia. Damaged neurons
further recruit microglia; secretion of high-mobility group protein 1 (HMGB1) recruits
activated microglia, and the expression of calreticulin induces phagocytosis of both damaged
and healthy neurons. Additionally, radiation-induced damage induces upregulation of
adhesion markers (e.g. intercellular adhesion molecule 1; ICAM-1) on endothelial cells within
the brain microvasculature, which in turn recruits peripheral lymphocytes and monocytes. The
pro-inflammatory response induced by damaged neurons and activated microglia also
activates dendritic cells within the brain, which further induce an immune activation following
migration to the lymph nodes (Lumniczky;Szatmari and Safrany, 2017). Activation of microglia,
astrocytes, endothelial cells and T cells, leads to increased expression of pro-inflammatory
cytokines (examples include TNF-a, IL-1B and IL-6), chemokines (such as CCL3/macrophage
inhibitory factor 1) and reactive oxygen species (ROS). This results in a positive feedback loop
and ultimately in chronic neuroinflammation (Streit;Mrak and Griffin, 2004; Moravan et al.,

2011; Lumniczky;Szatmari and Safrany, 2017).

In vivo mouse studies have shown that neuroinflammation can occur as soon as 4 hours after
radiation and persist for up to 12 months (Chiang;McBride and Withers, 1993; Kyrkanides et
al., 1999). Neuroinflammation and ROS production have been linked to onset of
neurocognitive decline; the use of FLASH radiation (ultra-rapid dose delivery) shows reduction
in radiation-induced neuroinflammation can reduce neurocognitive decline in in vivo models

(Montay-Gruel et al., 2019; Simmons et al., 2019).
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1.5.2.3. Reactive oxygen species

Radiation can induce DNA damage indirectly through the production of free radicals, derived
from the ionisation or excitation of water molecules within the cells (Baskar et al., 2014).
Within healthy brain tissues, radiation-induced damage leads to the release of reactive oxygen
species (ROS), which results in both acute and chronic neuroinflammation (Bentzen, 2006;
Begg;Stewart and Vens, 2011; Moravan et al., 2011; Montay-Gruel et al., 2019). ROS-induced
neuroinflammation induces further damage and ROS production, and ultimately chronic
inflammation (Ungvari et al., 2013; Wang;Boerma and Zhou, 2016). Moreover, radiation can
increase ROS production from mitochondria; radiation-induced mitochondrial damage leads
to impaired respiration, and the overproduction of ROS from oxidative phosphorylation (Leach
et al., 2001; Shimura et al., 2018). Neuronal cells are particularly vulnerable to ROS damage,
due to their high fatty acid contents; radiation induces high levels of lipid peroxidation
(Turnquist;Harris and Harris, 2020a), and ultimately neuronal degradation, resulting in
neurocognitive decline and impaired physical functioning (Bentzen, 2006; Begg;Stewart and

Vens, 2011; Moravan et al., 2011; Montay-Gruel et al., 2019).

1.5.2.4. Senescence-associated secretory phenotype

Moreover, radiation-induced DNA damage and oxidative stress can induce cellular
senescence, whereby cells are in a persistent state of cell cycle arrest (Wang;Kohli and
Demaria, 2020). Senescent cells secrete a wide variety of signalling factors including
interleukins (e.g. IL-6 and IL-1f), chemokines, growth factors, and matrix metalloproteinases
(MMPs), together referred to as the senescence-associated secretory phenotype (SASP)
(Coppé et al., 2010). SASP molecules are involved in multiple pathophysiological functions
(summarised in Figure 1.13); SASP release is triggered through the stimulation of a variety of
different pathways, and consequently, SASP production is highly variable and often context
dependant (Herranz and Gil, 2018; Cuollo et al., 2020). Release of SASP modifies the
microenvironment and can lead to activation of nearby immune cells, often resulting in
systemic chronic inflammation and ultimately tissue damage (Coppé et al., 2010; Herranz and

Gil, 2018; Sun;Coppé and Lam, 2018; Wang;Kohli and Demaria, 2020).

Following radiation to the brain, SASP significantly contributes towards neuroinflammation,
neuronal death and ultimately cognitive decline. Astrocytes, activated in response to

radiotherapeutic injury, release proinflammatory cytokines which can induce senescence in
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endothelial cells. Senescent endothelial cells promote late-effect development by
contributing to chronic inflammation through the release of SASP molecules including further
proinflammatory cytokines, increased ROS production and upregulation of adhesion
molecules (Rochfort and Cummins, 2015; Turnquist;Harris and Harris, 2020a).
Proinflammatory cytokine IL-6 is thought play a major role in SASP in response to radiation
(Coppé et al., 2010). Following radiation, senescent astrocytes release SASP (including IL-6 and

IL-1B) resulting in neurotoxicity and neurodegeneration (Turnquist et al., 2019).

Pathway induction following radiotherapy is highly complex and still not fully understood.
Given the diversity and complexity of mechanisms involved in the development of late-effects
following radiotherapeutic insult, further investigation is required to elucidate potential
therapeutic targets, and thus enable reduction of adverse effects, increase radiation

tolerability, and improve QoL in survivors.
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Figure 1.13. Schematic summary of the key functions of SASP (Herranz and Gil, 2018).
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1.5.2.5. Radiation-induced perturbations of epigenetic methylation status

DNA methylation plays a major role in the control of gene expression and is considered a
hallmark of ageing. DNA methylation patterns are established through the addition or removal
of a methyl group to the fifth position of cytosine in DNA, facilitated by DNA
methyltransferases (Miousse;Kutanzi and Koturbash, 2017). Whilst patterns of DNA
methylation can vary greatly, they consist of conserved regions of unmethylated GC-rich
regions with high densities of CpGs, known as CpG islands, that are often correlated with
promoter regions. Changes in DNA methylation patterns occur with age and can be a useful
tool in predicting the biological age of an individual; DNA methylation patterns can be
influenced by external insult and have potential as predictive biomarkers of biological age and
age-related diseases (Mozhui and Pandey, 2017; Kling;Wenger and Carén, 2020). External
insult from ionising radiation can result in global methylation alterations, as well as gene-
specific modifications (Miousse;Kutanzi and Koturbash, 2017). Damage of DNA base guanine,
induced directly by radiation or subsequent ROS production, can inhibit methylation of
adjacent cytosine and resulting in local hypomethylation (Rang and Boonstra, 2014).
Moreover, methylation on damaged cytosine, may be lost during the DNA damage repair. ROS
can also have bystander effects and interfere with DNA methyltransferases, inducing global
methylation alterations (Miousse;Kutanzi and Koturbash, 2017). Alterations to methylation
patterns can lead to an increased risk of cancer development, through genomic instability,
activation of proto-oncogenes and silencing of tumour suppressor genes (Eden et al., 2003;

Donkena;Young and Tindall, 2010).

As a consequence of treatment, brain tumour survivors often experience a premature ageing
phenotype, where their ‘epigenetic age’ is often older than their ‘chronological age’ (Field et
al., 2018; Kling;Wenger and Carén, 2020; Salameh;Bejaoui and El Hajj, 2020). Several
epigenetic clocks have been developed to predict chronological age, through the assessment
of variable CpG sites. Mathematical algorithms use the methylation status of genome-wide
CpG sites to predict DNA methylation age (Mozhui and Pandey, 2017). Qin et al showed
survivors of childhood cancers had a significantly higher estimated epigenetic age acceleration
(EAA) compared to matched controls, and increased EAA was associated with prior treatment
of radiotherapy or alkylating chemotherapy (Qin et al., 2021). Moreover, within survivors the
presence of unfavourable health conditions was also significantly associated with an increased

EAA.
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1.6. Aims of the study

Most childhood MB patients survive their tumour as a result of intensive multimodal
treatment typically consisting of surgical resection, radiotherapy and chemotherapy.
However, the receipt of such treatment often leaves survivors with debilitating late-effects.
The receipt of radiation to the brain, particularly at a young age, poses the greatest risk of
reduced quality of life, with many survivors experiencing poor neurocognitive outcomes and

impaired physical functioning.

For a small subset of patients (e.g. favourable-risk MBwnt) dose de-escalation may be possible,
however, for many patients an intensive radiotherapy and chemotherapy schedule remains
critical for survival. There is an urgent need for the development of interventions to prevent
or ameliorate the late-effects that burden survivors throughout their adolescents and
adulthood. However, the development of such interventions is hindered by a paucity of
suitable experimental models. Previous in vivo models do not recapitulate MB radiotherapy,
falling short of modelling one or more key components of i) delivering high-dose, targeted
radiotherapy, (ii) using an equivalent age model and (iii) performing longitudinal and

comprehensive long-term follow up.

The development of a suitable preclinical model will provide a platform to observe the
progression of late effects and understand the biological mechanisms underpinning late-effect
development, leading to identification of biomarkers and druggable interventions, as well as
provide a baseline for the appraisal of future intervention strategies. Therefore, this study

aims to:

1) Develop a baseline model that recapitulates childhood MB radiotherapy
delivery/dose at an MB-equivalent developmental stage, using the Small Animal
Radiation Research Platform (SARRP) to deliver highly targeted radiation to the
brain and posterior fossa.

2) Longitudinally follow up irradiated mice to track the progression of late-effect
development (physical functioning, premature ageing and neurocognition) up to
the equivalent of human 40-50 years old.

3) Understand the biological response to radiotherapeutic insult ex vivo, to aid
identification of key molecular pathway alterations and any potential further
biomarkers for improved surveillance of late-effect development.

47



4) Develop an in vitro model for characterisation of the molecular insult response to
MB radiotherapy, to provide a platform for identification of pharmacological
targets and the appraisal of novel therapeutic interventions.

5) Establish the appropriate scheduling/dosing of MB-like chemotherapy to provide a
pre-clinical platform for the future assessment of chemotherapy-induced late-

effects.
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Chapter 2. Materials and methods
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2.1. In vivo murine studies

2.1.1. Ethical approval
The work was licensed by the UK Home Office (PBDAFDFBO and P67C4EBE4) and complied
with the guiding principles for the care and use of laboratory animals. Ethical approval was

granted by Newcastle University Animal Welfare and Ethics Review Body.

2.1.2. Husbandry

Juvenile male C57BL/6J mice were purchased from Charles River post-weaning and
maintained in groups of three littermates in individually ventilated cages. Cages contained
sawdust, paper bedding and environmental enrichment. Mice were housed at 20 + 2°C under
a 12-hour light/12-hour dark photoperiod. They received standard rodent pelleted chow ad
libitum (Special Diets Services, Witham, UK). Body weight was recorded at least weekly. Mice

were humanely culled via schedule 1 methods.

2.1.3. Identification
Mice were identified by either radiofrequency identification (FRID, IMI-500 Read Only

Transponder), ear-notching, or tail-marking.

2.1.4. Venepuncture

To enable blood withdrawal, mice were placed in a heated cabinet for 15 minutes prior to the
procedure for better visualisation of the veins. Mice were placed in a restraint tube and a small
incision (size 11 scalpel; Swann Morton) was made to one of the two lateral tail veins. Blood
was collected in microvette 100 K3 EDTA capillary tubes (VWR, SARS20.1278). Following
venepuncture, light pressure was applied to the incision site until bleeding ceased. Up to 10%

total blood volume (TBV), and no more than 15% TBV in any 28 period was collected.
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2.2. Physical functioning assessment

2.2.1. Forelimb grip strength

Physical functioning was assessed using the Grip Strength Test (BIO-GS3, BIOSEB) (Figure
2.1A). Mice were slowly lowered via the tail and gripped onto the device with their forepaws.
The maximal peak force was recorded (grams, g), and the mean was calculated from three

attempts.

2.2.2. Rotarod

To assess balance, co-ordination and endurance, mice were placed on the rotarod (Roto-Rod
Series 8, IITC Life Science; Figure 2.1B), which began to rotate at an initial speed of 4 rpm, and
gradually accelerated by 7.2 rpm per minute [12]. Time on the rod (seconds) was recorded
automatically when mice fell from the rotarod. The landing area was padded with soft foam
to minimise impact of falling. Quiet, low light conditions were used to minimise stress during
testing. Mice were tested 3 times per day, for 2 consecutive days, with approximately 20-

minute intervals between trials. The mean was calculated using scores across both days.

2.2.3. Hanging wire

Mice were gently lowered via the tail and suspended from the middle of a plastic wire
(diameter 2 mm, and 30 cm in length) with their forelimbs and left to hang for up to 60 sec
(Figure 2.1C). Success was measured as a mouse hanging for the total 60 sec, getting all 4 limbs
onto the wire (time taken recorded), or reaching the end of the wire (time taken recorded).
Failure was measured as a mouse falling before 60 sec. Mice were given up to 3 trials to
succeed with 10 minutes rest between attempts. The wire was suspended 30 cm above a
landing pad (20 cm depth of soft foam), which proved high enough to discourage deliberate

dropping but reduced the impact from falling.
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Figure 2.1. Assessments of physical functioning. A) Forepaw grip strength test, B) Balance and co-ordination (rotarod) and C) strength and co-ordination
(hanging wire). Created using BioRender.
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2.3. Frailty assessment

Frailty was assessed using a Rockwood-style frailty index as previously described (Fielder et
al., 2019). Briefly, 30 parameters of frailty (summarised in Table 2.1) were scored on a scale
from 0 (no impairment) to 1 (severe impairment). Body temperature was recorded from the

surface of the mid-abdomen using an infrared thermometer.

Body weight, body temperature and grip strength were scored according to degrees of
standard deviation (SD) from the mean of age- and sex- matched controls (0: <1SD; 0.3: 1SD—-

2SD; 0.7: 2SD-3SD; 1: 23SD).
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System and Parameter

Potential Deficits

Integument
Alopecia

Loss of fur colour
Dermatitis
Loss of whiskers

Coat condition

Physical/musculoskeletal

Tumours/masses

Distended abdomen
Kyphosis
Tail stiffening

Gait disorders

Tremor

Forelimb grip strength

Body condition score
Vestibulocochlear/auditory

Vestibular disturbance

Hearing loss

Ocular/nasal
Cataracts
Corneal opacity

Eye discharge/swelling
Microphthalmia
Vision loss

Nasal discharge

Digestive/urogenital
Malocclusions

Rectal prolapse

Penile prolapse

Diarrhoea
Respiratory

Breathing rate/depth

Discomfort
Mouse Grimace Scale

Piloerection
Other
Temperature

Weight

Hair loss due to age-related balding and/or barbering (fur trimming)
Change in fur colour from black to grey

Inflammation, over-grooming, barbering or scratching causing skin erosion.
Can result in open sores anywhere on the body

Loss of vibrissae (whiskers) due to aging and/or whisker trimming

Ruffled fur and/or matted fur. Ungroomed appearance. Coat does not look
smooth, sleek, and shiny

Development of tumours or masses anywhere on the body

Enlarged abdomen. May be due to tumour growth, organ enlargement, or
intraperitoneal fluid accumulation

Exaggerated outward curvature of the lower cervical/thoracic vertebral
column. Hunched back or posture

Tail appears stiff, even when animal is moving in the cage. Tail does not wrap
freely when stroked

Lack of coordination in movement including hopping, wobbling, or
uncoordinated gait. Wide stance. Circling or weakness

Involuntary shaking at rest or during movement

A decline in forelimb grip strength

Visual signs of muscle wasting or obesity based on the amount of flesh
covering bony protuberances

Disruption in the ability to perceive motion and gravity. Reflected in problems
with balance, orientation, and acceleration

Failure to respond to sudden sound (e.g., clicker) indicative of hearing loss or
impairment

Clouding of the lens of the eye. An opaque spot in the centre of the eye
Development of white spots on the cornea. Cloudy cornea

Eyes are swollen or bulging (exophthalmia). They may exhibit abnormal
secretions and/or crusting

Eyes are small and/or sunken. May involve one or both eyes

Vision loss, indicated by failure to reach toward the ground when lowered by
the tail

Signs of abnormal discharge from the nose

Incisor teeth are uneven or overgrown. Top teeth grow back into the roof of
the mouth or bottom teeth are long and easily seen

Protrusion of the rectum just below the tail

Penis cannot re-enter the penile sheath.

Faeces on the walls of the home cage. Bedding adheres to faeces in cage.
Faeces, blood, or bedding around the rectum

Difficulty breathing (dyspnoea), pulmonary congestion (rales), and/or rapid
breathing (tachypnoea)

Measure of pain/discomfort based on facial expression. Assessment of five
facial features: orbital tightening, nose bulge, cheek bulge, ear position (drawn
back), or whisker change (either backward or forward)

Involuntary bristling of the fur due to sympathetic nervous system activation

Increase or decrease in body temperature

Increase or decrease in body weight

Table 2.1. Parameters assessed during assessment of Frailty (Whitehead et al., 2014).
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2.4. Assessment of neurocognitive function

2.4.1. Y-maze

The Y-maze was used to assess working memory(Maurice et al., 1994). The maze consisted of
3 arms made of dark grey plastic; each arm was 40cm long, 5cm wide and 10cm high. Mice
were placed in arm A and observed for 8 minutes; arm entry was manually recoded. Quiet,
low light conditions were used to minimise stress during testing. Novel arm entries were
calculated from the number of times a mouse entered a novel arm of the maze in 3
consecutive entries (e.g. A-B-C; Figure 2.2). Working memory was quantified by spontaneous

alternation, which was defined as follows:

Novel arm enteries

Spontaneous alternation = -
Total arm enteries — 2

Figure 2.2. Working memory assessed using the Y-maze. Spontaneous alternation was defined as
the frequency of a mouse entering a novel arm of the maze in 3 consecutive entries (e.g. A-B-C).
Created using BioRender.
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2.4.2. Barnes maze

Learning, short- and long-term memory was assessed using the Barnes maze as previously
described (Figure 2.3) (Fielder et al., 2020). The Barnes maze consisted of 20 holes, surrounded
by four visual cues (square, circle, cross, triangle, Figure 2.3B). The target hole contained an
escape box underneath. Target hole allocation was randomly assigned across visual cues and
treatment groups. The maze was thoroughly cleaned and rotated 90° between each mouse

and trial to remove potential olfactory cues. Briefly, testing consisted of 4 steps:

Day 1: Initial acclimatisation — the mouse was placed in an opaque holding chamber for 10
seconds, then gently guided to the target hole. The mouse stayed in the escape box for 2

minutes.

Day 1-4: Spatial acquisition (training period) — after 10 seconds in the holding chamber, the
mouse attempted to locate the target hole for up to 3 minutes. If after 3 minute the mouse
had entered the escape box, the mouse was gently guided in. The time taken to locate the
target hole and enter the escape box was recorded, referred to as primary latency. The mouse
remained in the escape box for 1 minute. Spatial acquisition was repeated for 4 trials per day

for 4 days, with approximately 25 minutes between trials for memory consolidation.

Day 5: Probe 1 (short-term memory test) — 24 hours after the final day of spatial acquisition,
the escape box was removed from the target hole and the mice explored the maze for 90

seconds. Primary latency was recorded.

Day 12: Probe 2 (long-term memory test) — 7 days after probe 1, the escape box was removed
from the target hole and the mice explored the maze for 90 seconds. No training/testing took

place on days 6-11. Primary latency was defined as the time taken to locate the target hole.

Mice were videoed during spatial acquisition, probe 1 and probe 2 for subsequent analysis.
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Figure 2.3. Learning and memory assessed via the Barnes maze. Red text/arrow depicts the target hole. Created using BioRender.

57



2.5. In vivo evaluation of cancer chemotherapeutics

Prior to administration of substances, animals were weighed and assessed to be in good
general health. Chemotherapeutic agents (details provided in Table 2.2 were administered at
5ml/kg via intraperitoneal (IP) and intravenous (IV) injections using Micro-Fine+ U-100 0.5 ml
Insulin Needle (Becton Dickinson) and adhering to Laboratory Animal Science Association

(LASA) guidelines.

For IP injections, mice were restrained via the scruff and substances administered into the
lower left and right quadrants of the abdomen. For repeated doses, injection site was
alternated. For IV injections, mice were placed in a heated cabinet for 15 minutes prior to
procedure for better visualisation of the veins. Mice were carefully placed in a restraint tube,
with the tail exposed and the lateral tail veins were visualised. The substance was
administered in up to two attempts. Following injection, light pressure was applied to the

injection site until any bleeding ceased.
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s - Dose Total dose - .
Compound PL%‘:;;“ Brand (Supplier) Vehicle Adm'r'::z:‘;atlon (per day, (per cycle, Dosn;?:ucrgtlon
mg/kg) mg/kg) percy
Generon o
Cisplatin HY-17394  (MedChemExpress) 0.7 CMC- P 2 10 10 days
Na/saline
Generon
Vincristine sulfate HY-N0488 (MedChemExpress) PBS IP 1.5 1.5-3 2 —4 days
Generon
Cyclophosphamide HY-17420  (MedChemExpress) PBS \Y; 60 - 200 60 - 200 2 days
CMC-Na Hy-yo7oz Cambridgebioscience saline Vehicle forcisplatin

(MedChemExpress)

Table 2.2. Details of chemotherapeutic agents and vehicles. Product code, supplier and vehicle for chemotherapeutic drugs used for the in vivo Packer-style
chemotherapy regimens. Dose, total dose and duration varied across regimens (detailed in Chapter 6). CMC-Na: Sodium carboxymethyl cellulose (viscosity:800-
1200mPa.s), PBS: phosphate buffered saline, IP: intraperitoneal injection, IV: intravenous injection.



2.6. Assessment of tolerability to chemotherapy

Body weight (grams) was recorded prior to the receipt of chemotherapy, daily during dosing,
and then for 14 days following receipt of chemotherapeutic agents. Change in body weight for
each animal was calculated in comparison to their starting weight for each cycle. Soaked food
was provided if weight loss reached over 10%, and mice were humanely culled if weight loss
could not be remedied with further supportive measures (e.g. diet gel and rehydration via

saline injection) and weight loss reached over 25%.

General health was assessed daily during dosing, and then for 14 days following receipt of
chemotherapeutic agents. Mice were scored on the following characteristics: activity,
appearance, respiration, and hydration (Table 2.3). An overall score of 1 or less was considered
normal, an overall score of 2 or more resulted in increased monitoring and the provision of
soaked diet, and an overall score of 5 or more resulted in humane culling. Any individual

characteristic scoring 3 resulted in immediate humane culling.

Power calculations were used to determine group size for the tolerability study. Accepting a
type | error probability p=0.05 and a power of 80%, 4 — 6 animals per group are required to
detect a 25% change in a two-sided comparison. Therefore, 6 mice per treatment regimen

were used to ensure suitable power and mitigate a reduction in group size during treatment.

2.6.1. Frailty assessment

Frailty was assessed using a 30-parameter frailty index, as previously described in section 2.3.
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Normal, stands upright,

Activity explores, climbs
Abbearance Normal, well
PP groomed
Resoiration Normal rapid mouse
P breathing
] Skin doesn’t tent when
Hydration

scruffed

Active but avoids being
upright on hind legs

Patches of
piloerected hair

Brief periods of laboured
breathing, abdominal
breathing

Skin tents briefly but
returns to normal

Inactive, move around
bottom of cage only

majority of back
fur piloerected

Laboured abdominal
breathing, no gasping

Skin tents and takes more
than 2 seconds to return to

normal

No activity, only moves when
provoked

Mouse appears puffy

Laboured abdominal
breathing with gasps >1 sec
between breaths

Skin tents and stays tented

Table 2.3. General health scoring. Any individual characteristic scoring 3 resulted in immediate humane culling. An overall score of 1 or less was considered
normal, an overall score of 2 or more resulted in increased monitoring and the provision of soaked diet, and an overall score of 5 or more resulted in

humane culling.
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2.7. In vivo administration of X-ray radiation to mice

To facilitate the development of the in vivo model using the Small Animal Radiation Research
Platform (SARRP; located at the University of Leeds), a cross-institutional collaboration was
developed. Prof. Susan Short (University of Leeds) was responsible for the administration of
the targeted cranial radiation. To facilitate the visualisation of the posterior fossa in young
mice, a recently weaned (postnatal day [PND] 21) C57BI/6J male mouse was humanely culled
and a T2 Fast Spin Echo MRI was performed in the coronal, axial and sagittal planes (10
minutes per plane). To assess the optimal collimator size for the CRT and PFB irradiation doses,
the mouse was transferred the SARRP and CT-imaged. Dose verification was carried out by

end-to-end testing by NPL and Innovate UK.

Following recovery, mice were transferred to Newecastle University for subsequent

assessment, where assessors were blind to the allocation of radiation group.

2.7.1. Delivery of MB-equivalent cranial irradiation
Mice received either CRT or CRT with PFB at human MB-equivalent doses and compared to
sham-irradiated controls. All mice (n=36) were anaesthetised with isoflurane and placed into

the SARRP, independent of receipt of radiation.

2.7.2. Acute toxicity

Mice were assessed for typical signs of ill health, as well as increased intracranial pressure
including reduced mobility, hunching, decrease in food intake, hypersensitivity upon touching
and handling, separation from cage mates. Mice were weighed daily during dosing and then
for 14 days following receipt of radiation. Mice were humanely culled if weight loss exceeded

10%.

2.7.3. Evaluation of radiation-induced delayed toxicities

Following recovery from the irradiation (approximately two weeks), mice were transferred to
Newcastle University (“PND 63) for subsequent assessment. Prior to transport, mice were
assessed for good health and stabilisation of body weight. Mice were transported in travel
boxes by an approved courier. On arrival in Newcastle, mice were provided with extra bedding
and assessed for good health. If dehydration, or signs of distress occurred during transport,
mice were treated with fluids (IP or SC) and/or soaked diet. Mice were housed in groups of 3

littermates and acclimatised for 2 weeks.
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Mice were longitudinally assessed for physical functioning, frailty and neurocognitive function
(methodologies previously detailed in chapter 2.2-2.4), for over one year (up to ~PND 394).
Assessors were blind to allocation of radiation group. Body weight was assessed at least
weekly. If more than 2 grams were lost in one week, animal weights were monitored daily,
provided with soaked food, and humanely culled if weight loss continued for 3 consecutive

days.
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2.8. Ex vivo sample preparation

Brain tissue was harvested and typically split in half, then rapidly placed into the respective
media. The brain was carefully removed from the skull and placed into a stainless-steel brain
matrix (Fisher Scientific, 10-000-776) for microdissection with a scalpel (as shown in Figure
2.4). Briefly, a sagittal cut separated the left and rights hemispheres of the brain. Then, 3
coronal cuts separated each hemisphere into 4 sections containing the forebrain,
hippocampus 1, hippocampus 2 and the cerebellum. For frozen storage, tissue was
immediately placed into liquid nitrogen to flash-freeze then transported to a -80°C freezer for
long-term storage. For fixation, tissue was placed in a Histosette | biopsy cassette (VWR, 720-
0900) and placed in 4% paraformaldehyde (PFA; VWR, 9713.5000) for 24 hours, then
transferred to 70% ethanol for long-term storage. The tissue cassettes were processed by Xin
Xu (Histopathology Technician, Newcastle Biobank) using an automated benchtop tissue
processor (Lecia TP1020) before paraffin wax embedding (Microm EC 350), both according to
manufacturer’s instructions. Blood was collected and placed on blue ice, before immediate

processing.

Forebrain Hippocampus Cerebellum
1 2

PFA-fixed
paraffin-
embedded

Flash frozen

Figure 2.4. Microdissection plan of the mouse brain. Following removal from the skull, the brain was
sectioned as per the blue lines into 8 sections (separation of the left and right hemispheres, then
separated into: forebrain, hippocampus 1, hippocampus 2 and the cerebellum). The sections from
the left side of the brain (bottom half of the image) were flash-frozen in liquid nitrogen and sections
from the right side of the brain (top half of the image) were placed in PFA for 24 hours.
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2.9. Nucleic acid extractions

2.9.1. DNA extraction

DNA was extracted from fresh blood and frozen tissue samples using the DNeasy Blood and
Tissue Kit (Qiagen, 69506) following manufactures instructions, with an additional preliminary
step was carried out for frozen tissues. Briefly, samples were thawed, then homogenised with
180 pL buffer ATL and 5 mm stainless steel ball (Qiagen, 69989) for 3 minutes at speed 30 in
the TissueLyser LT (Qiagen, 85600). 20 uL proteinase K was added and samples were vortexed
for 15 seconds then incubated at 56 °C for 1 hour until completely lysed. 200 uL buffer AL and
200 pL ethanol (96-100%) to each sample and vortexed to mix. Samples were transferred to
DNeasy Mini spin column (in a 2 mL collection tube) and centrifuged at >6,000 x g (8,000 rpm)
for 1 min. The flow through and collection tube were discarded. The column was placed in a
clean collection tube, 500 pL buffer AW1 added into the column and centrifuged at >6,000 x
g (8,000 rpm) for 1 minute. The flow through and collection tube were discarded. The column
was placed in a clean collection tube, 500 uL buffer AW2 and centrifuged at >20,000 x g
(14,000 rpm) for 3 minutes. The flow through and collection tube were discarded. The column
was placed in a clean 1.5 mL Eppendorf, and 150 uL buffer AE added directly onto the column
membrane. Samples were incubated for 5 minutes at room temperature, then centrifuged at

>6,000 x g (8,000 rpm) for 2 minutes to elute the DNA.

2.9.2. DNA quantification

Quantification of double-stranded DNA (dsDNA) was assessed using the Qubit™ dsDNA Broad
Range (BR) Assay kit (Invitrogen, Q32850) and the Qubit™ 2.0 Fluorometer (Invitrogen,
Q32866), following manufacturer’s instructions. Briefly, a working solution was prepared by
diluting the Qubit™ dsDNA BR reagent 1:200 in Qubit™ dsDNA BR buffer. Standards and
samples were prepared in thin-walled, clear 0.5 mL PCR tubes (ThermoFisher Scientific,
Q32856). Standards were prepared by mixing 10 pL of Qubit™ standard with 190 uL working
solution, and samples were by mixing 1 pL of Qubit™ standard with 199 uL working solution.
The Qubit™ 2.0 Fluorometer was then calibrated using the standards, and a standard curve

calculated. Each sample was placed in the Qubit™ 2.0 Fluorometer for quantification.
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2.9.3. RNA extraction

RNA was extracted using the TRIzol method. Briefly, frozen tissue was homogenised as above
with 1 ml TRIzol reagent (ThermoFisher Scientific, 15596026) and a 5mm stainless steel ball.
200 pL chloroform (ThermoFisher Scientific, J67241.AP) was added and samples were
vortexed for 15 seconds, incubated for 2 minutes at room temperature then centrifuged at
12,000 x g for 15 minutes at 4°C. The upper, RNA-containing, aqueous layer was transferred
to a clean 1.5 ml microfuge tube. 500 uL isopropanol (Fisher Scientific, 11453733) and 1 uL
UltraPure Glycogen (ThermoFisher Scientific, 10814010) were added. Samples were mixed by
inversion and then incubated at room temperature for 10 minutes. RNA was pelleted by
centrifuged at 12,000 x g for 15 minutes at 4°C, and the supernatant removed. The pellet was
then washed in 1 ml 75% ethanol, briefly vortexed and then centrifuged at 7,500 x g for 5
minutes at 4°C. The ethanol was removed, and then the microfuge tube was left open for any
remaining ethanol to evaporate. One the RNA pellet was dried, 30 uL RNAase-free water was

added and the sample was incubated at 50°C for 5 minutes to dissolve the pellet.

The RNA was then purified using the RNeasy MinElute Cleanup Kit (Qiagen, 74204) following
manufacturer’s instructions. Briefly, 70 uL RNAase-free water, 350 plL buffer RTL and 250 pL
ethanol (96-100%) was added to each sample and mixed well with a pipette. Samples were
then transferred to RNeasy MinElute spin columns, and centrifuged at 28000 x g (210,000 rpm)
for 15 seconds. The flow through and collection tube were discarded. Samples were then
washed with 500 uL buffer RPE, and centrifuged at 28000 x g (210,000 rpm) for 15 seconds.
The flow through and collection tube were discarded. Next, 500 pL 80% ethanol was added to
each column, samples were centrifuged at 28000 x g (210,000 rpm) for 2 minutes, and the
flow through and collection tube were discarded. The column was placed in a clean collection
tube, and centrifuged at full speed for 5 minutes to dry membrane. Finally, the column was
placed in a clean 1.5 mL Eppendorf, and 14 uL RNase-free water added directly onto the
column membrane. Samples were incubated for 5 minutes at room temperature, then

centrifuged at full speed for 2 minutes to elute the RNA.

2.9.4. RNA quantification
The quantity and quality (RNA integrity number; RIN) of RNA was assessed using the RNA
ScreenTape (Agilent, 5067-5576) with the 4200 TapeStation system (Agilent, G2991BA),

following manufacturer’s instructions. The RNA Sample buffer was brought to room
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temperature for 30 minutes and the RNA ladder and RNA samples were thawed on ice.
Samples were prepared as summarised in Error! Reference source not found.. Briefly, 1 uL of e
ach RNA sample was added to 5 pL RNA sample buffer in either Optical Tube 8x Strip (Agilent,
401428) or 96-well sample plates (Agilent, 5042-8502), and covered with Optical Cap 8x Strip
(Agilent, 401425) or 96-well Plate Foil Seal (Agilent, 5067-5154), respectively. Samples were
vortexed (Agilent, IKA MS3 with 96-well sample plate adapter) for 1 minute, then briefly
centrifuged to remove any bubbles. Samples were then denatured 72 °C for 3 minutes, then
placed on ice for 2 minutes. Samples were then briefly centrifuged for 1 minute, then placed

into the TapeStation for quantification.

RNA

Sample
Buffer SuL %
Samples:
Heat 72 °C, 3 min
RNA TuL Vortex 1 min Cool 2 min on ice
Spin down 1 min Spin down 1 min Samples, tips, and ScreenTape device

Figure 2.5. Sample preparation for quantification using the Agilent RNA ScreenTape Assay (Agilent
TapeStation RNA ScreenTape Quick Guide).

67



2.10. Immunohistochemistry

Immunohistochemistry (IHC) was conducted on mouse brain tissue. Slide preparation, staining
and analysis was conducted with technical assistance from Rachel Howarth (IHC Technician,

Newcastle University Centre for Cancer). An overview of the IHC protocol is shown in

Figure 2.6 and detailed methodology is provided in sections 2.10.1-2.10.4.

Tissue fixation

Slide preparation

Dewaxing
(Xylene)

Rehydration
(Graded ethanol)

Antigen retrieval

(Pressure cooker)

Blocking
Normal horse serum

Primary antibody Primary antibody

incubation incubation

Blocking

M.O.M kit: blocking reagent/
M.O.M diluent

Secondary antibody Secondary antibody
incubation incubation

M.O.M biotinylated anti- Horseradish-peroxidase-
mouse IgG conjugated horse anti-rabbit

Staining
(DAB, haematoxylin)

Dehydration
(Graded ethanol)

Image analysis

(Aperio ImageScope)

Figure 2.6. Immunohistochemistry protocol overview. Protocol varies based on the host species of
the primary antibody. For mouse antibodies, a mouse-on-mouse (M.0.M) kit was used to minimise
cross-reactivity.
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2.10.1. Slide preparation

Tissue from the cerebellum and hippocampus of mice aged ~PND 394 (approximately a year
after the receipt of CRT, CRT+PFB or sham irradiation; n=3 per group) was micro-dissected and
fixed as described in chapter 2.8. Fixed tissue was sliced into 4 um sections using a microtome
(Microm HM315), placed on water and collected onto a glass slide. Samples were dewaxed in
xylene and rehydrated through decreasing ethanol concentrations. Slides were placed in a
pressure cooker for 20 minutes with either sodium citrate (pH 6) or Tris-EDTA (pH 9) buffer
(see Table 2.4) for antigen retrieval, then rinsed in 1x Tris-buffered saline with Tween (TBST)

for 5 minutes.

2.10.2. Primary antibodies

2.10.2.1. Mouse-on-mouse primary antibodies

Where appropriate, to minimise cross-reactivity, a mouse-on-mouse (M.0.M)
immunodetection kit was used, following manufacturer’s instructions. Details for all regents
and antibodies are provided in Table 2.4. Briefly, slides were placed in a humidity chamber
and blocked with M.O.M blocking reagents for 1 hours at room temperature, then incubated
with M.O.M diluent for 5 minutes. 200 uL of diluted primary antibody (diluted in M.O.M
diluent) was added to each slide and incubated for 30 minutes at room temperature. Next,
slides were incubated with secondary antibody (M.O.M biotinylated anti-mouse IgG reagent)
for 10 minutes at room temperature. Followed by staining with Vectastain Elite ABC reagents
for 5 minutes at room temperature. Between each incubation step, slides were washed with

TBST and Tris-Buffered Saline (TBS) for 2 minutes each.

2.10.2.2. Rabbit primary antibodies

Following antigen retrieval, 2.5% normal horse serum was applied to the tissue for 60 minutes
at room temperature to block non-specific binding. Samples were then incubated overnight
at 4°C with 200 pL of diluted primary antibody (diluted in TBS). Next, secondary antibody
(horseradish-peroxidase-conjugated horse anti-rabbit) was applied for 30 minutes at room
temperature. To eliminate endogenous peroxidase activity, samples were treated with 3%

hydrogen peroxide for 10 minutes, then rinsed 3 times in TBST for 5 minutes per wash.
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Antibod Primary Antigen
v Primary antibody  Host species antibody retrieval Blocking agent Secondary antibody
target .
dilution buffer
M.O.M. Mouse IgG Blocking M.O.M. Biotinylated Anti-Mouse
Anti-TNFa antibody . Sodium citrate Reagent from M.O.M. lgG Reagent from M.O.M.
TNF-a (Abcam; ab1793) Mouse 1:100 (pH 6) Immunodetection Kit Immunodetection Kit
(Vector Laboratories; PK-2200) (Vector Laboratories; PK-2200)
MCP-1 Monoclonal
Antibody TRIS-EDTA
CCL-2/MCP-1 . : As ab As ab
/ (ThermoFisher; Mouse 1:500 (pH 9) s above s above
MA5-17040)
GFAP Monoclonal
Antibody Sodium citrate
GFAP . M 1:1000 As ab As ab
(ThermoFisher; 53- ouse (pH 6) > above > above
9892-82)
ICAM-1 Monoclonal
ICAM-1 Ant|b0.dy Mouse 1:100 Sodiumcitrate As above As above
(ThermoFisher; (pH 6)
MA5407)
MHC Class I Sodium citrate
MHC-II Polyclonal Antibody Rabbit 1-500 (pH 6) 2.5% normal horse serum ImmPRESS HRP Horse Anti-Mouse
(Thermo Fisher; | P (Vector Laboratories; MP-7452)  (Vector Laboratories; MP-7452)
PA5-116876)
y . . . . As ab
D3 Anti-CD3 antibody Rabbit 1:100 Sodium citrate As above s above

(Abcam; ab16669)

(pH 6)

Table 2.4. Immunohistochemistry reagent details. M.O.M = mouse-on mouse, HRP= horseradish peroxidase.
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2.10.3. Counterstaining

Staining was visualised using 3,3’Diaminobenzidine (DAB). Upon oxidisation by hydrogen
peroxide (a reaction catalysed by HRP), DAB forms a brown precipitate and can be visualised
using a light microscope . Slides were rinsed for 5 minutes in running tap water, then
counterstained with nuclear stain haematoxylin and blueing with Scott’s tap water (to covert

the soluble red component of haematoxylin into an insoluble blue).

2.10.4. Image analysis

IHC staining was visualised using the Lecia Scanscope console (20X magnification). Digital
images were analysed using the Aperio ImageScope software (Lecia Biosystems, version
12.4.0.7018). Hippocampus and cerebellum regions were manually selected, and artefacts

such as tissue folds and air bubbles were excluded.

Quantitative analysis of IHC staining was conducted using the positive pixel counting algorithm
(version 9; Aperio ImageScope) to determine the number of weak (+), moderate (++), strong (+++)
positive and negative (-) pixels. The number of ++/+++ and -/+ pixels were combined to create two
groups: high and low protein expression, respectively. A positivity score was calculated by dividing

the total number of positive pixels by the total number of pixels.
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2.11. Transcriptomic and methylomic analysis

2.11.1. RNA sequencing

RNA was sequenced on the Illumina NovaSeq 6000 via the Inview Transcriptome Discover
service (Eurofins Genomics). Library preparation was carried out following manufacturer’s
instructions. Briefly, total RNA was sent for library preparation and therefore no poly-A
purification was required. For each sample 150ng mRNA was fragmented and strand-specific
cDNA was synthesised. Next, adapters were ligated and then amplified using adapter specific
PCR. lllumina paired-end read sequencing was carried out with average read depth of 30

million read pairs (read-mode: 2 x 150bp).

The raw RNAseq data was de-multiplexed and FASTQ files for each sample were downloaded
from Eurofins Genomics for subsequent data processing and analysis (Figure 2.7). The FASTQ
files underwent quality control using the FastQC program (Babraham Bioinformatics). FastQC
provides an overview report of the quality of the raw sequencing data produced from high
throughput sequencing. Poor quality data can be improved with trimming; however, this was
not necessary in our dataset as data for all samples was of good quality. Quantification of the
RNAseq data was carried out using Salmon (v0.8.10). Salmon uses quasi-alignment to quickly
and accurately quantify transcript abundance, with less bias than more traditional full read
alignment methods (previously described by Patro et al (Patro et al., 2017)). Briefly, the reads
are aligned to a reference transcriptome, the abundance calculated and then finally gene

annotation is added (GENCODE vM31).
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Figure 2.7. Overview of the RNAseq data analysis process.
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2.11.2. Differential expression analysis

Differential gene expression analysis was carried out in R (version 4.2.2) using the package
DESeq2 (version 1.38.3). Briefly, the quantification files (quant; produced by Salmon)
underwent normalisation (size factor normalisation and average transcript length
normalisation) and dispersion estimation (gene-wise measure of variance to account for
biological noise). The Wald’s Negative Binomial test was then applied to determine whether
genes were differentially expressed. Data was visualised using a Principal Component Analysis
(PCA) and MA plots and filtered by log2 fold change [abs (log2FoldChange) > 1] and adjusted
p-value [padj < 0.05].

2.11.3. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was carried out in R (version 4.2.2) using the package
fgsea (fast pre-ranked gene set enrichment analysis; version 1.24.0), using a script kindly
provided by Jack Goddard (PBTG Research Associate). Briefly, gene counts were ranked by p-
value then underwent fgsea using the mouse hallmark gene  sets
(mh.all.v2023.1.Mm.symbols; Broad Institute) and the recommended settings (gene set size:
minSize = 15 and maxSize = 500). Bar plot enrichment scores and enrichment pathways were

plotted using ggplot2 (version 3.4.3).

2.11.4. DNA methylation analysis

Samples were sent to the Wellcome Trust Clinical Research Facility (Edinburgh) for genome-
wide analysis of methylation sites, using the Infinium Mouse MethylationBeadChip Array
(version MM285). The array contained a total of 296,070 probes, consisting of all genomic
CpGs in the mouse genome (including all possible probe DNA strand and post-bisulfite
converted strand combinations), CpGs selected to target genomic features/regions with
known biology, and 28,011 random CpGs to account for unknown biology (Zhou et al., 2022).
The raw data was processed in R using the SeSAMe package (version 1.8.12 (Zhou et al., 2018;
Zhou et al., 2022).

The processed data then underwent QC to 1) remove any unreliable probes (p > 0.05 for probe
detection) and 2) correct for background (normal exponential out-of-band normalisation;
Noob). Processed data consisted of beta-values for each probe site to indicate the methylation

status (ranging from zero [no methylation] to one [methylation]).
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To predict epigenetic age as a marker of accelerated ageing beyond chronological age, a
prebuilt epigenetic clock and mouse tissue reference (1,239 DNA samples from 26 tissue/cell
types) were utilised (developed by Zhou et al (Zhou et al., 2022)). The mouse epigenetic clock
predicted age using 347 CpG probes (mean absolute error of 1.2 months; n=706 mouse

tissues) using the SeSAMe package ( https://github.com/zwdzwd/sesame; (Zhou et al., 2022)).
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2.12. Tissue Culture
2.12.1. Cell maintenance

2.12.1.1. MRC-5 cell line

MRC-5 (human foetal lung fibroblasts, kindly gifted by Dr. Satomi Miwa [Newcastle
University]) cells were expanded and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma D6429), supplemented with 10% foetal bovine serum (FBS; Gibco, 10500-064)
and 1% penicillin-streptomycin (Sigma-Aldrich, P0781) and grown in a humidified incubator at
37°C and 5% CO,. Cells were expanded in 75 cm?flasks (treated for cell attachment; Corning,
430641U) with 15 ml media and grown until they reached 80% confluency, when they were
split additional flasks. Briefly, the media was aspirated from the flasks. To remove any
remaining media from the cells, 3 ml warm phosphate-buffered saline (PBS) was washed over
the cells, then aspirated. 3 ml warm 1x trypsin solution (Sigma, T4174) was applied to the
adherent cells to allow detachment from the flask. Once detached, 6 ml of media was added
to neutralise the trypsin. The cells suspended in trypsin-media was transferred to a 50 ml tube
and centrifuged at 120 x g for 5 minutes. The trypsin-media supernatant was aspirated, and

the pellet suspended in 1 ml warm media for subsequent counting.

2.12.1.2. AD2 WT1 cell line

AD2 WT1 (human induced pluripotent stem cells; iPSCs, kindly gifted by Prof. Lyle Armstrong
[Newcastle University] (Chichagova et al., 2023)) were expanded and maintained following
WiCell Research Resources protocol (SOP-SH-002-G). Briefly, six-well plates were prepared
with 1ml per well of Matrigel (10mg/mL; Corning, 354230) and DMEM/F-12 (Invitrogen,
11330) solution. Frozen cells were rapidly thawed at 37°C and centrifuged for 5 minutes at
200 x g. The pellet was resuspended in 12mL of mTeSR1 medium supplemented with 12ul
ROCK inhibitor (Y-27632 dihydrochloride, BD Biosciences, 562822) and seeded into six-well
plates (1ml per well) and additional 1ml of mTeSR1/ROCK was added to each well. iPSCs were
grown in a humidified incubator at 37°C and 5% CO; until they reached 80% confluency, when
they were split additional plates. The spent media was aspirated and refreshed with mTeSR1
media approximately every 4 days. Cells were passaged in 1:3 ratio, as per the WiCell protocol.
Briefly, the media was aspirated from each well and cells were washed twice with 1mL of

Versene (0.48mM EDTA solution; Fisher Scientific, 12569069), followed by 2mL of mTeSR1
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media. Cells were collected, counted and seeded in fresh six-well plates (prepared as

previously described).

2.12.2. Cell counting

The approximate number of living cells was counted until a haemocytometer and the Trypan
blue exclusion test. Trypan blue is a dye that is not absorbed by living mammalian cells, once
dead, the cells become permeable to the dye and appear blue. Briefly, 10 pL of cell solution
was mixed with 10 uL 0.4 % Trypan blue solution (ThermoFisher Scientific) and then 10 uL of
this mixture was placed onto the haemocytometer. The number of cells was counted manually

under a microscope and cells per ml was calculated using the following formula:

Total cells counted x Dilution factor x 10,000 cells/ml
Total cells/ml =

Number of squares counted

2.12.3. Storage of viable cells

To create stocks of viable cells, 1x10° cells were resuspended in cold freeze media (MRC-5:
FBS supplemented with 10% dimethyl sulfoxide; DMSO, and AD2 WT1: FBS supplemented with
0.1% ROCK inhibitor) and placed into a cryovial. To maintain viability, cells were frozen slowly;
vials were placed in a Mr Frosty™ Freezing Container (ThermoFisher Scientific, 5100-0001) and
transferred to a -80°C freezer. The Mr Frosty™ Freezing Container contains isopropanol to
slow the freezing rate to 1°C/minute, the optimal freezing rate for preserving viable cells.

Viable cell stocks were transferred to -152 °C freezer for long-term storage.

2.12.4. Cell line irradiation

Approximately 1x10% MRC-5 cells were seeded in 75cm? flasks 72 hours prior to irradiation.
Separate flasks were seeded for each timepoint, in triplicate, and compared to non-irradiated
controls. To prevent infection during cross-campus transport to the irradiator, flasks were
sealed with parafilm, and the lids were replaced prior to return to the incubator. Non-
irradiated controls experienced the same conditions as irradiated cells, including transit to

radiator site, aside from exposure to radiation.

To replicate the high dose of radiation received by medulloblastoma patients, cells received a

single dose of 36 Gy x-ray irradiation (RS320 irradiation system; Gulmay Medical) at a dose
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rate of 2.52 Gy/min (14.4 minutes at 320 kV and 10 mA). Dose rate varies based on 1) the
distance of samples from the X-ray tube, 2) the location of samples of the shelf and 3) the
thickness of material placed between the X-ray tube and the samples. To ensure consistent
radiation exposure, shelf height remained consistent (set at the lowest height to maximise the
size of the focal region Figure 2.8A), location of samples of the shelf remained consistent (two
flasks were placed within the focal region per irradiation period, Figure 2.8B). The thickness
of material between samples and the X-ray tube remained consistent; samples were irradiated

in 75cm? flasks with 15 ml media (3mm media depth).

A. Back
Left L CmT Right
18 cm
Front

Figure 2.8. Inside the Gulmay RS320 X-Ray irradiator. A) The focal region (orange) of the irradiation
field, B) Two 75cm? flasks were placed in the centre of the focal region for consistent irradiation.
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2.13. Custom panel immunoassay

2.13.1. Assay protocol

The Luminex® Discovery Assay (R&D Systems) was utilised using a custom panel of four human
pre-mixed multi-analyte kits to assess abundance of 57 analytes of interest in response to
radiotherapeutic insult. Each kit (LXSAHM-25, -24, -12 and -06) contained unique analyte-
specific antibodies pre-coated onto magnetic microparticles embedded with fluorophores at
set ratios for each unique microparticle region. An overview of the assay principle is shown in
Figure 2.9. Every assay plate consisted of a blank, six standards and the samples of interest

(media) in duplicate. Assays were repeated for a total of 3 replicates.

Standard cocktails, containing known concentrations of each analyte, were reconstituted as
per the Certificate of Analysis, combined to create standard 1 and then underwent a 3-fold
serial dilution (with calibrator diluent RD6-52) series to create standards 2-6. Samples were

centrifuged at 16,000 x g, then diluted 1:2 in calibrator diluent RD6-52.
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Figure 2.9. Luminex assay principle. Luminex assay users guide (bio-techne).
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The Luminex assay was prepared as per the manufacturers’ instructions (an overview is shown
in Figure 2.10). Briefly, 50 uL microparticle cocktail was added to each well of a 96-well plate
containing 50 pL of either a blank (calibrator diluent RD6-52), a standard (1-6) or a sample of
interest and incubated for 2 hours at room temperature (RT) on a horizontal orbital microplate
shaker set at 800 rpm to allow the immobilised antibodies to bind the analytes of interest.
Next, the plate underwent a wash step to remove unbound substances; the plate was placed
on a Bio-Plex Handheld Magnetic Washer (Bio-Rad Laboratories; 171020100), the liquid was
carefully removed by one rapid ‘flick’ motion. Then, 100 uL wash buffer was added to each
well, incubated for 1 min at RT and the liquid removed as above. This was repeated for a total
of three washes. Next, 50 uL of a biotinylated antibody cocktail, specific to the analytes of
interest, was added to each well, and incubated as above for 1 hour. The wash step was
repeated to remove any unbound biotinylated antibody. Finally, 50 uL of a streptavidin-
phycoerythrin conjugate (streptavidin-PE), which binds to the biotinylated antibody, was
added to each well, and incubated as above for 30 minutes. After a final wash step to remove

unbound streptavidin-PE, the microparticles were resuspended in buffer.

The abundance of microparticles was read using the Bio-Plex MAGPIX Multiplex Reader (Bio-
Rad Laboratories), as per manufacturers’ instructions (an overview is shown in step 3 of Figure
2.9). Briefly, the microparticles were held in a monolayer by a magnet within the analyser and
illuminated by two spectrally distinct Light Emitting Diodes (LEDs). One LED excited the dye
within each microparticle (to identify the region), and the second LED excited the PE (to

measure the amount of analyte bound to the microparticle).
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Figure 2.10. Overview of the Luminex assay preparation.
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2.13.2. Data analysis

Concentrations for standard 1 were provided on the Certificate of Analysis, specific to each
kit. For the remaining standards (2-6) a 3-fold dilution of concentrations was calculated.
Readings (Median Fluorescence Intensity; MFI) for each sample and standard was calculated
using the average of duplicate readings, minus the average MFI for the blank. A standard curve
was created for each analyte using the xPONENT software, with a five-parameter logistic
curve-fit. Resulting analyte concentrations were corrected for initial sample dilution,
normalised to control cell count (average cell count after 1 hour with no irradiation). Fold
change was calculated at 1 hour and 48 hours post-irradiation for each irradiation replicate

(n=3) as follows:

normalised protein concentration following 36Gy

Fold change =

mean normalised protein concentration following 0Gy

2.14. Statistical analysis

Statistical analyses and data visualisations were carried out using SPSS statistics (IBM, version
27) and R Studio (version 4.2.2). T-tests (independent and paired), linear regression and
ANOVA with post-hoc Tukey tests were used to compare group means between continuous
variables. Significant associations were defined as having a p<0.05. Where appropriate, the
Benjamini-Hochberg procedure was used to correct for multiple testing. Kaplan-Meier plots

and the log-rank test was used for survival analysis.
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Chapter 3. Development of an in vivo model that recapitulates MB

radiotherapy delivery and late-effect profile
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3.1. Introduction

There is a critical need for the development of interventions to prevent or alleviate the burden
of late-effects experienced by childhood medulloblastoma (MB) survivors, as previously
discussed in Chapter 1. However, the development of such interventions is hindered by a lack
of experimental models that can recapitulate MB radiotherapy dose, delivery, and late-effect

profile in developmental stage-matched systems.

Craniospinal irradiation (CSI) is the mainstay of treatment for non-infant MB; MB is typically
treated with high doses of CSI (up to 36 Gy) with a posterior fossa boost dose PFB (Spiegler et
al., 2004; Robbins et al., 2012; Gupta et al., 2022). However, both 23.4 and 36 Gy of CSI often
results in a deleterious late-effect profile that significantly impacts the quality of life of
survivors. Survivors suffer intellectual disability, low levels of academic attainment, poor
psychosocial satisfaction, and reduced independence in adulthood (Spiegler et al., 2004;
Robbins et al., 2012; Gupta et al., 2022). High dose CRT promotes the greatest intellectual
impairment; the mean loss of IQ points is between 2.5-3.9 per year (Walter et al., 1999; Palmer
et al., 2001b; Ris et al., 2001), reaching a plateau of impairment around two standard
deviations below average. 70-90% of this group demonstrate a significant impairment in
global intellectual functioning; many survivors experience attention deficits, slower
processing speed and impaired working memory (Ramaswamy et al., 2016), which are in turn
strongly correlated with decreased quality of life (Walter et al., 1999; Palmer et al., 2001b; Ris
et al., 2001). Many survivors also experience impaired physical functioning (Piscione et al.,
2013), and neurological difficulties such as ataxia and co-ordination disorders, as well as

reduced fine motor skills (Chevignard et al., 2017).

Childhood MB patients typically receive up to 36 Gy CSI with 54 Gy to the posterior fossa
(Ramaswamy et al., 2016). Current in vivo models fail to fully recapitulate MB cranial
irradiation due to 1) method of radiation delivery, 2) dose of radiation administered, 3) age at

receipt of radiation and 4) follow-up of late-effects.

3.1.1. Preclinical delivery of a clinically relevant MB radiotherapy dose

Whole-body irradiation has been shown to induce late-effects such as increased frailty and
reduced neurocognitive functioning (Fielder et al., 2019), however radiation dose is limited to
relatively low doses due to the acute toxicities associated with irradiating the entire body. 12

Gy is considered a very high dose of whole-body irradiation and is typically fatal (Ryu et al.,
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2016), and therefore using this methodology it would not be possible to recapitulate the high

doses childhood brain tumour patients receive.

In vivo whole-head irradiation is the most widely used model of brain tumour radiation
protocols, as it more accurately replicates radiation regimens received by MB patients than
whole-body irradiation. Typically, in vivo models receive radiation via similar methods to that
of whole-body irradiation (either x-ray or gamma-rays), whereby the body is lead-shielded
with the head exposed to the radiation (Wong-Goodrich et al., 2010; Moravan et al., 2011;
Tomé et al., 2015; Montay-Gruel et al., 2017; Yousuf et al., 2017; Belcher et al., 2020). This
method has enabled investigation of the effects of whole-head irradiation, however the
specific dose the brain receives is difficult to accurately determine. The use of whole-head
irradiation does in part model the radiotherapy received by childhood MB survivors. However,
this modality includes irradiation of structures such as the eyes, ears and mouth and is
associated with dose-limiting acute toxicities, (e.g. damage to salivary gland, mouth
ulceration, eye dryness, weight loss) (Jham and da Silva Freire, 2006; Brook, 2020). The salivary
glands are particularly radiosensitive, and decreased function can hinder eating and
consequently body weight decreases indirectly of cranial radiation (Grundmann;Mitchell and
Limesand, 2009; Deasy et al., 2010). Moreover, childhood MB survivors can experience
hearing and vision impairments, however as radiation planning typically spares the eyes and
ears, these impairments typically arise from the tumour, surgery or chemotherapy, and
therefore whole-head irradiation does not fully recapitulate the radiation-induced late-effect

profile of brain tumour survivors.

Studies have typically delivered a single dose of ~7 Gy via whole-head irradiation (Ramanan et
al., 2009; Wong-Goodrich et al., 2010; Sandor et al., 2014; de Guzman et al., 2019; Yuen et al.,
2021). Hormuth et al delivered a single dose of up to 40 Gy to rats, although made no
comment on acute toxicity (Hormuth et al., 2018), which would be expected at this dose. To
minimise acute toxicity and enable delivery of higher, clinically relevant doses, radiation can
be delivered in multiple fractions of lower doses; adult rodents received up to 40 Gy (Brown
et al., 2007; Lazarini et al., 2009b; Rao et al., 2011; Ungvari et al., 2017; Tang et al., 2019;
Yabluchanskiy et al., 2020).

Whole-head irradiation has been shown to induce cognitive defects in rodent brain tumour
treatment models with both single dose and fractionated radiation at human-equivalent

doses (de Guzman et al., 2015; Nieman et al., 2015; Tang et al., 2019). Whole-head irradiation
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models somewhat enable investigation into the effects of whole-brain irradiation received by
MB patients. However, typical radiotherapy regimens for childhood MB treatment also
involves an addition boost dose of radiation specifically targeted to the tumour bed (within
the posterior fossa), the effects of which cannot be investigated using solely whole-head
irradiation models. The cerebellum has a well-established role in co-ordinating voluntary
movement, as well addition roles in neurocognitive function (Koziol et al., 2014), and
therefore, as this methodology cannot recapitulate the posterior fossa boost, it cannot

accurately model childhood MB radiotherapeutic treatment.

3.1.2. Targeted cranial radiotherapy

Whole-body/whole-head irradiation cannot deliver targeted-radiation to specific brain
regions, thus, irradiation using these methodologies cannot fully recapitulate the dose and
targeting of medulloblastoma regimens. Targeted brain irradiation in rodents is now possible
due to improvements in technology such as those demonstrated by the Small Animal
Radiation Research Platform (SARRP, Xstrahl) (Wong et al., 2008; Smoll, 2012). The SARRP
utilises computed tomography to precisely deliver a known intensity of X-ray radiation to the
target area, with very minimal radiation to non-target areas (<1mm precision) (Wong et al.,
2008). This precision enables radiation of specific structures, thus facilitating the delivery of a
posterior fossa boost and sparing of the eyes and ears, more closely replicating MB
targeting/dosing (Wong et al., 2008). Targeted cranial irradiation has previously been utilised
within the field of brain tumour research, delivering up to 54 Gy to the brain; however, these
studies were designed to assess tumour burden and not the subsequent late-effect profile

(Baumann et al., 2012; Nimmervoll et al., 2018).

3.1.3. Irradiation at an equivalent developmental stage

An additional challenge is delivering high-dose radiation to juvenile, developing, brains.
Radiotherapeutic insult to the brain results in substantial damage to healthy tissue; radiation-
induced DNA damage and oxidative stress induces chronic inflammation, neuronal cell death,
reduced neurogenesis and disruption to the blood-brain barrier (Belka et al., 2001). As
significant brain development occurs in early childhood, young children are particularly
vulnerable to the deleterious consequences of cranial radiation (CRT) used to treat a brain
tumour (Greene-Schloesser et al., 2012). Childhood MB incidence peaks between 3 and 8
years of age, and therefore patients receive CRT early during brain development. A younger

age at receipt of radiotherapy is often associated with increased delayed toxicities and
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adverse effects (Mulhern et al., 1989; Kiltie;Lashford and Gattamaneni, 1997; Jenkin;Danjoux
and Greenberg, 1998); in infants this is so severe that CSl is no longer given. However, in vivo
irradiation studies typically use adult mice and therefore do not model the developmental
stage of medulloblastoma (Wong-Goodrich et al., 2010; Moravan et al., 2011; Tomé et al.,
2015; Montay-Gruel et al., 2017; Yousuf et al., 2017; Belcher et al., 2020). Rao et al
demonstrated young, 1 month old mice, develop hippocampus-dependent learning deficits
following receipt of 20 Gy fractioned whole-head irradiation (Rao et al., 2011). To effectively
recapitulate childhood MB radiotherapy and the subsequent late-effect profile in a preclinical
model, the developmental stage must be considered, however, previous studies have typically
utilised adult mice. Juvenile mice are particularly sensitive to treatment insults, and therefore,
in addition to technical limitations from their small size, delivery of high-dose, targeted cranial
radiation is particularly challenging. A benefit of using mouse models for in vivo late-effect
studies is their shortened life-course, however, this renders only a short interval reflecting a

juvenile developmental stage equivalent to paediatric MB onset (up to ~6-8 weeks old).

3.1.4. Assessment of the late-effect profile

The late effect profile can be readily assessed in rodent models. Physical function (such as
muscular endurance, co-ordination and grip strength) is typically assessed in vivo using
methods such as the treadmill, rotarod, grip strength and hanging wire tests. These
assessments are relatively non-invasive and therefore can be employed longitudinally to

assess physical function over the life-course.

Neurocognitive function is typically assessed in vivo using maze-based tests that utilise a
mouse’s innate instinct to explore novel environments (Kraeuter;Guest and Sarnyai, 2019). Y-
maze and T-maze assess working memory by assessing the ability to enter novel arms. Both
‘T" and ‘Y’ mazes consist of three tunnels in the shape of a ‘T’ and ‘Y’ respectively. The order
of arm entry is recorded for a set time, and the proportion of novel arm choices provides the
discrimination index (DI). It is generally assumed that a higher DI is due to better working
memory, however environmental factors could also have an influence if the result if the test
is not carried out correctly (Li et al., 2018; Kraeuter;Guest and Sarnyai, 2019; Yoshizaki;Asai
and Hara, 2020). The Y maze is most commonly used, but other cognitive tests include: Barnes
maze, Morris water maze, and the open field test (Barnes, 1979; Sousa;Almeida and Wotjak,
2006; Vorhees and Williams, 2006). Morris water maze and the Barnes maze assess spatial
learning and working memory by training the mouse to locate a target hole/platform and
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assessing either the ability to retain learned behaviour or performance in the novel object
recognition test (Barnes, 1979; Ennaceur and Meliani, 1992; Vorhees and Williams, 2006;

Berta Sunyer et al., 2007).

3.1.5. Long-term follow-up

Many of late-effects experienced by childhood MB survivors can present decades after
treatment, and thus long-term follow-up is crucial. The shortened life course of rodents makes
them an ideal model for long-term follow-up; Tang et al observed reduced brain growth and
cognitive decline in rats, present 12 months after whole-head irradiation (30 Gy) (Tang et al.,
2019). However, longitudinal assessment and long-term follow-up is not typical, and therefore

is lacking in the majority of published in vivo treatment-induced injury models.

To provide an essential foundation for the clinical development of neuro-interventional
approaches, a novel, highly disease-relevant radiotherapeutic injury in vivo model was
developed, which accurately recapitulates the early stage in development and radiotherapy
schedule associated with MB treatment. The small animal radiation research platform (SARRP)
was used to precisely deliver MB-like CRT with PFB via computed tomography (CT) imaging
guidance (Wong et al., 2008), at clinically relevant doses to mice of a MB human-equivalent
age. To establish a baseline of radiotherapy-induced injury, the consequent toxicity and late-

effect profile was longitudinally assessed.
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3.2. Aims
The aim of this chapter is to establish an in vivo model that recapitulates childhood

medulloblastoma cranial radiotherapy and late-effect profile.

1) Deliver childhood medulloblastoma-equivalent radiation, with a focus on replicating
the radiation dose and target regions, in age-equivalent mice.

a. Radiation targeting — deliver CRT with an additional boost dose to the
posterior fossa. The SARRP enables precise delivery of radiation to the brain,
as well as the ability to target specific substructures and therefore can
recapitulate human radiation delivery.

b. Radiation dose — deliver human-MB equivalent high-dose radiation, without
severe acute toxicity for the subsequent induction of late-effects experienced
by childhood MB survivors.

c. MB-equivalent age — deliver cranial radiation to juvenile mice, for assessment

of the impact of radiation on the developing brain.

2) Longitudinal assessment of the development of frailty, physical functioning deficits

and neurocognitive impairment following cranial irradiation in juvenile mice.

3) Assessment of the additional impact (if any) of receipt of a posterior fossa boost on

the late-effect profile.
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3.3. Methods

3.3.1. Cranial radiation delivery
To facilitate the development of the in vivo model using the Small Animal Radiation Research
Platform (SARRP; located at the University of Leeds), a cross-institutional collaboration with

Prof. Susan Short was developed. Detailed methodologies are provided in 2.7.

3.3.2. Assessment of tolerability
Following recovery from the irradiation, mice were transferred to Newcastle University for

subsequent assessment. Details of general husbandry are provided in 2.1.

Body weight was assessed at least weekly, whereby allocation of radiation group was
unknown. Mice were humanely culled if excessive weight loss occurred (detailed in Chapter

2.7.3).

3.3.3. Delivery of MB-equivalent CRT and PFB

At age 28-37 PNDs (mean age of PND 33), mice were randomly allocated into 3 groups. As
summarised in Table 3.1, the 3 groups consisted of: cranial (whole-brain) irradiation (CRT only,
human-equivalent 38 Gy; n=12), cranial irradiation with an additional posterior fossa boost
(CRT+PFB, human-equivalent 38 Gy with 11 Gy [49 Gy total to the posterior fossa]; n=12) and
a control group that received sham-irradiation (sham, 0 Gy, n=12). Detailed methodologies

are provided in 2.7.

Group Radiation dose Radiation schedule Human-equivalent

radiation dose

CRT only  Whole brain: 10F x 3 Gy (30 Gy) 5 days per week for 2 weeks Whole-brain: 38 Gy
CRT + PFB  Posterior fossa only: 3F x 3 Gy (9 Gy) 3 consecutive days PF only: 49 Gy

Whole brain: 10F x 3 Gy (30 Gy) 5 days per week for 2 weeks Whole-brain: 38 Gy
Sham Did not receive radiation

Table 3.1. SARRP irradiation regimen for each group. n=12 for each group.
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3.3.4. Longitudinal assessment of the late-effects following CRT

3.3.4.1. Longitudinal assessment

Following recovery from cranial irradiation, mice were transferred to Newcastle University
(aged ~PND 63) for subsequent assessment, where assessors were blind to the allocation of
radiation group. After acclimatisation, mice received radiofrequency identification. Mice were
longitudinally assessed for over one year (up to “PND 394). A schematic overview of
longitudinal assessment is shown in Figure 3.1 and the human-equivalent life stage for each

time point is shown in Table 3.2.

3.3.4.2. Frailty

Frailty assessment was carried out using the Rockwood-style frailty index as previously
described (Fielder et al., 2019). Briefly, 30 parameters of frailty were scored on a scale from 0
(noimpairment) to 1 (severe impairment). To minimise subjectivity, assessors (n=2) were kept
the same throughout and blind to the allocation of radiation group. Detailed methodology is
provided in 2.3. Frailty assessment was conducted at 4 timepoints (F1: ~PND 97, F2: ~PND 130,
F3: ~PND 191 and F4: ~PND 233).

3.3.4.3. Physical functioning

Physical functioning was assessed using the forelimb grip strength test, rotarod (an
assessment of balance, endurance and co-ordination) and the hanging wire (an assessment of
muscular strength and co-ordination). Details of assessment protocols are provided in Chapter
2.2. Grip strength was assessed at 4 timepoints (G1: “PND 97, G2: ~PND 130, G3:~*PND 191
and G4: ~PND 233), the RotaRod at 2 timepoints (R1: “PND 172 and R2: “PND 249), and the
hanging wire test at 2 timepoints (H1: ~PND 145 and ~PND 235).

3.3.4.4. Neurocognitive impairment

Neurocognitive function was assessed using the Y-maze (working memory) and the Barnes
maze (learning, short- and long-term memory). Details are provided in Chapter 2.4. Mice were
assessed using the Y-maze at two timepoints (Y1: “PND 179 and Y2: ~PND 266). The Barnes

maze was limited to one timepoint (“PND 369) due to the learning aspect of this assessment.
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Figure 3.1. Schematic overview of the development of a clinically relevant, high-dose, targeted cranial-irradiation model. Juvenile C57BI/6J mice (age 28-
37 PNDs) received either CRT only (38 Gy human equivalent, n=12), CRT+PFB (total dose of 49 Gy to the posterior fossa, human-equivalent), or sham-
irradiation (n=12) via the SARRP. Following irradiation, mice were subjected to longitudinal functional assessment. Assessments of frailty (frailty assessment
at 4 timepoints [F1: ~PND 97, F2: ~PND 130, F3:~PND 191 and F4: ~PND 233]), neurocognition (Y-maze at two timepoints [Y1: “~PND 179 and Y2: ~PND 266]
and Barnes maze [BM: ~PND 369]) and physical functioning (grip strength test at 4 timepoints [G1: “~PND 97, G2: ~PND 130, G3:~PND 191 and G4: ~PND
233], RotaRod at 2 timepoints [R1: “PND 172 and R2: ~PND 249] and hanging wire at 2 timepoints [H1: ~PND 145 and H2: ~PND 235]) were carried out up to
~PND 394.
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Approximate age-

Ti i M PND Life- ival
imepoint ouse age ( s) Life-stage equivalent equivalent (years)

CRT 35-37 Juvenile 0-10
F1/G1 97 Early adulthood 20-30
F2/G2 130 Early adulthood 20-30
F3/G3 191 Early adulthood 20-30
F4/G4 233 Early middle age 30-40

R1 172 Early adulthood 20-30
R2 249 Early middle age 30-40

Y1 179 Early adulthood 20-30

Y2 266 Early middle age 30-40

BM 369 Middle age 40-50

Table 3.2. Mouse and human equivalent life-stage
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3.4. Results

3.4.1. Delivery of targeted cranial irradiation

To facilitate the visualisation of the posterior fossa in young mice, a recently weaned (PND 21)
mouse was humanely culled and a T2 MRI was performed. To assess the optimal collimator
size for the CRT and PFB irradiation doses, the mouse was transferred the SARRP and CT-

imaged.

A 10 x 10 mm collimator was used to deliver radiation to the whole brain. For radiation
delivery to the posterior fossa, two sizes of collimator were assessed. A5 x 5 mm collimator
was deemed too small as it did not cover the entire posterior fossa region and therefore the

larger, 10 x 10 mm collimator, was selected.

Irradiation of organs such as the ears, mouth and eyes can leads to high levels of acute toxicity.
To minimise the development of acute toxicity, as well as closely recapitulate clinical radiation
regimens, these organs were spared when planning the radiation coverage. To deliver CRT, an
arc set-up from -60 to 60 degrees was used to avoid radiation to the oral cavity, ear and ear
canal (Error! Reference source not found.). For delivery of the PFB dose, a set-up of two lateral
beams produced high doses of irradiation to the ear and ear canal, and consequently this
method of delivery was not used in our model. Instead, an arc set-up from -60 to 60 degrees
was also used to deliver the high-dose boost to the posterior fossa, and radiation to the ear

and ear canal was avoided (Error! Reference source not found.).
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Cranial Radiation Posterior fossa boost

Figure 3.2 Delivery of CRT and PFB to the mouse brain. A representative image of dose distribution in each of the 3 planes for delivery of whole-brain
radiation (CRT; left) and a posterior fossa boost (PFB; right) using the SARRP in a young mouse, using 2x 60-degree arc treatments and CT guidance. IsoC =
isocentre. High dose volume shown by red outline.
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3.4.2. Delivering a human MB-equivalent dose

At age 28-37 PNDs (mean age of PND 33), mice (n=36) were randomly allocated into 3 groups:
cranial (whole-brain) irradiation (CRT only, human-equivalent 38 Gy; n=12), cranial irradiation
with an additional posterior fossa boost (CRT+PFB, human-equivalent 38 Gy with 11 Gy [49 Gy
total to the posterior fossa]; n=12) and a control group that did not receive any irradiation
(sham, 0 Gy, n=12). Radiation protocols for each treatment group are summarised in Table

3.3.

The treatment for each group was staggered to ensure repeated doses of anaesthesia and
cranial radiation was tolerated in young mice (Figure 3.3). First, the sham group were
anaesthetised and placed into the SARRP daily for 5 days but received no irradiation. Daily
anaesthesia was well tolerated in the sham group, and cranial irradiation was administered,
starting with the CRT only group. Both the CRT and PFB doses were administered in 3 Gy
fractions. 10 fractions of 3 Gy were applied to the whole-brain, replicating a human-equivalent
dose of 38 Gy. The CRT+PFB group received an addition 3 doses solely to the posterior fossa

(shown in Figure 3.3), prior to the receipt of CRT.
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Group Radiation Dose Radiation schedule Human-equivalent radiation dose

CRTonly Whole brain: 10F x 3 Gy (30 Gy) 5 days per week for 2 weeks  Whole-brain: 38 Gy
Posterior fossa only: 3F x 3 Gy (9 Gy) 3 consecutive days PF only: 49 Gy
CRT + PFB
Whole brain: 10F x 3 Gy (30 Gy) 5 days per week for 2 weeks  Whole-brain: 38 Gy
Sham Did not receive radiation

Table 3.3. SARRP irradiation regimen for each group. n=12 for each group

Week 1 Week 2 Week 3 Week 4

Mon Tue Wed Thu Fri ~ Sat Sun Mon Tue Wed Thu Fri ~ Sat Sun Mon Tue Wed Thu Fri ~ Sat Sun Mon Tue Wed Thu Fri

CRT only CRT CRT CRT CRT CRT CRT CRT CRT CRT CRT

Figure 3.3. Timeline for the delivery of MB-equivalent cranial irradiation. To ensure repeated anaesthesia and cranial irradiation were tolerated in young mice,
treatment groups were staggered. First, anaesthesia only was delivered to the sham group (n=12), followed by delivery of CRT only (n=12) and CRT+PFB (n=12).
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3.4.3. Acute toxicity following cranial irradiation

CRT (+/- PFB) was delivered to cohorts of young mice at ~PND 33, representing a human-
equivalent age of ~4 years. Surprisingly, no animals died due to severe acute toxicity (either
during irradiation or up to 60 days after). Over the course of the experiment, 5 mice were
humanely culled due to (i) injuries from fighting, (ii) procedure-related stress, (iii) a mass in
the chest/neck region, and (iv) reaching the weight loss limits of the project licence (details
are provided in Table 3.4). These deaths were not directly attributable to the receipt of CRT;
however, it may have impacted sensitivity to stress and played an indirect role in the fighting,

weight loss and procedural death.

Cause of death n Treatment group Age (Postnatal day)
Injury (fighting) 1 CRT only 74
Injury (fighting) 1 CRT+PFB 75
Procedure 1 CRT only 150
Lump (chest/neck) 1 CRT only 232
Weight loss 1 CRT only 251

Table 3.4. Deaths over the course of the experiment.
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3.4.4. Cranial irradiation was well tolerated
Following irradiation, mice thrived throughout their life course and continued to grow at the
same rate as sham-irradiated controls (Figure 3.4). For each mouse, the change in body weight
was calculated based on its starting weight, and the impact of CRT only and CRT+PFB was
compared to sham; there was no significant difference in body weight between either group

at any time point (appendix 1).

Irradiation
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e
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g 200% - CRT+PFB
>
©
a? i
100% - [
0% -
0 100 200 300 400

Age (postnatal days)

Figure 3.4. Clinically relevant, high-dose, targeted cranial irradiation is well tolerated, and mice
thrive independent of posterior fossa boost. Mean body weight (+SEM) measured at least weekly
over the course of the study, pre- and post-radiation (p-values given in Table 3.3). Receipt of cranial

irradiation is depicted by the dotted line.
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3.4.5. CRT with PFB has no additional impact on late-effect profile

Posterior fossa boost (PFB) did not have an additional deleterious impact over and above the
receipt of CRT. Overall, premature ageing (frailty assessment, 30 criteria scored at time points
F1-4), physical functioning (grip strength test at time points G1-2, rotarod at R1-2, and hanging
wire at H1-2) and neurocognition (Y-maze at time points Y1-2, and Barnes maze) was
equivalent between CRT only and CRT+PFB groups (Table 3.5). A significant difference in
performance between CRT only and CRT+PFB groups, in any sub-measure of frailty, physical
functioning or neurocognition, was very rare (3/170 measures tested, 1.8%; Table 3.5).
Surprisingly, the CRT only group was worse in 2 of 3 measures, both of which were
components of the 30-parameter frailty index (loss of fur colour and breathing rate; Table

3.5).

Given that the receipt of PFB is not associated with late-effect severity in this model, the CRT
only and CRT+PFB groups were subsequently combined for further analyses (henceforth

collectively referred to as “CRT”) for comparison against sham-irradiated mice.
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Assessment P-value (CRT only vs CRT+PFB)
Frailty index
Time point F1 F2 F3 F4
Body weight (score) ns ns ns ns
Body weight (g) ns ns ns ns
Loss of whiskers ns ns ns ns
Loss of fur colour ns 0.004 ns ns
Coat condition ns ns ns ns
Alopecia ns ns ns ns
Piloerection ns ns ns ns
Dermatitis ns ns ns ns
Breathing rate ns ns ns 0.003
Mouse grimace scale ns ns ns ns
Cataracts ns ns ns ns
Corneal opacity ns ns ns ns
Microphthalmia ns ns ns ns
Eye discharge/swelling ns ns ns ns
Kyphosis ns ns ns ns
Tail stiffening ns ns ns ns
Vestibular disturbance ns ns ns ns
Vision loss ns ns ns ns
Gait disorder ns ns ns ns
Tremor ns ns ns ns
Hearing loss ns ns ns ns
Body temperature (score) ns ns ns ns
Body temperate (C) ns ns ns ns
Distended abdomen ns ns ns ns
Body condition score ns ns ns ns
Tumours ns ns ns ns
Prolapse (penile) ns ns ns ns
Prolapse (rectal) ns ns ns ns
Diarrhoea ns ns ns ns
malocclusions ns ns ns ns
Forelimb grip strength (score) ns ns ns ns
Average frailty score ns ns ns ns
Physical functioning

Time point Gl G2 G3 G4
Grip strength Forelimb grip strength (g) ns ns ns ns
Time point R1 R2
Rotarod Rotation (rpm) ns ns

Time (s) ns ns

Distance (m) ns ns
Time point H1 H2
Hanging wire Success after 1 attempt (%) ns ns

Success after 2 attempts (%) ns ns

Success after 3 attempts (%) ns ns
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Neurocognitive functioning

Time point Y1 Y2
Y-maze Spontaneous alternation ns ns
Time point BM
Barnes maze Primary latency— day 1 ns
Primary latency — day 2 ns
Primary latency— day 3 ns
Primary latency— day 4 ns
Primary latency— day 5 ns
Primary latency— day 12 ns
Total latency —day 1 ns
Total latency —day 2 ns
Total latency — day 3 ns
Total latency —day 4 ns
Total latency —day 5 ns
Total latency —day 12 ns
Primary errors —day 1 ns
Primary errors —day 2 ns
Primary errors —day 3 ns
Primary errors —day 4 ns
Primary errors —day 5 ns
Primary errors —day 12 ns
Total errors —day 1 ns
Total errors — day 2 ns
Total errors —day 3 ns
Total errors —day 4 0.01
Total errors —day 5 ns
Total errors —day 12 ns

Table 3.5. Assessment of additional impact of PFB. Adjusted p-values comparing CRT only and
CRT+PFB for all assessments of frailty, physical functioning (assessed via grip strength, rotarod and
hanging wire), and neurocognitive function (assessed via Y-maze and Barnes maze). ‘ns’ represents a
p-value 20.05, green text represents the CRT+PFB group performing significantly worse than CRT only
group. Red text represents CRT only group performing significantly worse than CRT+PFB group.
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3.4.6. CRT drives accelerated frailty

To assess whether CRT induced frailty in our model, the frailty index, a measure used to
provide an overall picture of general health and wellbeing in both mice and humans, was
utilised. Frailty was assessed longitudinally (at ~PND 97, 130, 191 and 233; time points F1-4
respectively, Figure 3.5) in our mice by scoring 30 age-related conditions on a scale of 0 (no
frailty) to 1 (severe frailty) (Figure 3.6A), and calculating an average to produce a frailty index

as described (Fielder et al., 2019; Fielder et al., 2022).

Vision loss, loss of fur colour, piloerection and high breathing rate were the most common
parameters with indications of frailty following CRT (Figure 3.6A). Representative images of

grimace, loss of fur colour and piloerection are shown in Figure 3.6B and C.

Age (postnatal days)

CRT in juvenile C57BI/6)
@ CRT (n=24)
® Sham (n=12)

Figure 3.5. Timeline of longitudinal frailty assessment. Frailty was conducted at 4 timepoints (F1:
~PND 97, F2: ~PND 130, F3: “PND 191 and F4: ~PND 233).
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A. | - Sham | CRT

Time point

Treatment

Vision loss Radiation
Loss of fur colour Sham
Piloerection CRT
Breathing rate CRT only
Body weight CRT+PFB
Kyphosis

Mouse Grimace Scale
Vestibular disturbance
Eye discharge/swelling
Forelimb grip strength
Gait disorder
Microphthalmia

Frailty scoring

0.0
0-3 C L}

Palpable mass 0.5
Body condition score 0.7
Body temperature 1.0
Tremor Missing

Coat condition
Corneal opacity
Malocclusions
Tail stiffening
Hearing loss
Diarrhoea
Prolapse (Rectal)
Cataracts
Dermatitis
Alopecia

Loss of whiskers
Nasal Discharge
Distended abdomen
Prolapse (Penile)

Figure 3.6. CRT drives accelerated development of frailty. A) Increased frailty scores following CRT. Heatmap showing frailty scores for all 30 frailty
parameters following CRT or sham-irradiation. Individual frailty criteria were scored from 0 (no impairment, green) to 1 (severe frailty, red). Grey shading
depicts missing data. B+C) Examples of commonly impaired features following CRT or sham-irradiation: grimace and loss of fur colour following CRT (B) and
piloerection (bristling of hairs) following CRT (C).
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Following cranial radiation, frailty manifested early; at F1 (*PND 97; human-equivalent age of

~22 years) frailty index was significantly higher in the CRT group than the sham-irradiated

group (p=0.001; Figure 3.7). Increased frailty following cranial irradiation persisted and at all

time points was significantly higher than sham-irradiation (F2, p=0.0001; F3, p=0.007 and F4,

p=0.002, Figure 3.7).

As expected, the frailty index for sham-irradiated mice increased over the life course (r? =

0.101), representing a normal, healthy, ageing profile [52]. However, the rate of frailty index

increase was significantly higher following CRT (r? = 0.166, p<0.0001) (Figure 3.7).
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Figure 3.7. CRT drives accelerated frailty. Mean frailty index following longitudinal frailty assessment
at F1-4. Each point represents individual mice scores for CRT (red) and sham (blue) groups. Rate of
frailty increase is higher in CRT-treated mice. Goodness of fit is denoted by r?, p-value represent
linear regression. Significance is denoted by **: p<0.01, ***: p.0.001, ****: p<0.0001
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3.4.6.1. PFB did not further increase frailty

Receipt of high-dose cranial radiation drives accelerated frailty, however the receipt of an
additional dose to the posterior fossa did not increase this further. There was no significant
difference in frailty between CRT only and CRT+PFB groups at any timepoint (F1, p=0.804; F2,
p=0.849; F3; p=0.979 and F4, p=0.923; Figure 3.8A).

Whilst both CRT only and CRT+PFB groups had an increased rate of frailty with age compared
to sham-irradiated mice (r?=0.101), there was no significant difference between CRT only and

CRT+PFB irradiated mice (r?= 0.167 and 0.164 respectively; Figure 3.8B).
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Figure 3.8. Cranial-irradiation drives accelerated frailty, independent of receipt of PFB. A) CRT drives accelerated frailty, independent of receipt of PFB.
Longitudinal frailty index (mean frailty score across all 30 criteria) at F1-4, where each point represents individual mice. Significance tested via one-way
ANOVA with post-hoc Tukey, p<0.05 are in bold font. B) Frailty increases faster in CRT than sham-irradiation, independent of receipt of PFB. Scatterplot
showing frailty index for each mouse, with linear regression lines. C) p-values following paired-t tests between all longitudinal frailty assessment points (F1-
4), p<0.05 are in bold.
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3.4.7. Physical function is impaired following cranial-irradiation

3.4.7.1. CRT induces poorer grip strength

Forelimb grip strength was assessed longitudinally using the grip strength test at ~PND 97,
130, 191 and 233 (time points G1-4, respectively; Figure 3.9). The grip strength of the CRT
group was worse than sham-irradiated mice at all time points; this was significant at G2 (~PND
130, p=0.031) and G4 (~PND 233, p=0.006) (Figure 3.10A). Both CRT and sham-irradiated
groups exhibited a similar rate of reduction in grip strength with age (r?=0.262 and 0.273

respectively; Figure 3.10A).

Receipt of CRT, both with and without receipt of the high-dose boost to the posterior fossa,
resulted in reduced forelimb grip strength than sham-irradiated mice. However, the receipt of
the PFB did not reduce grip strength further; there was no significant difference in grip

strength between CRT only and CRT+PFB groups at all timepoints (G1-4; Figure 3.10B).

Age (postnatal days)
200 300 394
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Figure 3.9. Timeline of physical functional assessments. Forelimb grip strength test was carried out
at 4 timepoints (G1: “PND 97, G2: “PND 130, G3: ~PND 191 and G4: ~PND 233), RotaRod at 2
timepoints (R1: ~PND 172 and R2: ~PND 249) and hanging wire at 2 timepoints (H1: ~PND 145 and
H2: ~PND 235).
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Figure 3.10. Grip strength was poorer following CRT than sham-irradiation. Scatterplot showing longitudinal grip strength (mean of 3 attempts) at G1-4,
where each point represents individual mice for A) CRT (red) and sham (blue) groups and B) CRT only (yellow), CRT+PFB (orange) and sham (blue) groups,
with linear regression fit line. Significance was assessed via independent t-tests. Significance is denoted by *: p<0.05, **: p<0.01 and ‘ns’: p=0.05. Grip
strength declines over time. Goodness of fit is denoted by r2. C) p-values following paired-t tests between all longitudinal grip strength at assessment points

(G1-4) following sham, CRT only and CRT+PFB irradiation; p<0.05 are in bold.
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3.4.7.2. Balance, co-ordination and endurance

To assess endurance, and neurological function related to balance and co-ordination, the mice
were subjected to the rotarod at “PND 172 and ~PND 249 (timepoints R1 and R2, respectively,
Figure 3.9). The CRT group were able to stay on the rotarod for significantly less time at both
R1 (mean time 48.2 vs 70.7 s, p=0.003) and R2 (mean time 52.3 vs 70.2 s, p=0.026, Figure
3.11A). There was no age-associated decline in rotarod performance in either group; there
was no significant difference between time on the rotarod at R1 and R2 for both CRT and sham

groups (p=0.656 and p=0.807, respectively; Figure 3.11).

The additional dose to the posterior fossa did not further increase the deficit; there was no
significant difference in time between CRT only and CRT+PFB group at either R1 or R2 (p=0.458
and p=0.120, respectively; Figure 3.11B). There was also no age-related decline in
performance following receipt of CRT+PFB; there was no significant difference between time

on the rotarod at R1 and R2 (p=0.085; Figure 3.11B).
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Figure 3.11. Balance, co-ordination and endurance is worse following CRT than sham-irradiation.
Average time on the Rotarod (mean time across six trials) at R1 and R2. Each point represents
individual mice. Significance was assessed via independent t-tests (black [at both R1 and R2]) and
paired t-tests A) red (R1 vs R2 in the CRT group) and blue (R1 vs R2 in the sham-irradiation group), B)
yellow (R1 vs R2 in the CRT only group), orange (R1 vs R2 in the CRT+PFB group) and blue (R1 vs R2 in
the sham-irradiation group). Significance is denoted by *: p<0.05, **: p<0.01 and ‘ns’: p=0.05.
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As an additional assessment of forelimb grip strength and co-ordination, the mice were
subjected to the hanging wire test at “PND 145 and ~PND 235 (time points H1 and H2,
respectively; Figure 3.9), and were given up to three attempts succeed (defined in Chapter
2.2.3). Performance was slightly poorer in the CRT group than the sham group, though there
was no significant difference in mean success between the CRT and sham groups at either H1

or H2 (Figure 3.12A).

The receipt of PFB had no further decline on hanging wire performance. Surprisingly, CRT only
typically had poorer performance than CRT+PFB, which was significantly worse at H2 (p=0.007
for both second and third attempts; Figure 3.12B).
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Figure 3.12. Forelimb grip strength and co-ordination following cranial irradiation. Mean success on

the Hanging wire after up to three attempts at H1 and H2. Significance was assessed via independent

t-tests between A) CRT and sham groups, and B) CRT only, CRT+PFB and sham groups. Significance is
shown when p<0.05 and denoted by *.
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3.4.8. CRT induces deficits in memory and learning

3.4.8.1. Working memory

To assess working memory, mice were subjected to the Y-maze at “PND 179 and ~PND 266
(timepoints Y1 and Y2, respectively; Figure 3.13). Whilst at Y1, early in the life course, the CRT
group performed equivalently to the sham-irradiated group (p=0.95), at Y2 (~“PND 266;
human-equivalent age ~36 years) spontaneous alternation was significantly lower than sham-

irradiated mice (mean spontaneous alternation: 0.655 vs 0.781, p=0.009; Figure 3.14A).

The receipt of PFB had no additional impact on working memory; there was no significant
difference in spontaneous alternation (SA) between CRT only and CRT+PFB groups at Y1 (mean
SA: 0.643 vs 0.686, p=0.363; Figure 3.14B) or Y2 (mean SA: 0.630 vs 0.674, p=0.412; Figure
3.14B).
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Neurocognition
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Figure 3.13. Timeline of neurocognitive assessment. Y-maze was carried out at two timepoints (Y1:
~PND 179 and Y2: ~PND 266) and Barnes maze at 1 timepoint (BM: ~PND 369). Brains were
harvested at study endpoint (~PND 394).
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Figure 3.14. Working memory is poorer following CRT than sham-irradiation. Spontaneous alternation at Y1 and Y2, where each point represents individual
mice. Significance was assessed via independent t-test (black [at both Y1 and Y2]) and paired t-tests (coloured [Y1 vs Y2]), following A) CRT (blue) and sham
(red) irradiation and B) CRT only (yellow), CRT+PFB (orange) and sham (blue) irradiation. Significance is denoted by *: p<0.05, **: p<0.01 and ‘ns’: p=0.05.
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3.4.8.2. Spatial learning and long-term memory

The ability to learn and retain learned behaviour was assessed using the Barnes maze at “PND 369
(human-equivalent age of ~44 years; Figure 3.13). Mice were trained for four days to locate the
target hole (spatial acquisition [day 1-4], four trials per day); search strategy and time to locate the
target hole improved following. Mice in the CRT group were initially slower to locate the target hole;
at day 1 and 2 primary latency (PL; time to locate the target hole) was significantly higher in the CRT
group than the sham-irradiated group (day 1 PL: 58.9 vs 37.5 s [p= 0.04] and day 2 PL: 44.5 vs 24.6
s [p=0.028]; Figure 3.15A). Despite being initially slower on training days 1 and 2, the CRT group
performed equivalently to the sham-irradiated group by the end of the spatial acquisition period;
at day 3 and day 4 PL was equivalent in the CRT and sham-irradiated groups (p=0.333 and p=0.182,
respectively; Figure 3.15A).

The receipt of PFB had no additional impairment to learning; mice performed equivalently on all
training days (day 1-4) following receipt of CRT only and CRT+PFB (p=0.942, p=0.864, p=0.983 and
p=0.385, respectively; Figure 3.15B).
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Figure 3.15. Mice receiving CRT showed initial learning deficits but overcame this by day 3. Mean time
taken to find the target hole (primary latency, s) during spatial acquisition (day 1-4, four trials per day).
Significance was assessed via independent t-tests between A) CRT (blue) and sham (red) irradiation and B)
CRT only (yellow) and CRT+PFB (orange) irradiation. Significance is denoted by *: p<0.05 and ‘ns’: p=0.05.
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CRT induced deficits in long-term memory (LTM) but not short-term memory (STM, Figure
3.16A). A probe trial to assess STM function was performed one day after the spatial
acquisition period (day 5). The CRT group showed no deficit in STM; PL was equivalent in CRT
and shame-irradiated groups (day 5 mean PL: 11.6 vs 16.7 s, p=0.392). After 1 week, with no
further training, a second probe trial was conducted to assess LTM (day 12). Despite having
performed equally at day 5, mice that received CRT had impaired LTM and took significantly
longer to locate the target hole; PL was significantly higher for the CRT group than sham-
irradiated group (day 12 mean PL: 27.4 vs 10.9 s, p=0.029; Figure 3.16A).

The receipt of PFB had no additional impairment on short- or long-term memory; there was
no significant difference in PL between CRT only and CRT+PFB at day 5 (mean PL: 13.9 vs 9.9
s, p=0.313) or day 12 (mean PL: 31.1 vs 24.6 s, p=0.647; Figure 3.16B).
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Figure 3.16. CRT drives deficits in long-term memory but not short-term memory. Primary latency on day 5 (short-term memory; STM) and day 12 (long-
term memory; LTM), where each point represents individual mice. Significance was assessed via independent t-tests (black [at both day 5 and day 12]) and
paired t-tests (coloured [day 5 vs day 12]), following A) CRT (blue) and sham (red) irradiation and B) CRT only (yellow), CRT+PFB (orange) and sham (blue)
irradiation. Significance is denoted by *: p<0.05 and ‘ns’: p>0.05.
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3.4.8.3. Brain weight

In our clinically-relevant model, CRT significantly reduced brain size versus sham-irradiation

(mean weight: 0.45 g and 0.49 g respectively, p<0.001; Figure 3.17A). Receipt of PFB had no

further impact on brain weight; there was no significant difference between CRT only and

CRT+PFB (mean weight: 0.45 and 0.46 respectively, p=0.351; Figure 3.17B).
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Figure 3.17. Brain weight is lower following CRT than sham-irradiation. Brain weight (g) at ~PND
394, where each point represents individual mice following A) CRT (red) or sham (blue) irradiation,
and B) CRT only (yellow), CRT+PFB (orange) or sham (blue) irradiation. Significance was assessed via

independent t-test. Significance is denoted by **: p<0.01, ***: p<0.001 and ‘ns’: p=0.05.
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3.5. Discussion

Survivors of childhood MB often experience a wide range of lasting effects due the cranial
irradiation received to treat their primary tumour, leading to significantly impaired quality of
life. There is a critical need for the development of interventions to prevent or alleviate the
late-effect burden. However, a lack of experimental models that can recapitulate MB
radiotherapy hinders their development; current in vivo models do not replicate radiotherapy

delivery, dose and late-effect profile in developmental stage-matched systems.

3.5.1. Delivery of MB-equivalent radiotherapy

Traditionally, cranial irradiation is delivered to the murine brain via whole-head irradiation,
whereby the body is lead-shielded from the radiation, and the head exposed (Wong-Goodrich
et al., 2010; Rodgers et al., 2016; Ungvari et al., 2017; de Guzman et al., 2019; Tang et al.,
2019). However, delivery via this modality is not precise and non-target regions such as the
mouth, ears and eyes are in the radiation field. Delivery of cranial radiation using the SARRP
enables precise delivery of a known intensity of X-ray radiation to the target area, with very
minimal radiation to non-target areas (<1mm precision) (Wong et al., 2008). In our model, an
equivalent (EQD2; equivalent dose in 2 Gy fractions, defined by Fowler (Fowler, 1989)) of 38
Gy cranial irradiation was delivered in 3 Gy fractions. The delivery of high-dose cranial
irradiation has been conducted previously; Nimmervoll et al delivered 54 Gy in 2 Gy fractions
using an orthovoltage irradiator or SARRP, and Morrissy et al delivered 36 Gy cranial
irradiation in 2 Gy fractions using an image guided small animal irradiator (X-Rad 225CX).
However, both models used tumour-bearing adult mice and no assessments of radiation-

induced late-effects were conducted (Morrissy et al., 2016; Nimmervoll et al., 2018).

The SARRP utilises CT-guided imaging which also enables irradiation of sub-regions of the
brain, and therefore has the potential for precise delivery of radiation to the posterior fossa,
which would otherwise not be possible using whole-head irradiation methodologies. There is
a current lack of in vivo model that deliver CRT with an additional PFB at human-MB equivalent
doses. Tomé et al delivered a single dose of 10 Gy hippocampus-sparing irradiation using the
SARRP to show the neurocognitive impact of avoiding the hippocampus and olfactory bulb in
adult mice (Tomé et al., 2015). In our model, in addition to CRT, an equivalent of 49 Gy was
delivered to the posterior fossa (38 Gy CRT with 11 Gy PFB), close to the cranial radiotherapy

doses received by MB patients.
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Childhood MB patients often experience debilitating late-effects due to the receipt of CRT at
a young age. Previous in vivo studies typically deliver CRT to adult mice, in this model CRT was
delivered to cohorts of young mice at “PND 33, representing a human-equivalent age of ~4
years (the youngest age MB patients typically receive CRT) (Dutta and Sengupta, 2016; Wang
et al., 2020). Surprisingly, no animals died due to severe acute toxicity (either during
irradiation or up to 60 days after). Over the course of the experiment, 5 mice were humanely
culled due to (i) injuries from fighting, (ii) procedure-related stress, (iii) a mass in the
chest/neck region, and (iv) reaching the weight loss limits of the project licence. These deaths
were not directly attributable to the receipt of CRT; however, it may have impacted sensitivity
to stress and played an indirect role in the fighting, weight loss and procedural death. Stress
was minimised where possible, including low stress handling and cage enrichment (Gurfein et
al., 2012). Whilst secondary malignant neoplasms (SMNs) are not uncommon following
radiotherapy, these overwhelmingly occur within the irradiation field (Neglia et al., 2006;
Armstrong et al., 2009; Packer et al., 2013). The SARRP produces minimal scatter of radiation
to non-target regions (Sayler et al., 2013), and thus, as this mass was outside of the irradiated
region, it was not considered an SMN (however no pathology was carried out to confirm this).
A limitation of this model is a lack of pre-irradiation (baseline) assessments, however due to

travel restrictions during the COVID-19 pandemic this was not possible.

3.5.2. Radiation-induced frailty

Survivors of childhood MB age prematurely and experience increased frailty (Oeffinger et al.,
2006; Diller et al., 2009b; Ness et al., 2013). To assess whether CRT induced frailty in our
model, the frailty index was utilised. Mice were assessed at four timepoints from ~PND 97 to
~PND 233, an equivalent human age range of 22-33 years old (Dutta and Sengupta, 2016;
Wang et al., 2020). Following CRT, mice were more frail and aged quicker than the sham-
irradiated group, mirroring the premature ageing observed in childhood cancer survivors. The
use of the frailty index provided an overview of general health and can also be used as a
predictor of mortality, in both human and mice (Whitehead et al., 2014; Rockwood et al.,
2017). The mouse frailty index exhibits key features of the frailty index used in humans and is
therefore useful to quantify clinically-relevant deficits relevant to human frailty and ageing.
Frailty index can be influenced by stress, however in our study this was minimised by
acclimatisation to handling prior to assessments, maintaining low levels of environmental

noise and consistent assessors.
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3.5.3. Physical functioning

Many survivors of childhood medulloblastoma experience below average physical functioning,
particularly within motor functioning, exhibiting difficulties such as ataxia and co-ordination
disorders, as well as reduced fine motor skills (Piscione et al., 2013; Chevignard et al., 2017,
Varedi et al., 2021; Gielis et al., 2022). Whilst impaired physical functioning can result from
the tumour itself, younger age at diagnosis and combination treatment (including surgical
resection, chemotherapy, and cranial irradiation) have been identified as risk factors for
neurological dysfunction (Gielis et al., 2022). In our model, physical functioning was typically
poorer following CRT than sham-irradiation, particularly forelimb grip strength, balance, co-
ordination, and endurance. Despite the CRT group having poorer physical function when
assessed via the grip strength test and rotarod, in the hanging wire test the CRT group
performed equivalently to the sham-irradiated group. However, limitations with the hanging
wire test may have resulted in inaccurate results. For example, on occasion the distance to fall
was not enough of a deterrent; some mice, which appeared healthy and in good condition,
opted to drop from the wire (and consequently were recorded as a failed attempt) rather than

fell due to poor physical function.

Despite differences in the physical functioning of mice and humans (in particular, walking on
4 limbs vs 2 limbs), the functional basis of motor function is similar between species
(Cenci;Whishaw and Schallert, 2002). In this model CRT induced poorer overall physical
functioning, however some facets of human physical functioning were not assessed, and
further testing may be required to fully conclude the burden of cranial radiation on physical
functioning. Survivors of childhood MB frequently develop ataxia, whilst some features of
ataxia were assessed in our model, including balance, co-ordination and gait, fine motor
impairments were not recapitulated within this study. Gait was assessed within the frailty
index; however, additional use of the stride test and kinematic analysis would provide specific
assessment of walking pattern and fine motor function. Moreover, fine motor function can be
assessed through Vermicelli handling test (to assess the use of paws and mouth), the single
pellet reach test (the ability to reach and grasp) and adhesion removal test (somatosensory
ability) (Schonfeld et al., 2017a). These methodologies have previously been used to measure
reduced fine motor function following traumatic brain injury, stroke and Parkinson’s disease
(Bouét et al., 2007; Dunkerson et al., 2014; Adkins et al., 2015; Schonfeld et al., 20173;
Schonfeld et al., 2017b).
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3.5.4. Neurocognitive impairment

In this model, brains were harvested at “PND 394, equivalent to a human age of 46 years old
(Dutta and Sengupta, 2016; Wang et al., 2020). The brain weight of mice following CRT was
significantly lower than sham-irradiated mice. A decrease in total brain volume following CRT
has been linked with reduced neurogenesis, with the white matter particularly affected,
however further investigation into the specific substructure vulnerabilities is required (Filley
and Kleinschmidt-DeMasters, 2001; Nieman et al., 2015). CRT has been shown to reduce brain
volume in both humans and mice (Nieman et al., 2015), which has also been linked to lower

IQ scores in childhood MB survivors (Mulhern et al., 1999).

Perhaps the most debilitating of late-effects is impaired neurocognitive function. Cranial
radiation-induced neurocognitive impairment experienced by MB survivors, was mirrored
within our in vivo model system; following CRT mice displayed reduced working memory and
long-term memory function. Long term-memory function assessed via the Barnes maze at
human-equivalent age of 44 years old (“PND 369), suggested impaired function following CRT.
The reduced performance of the CRT group was presumably in part attributable to their worse
physical functioning. There was no significant difference between CRT and sham-irradiated
groups in the number of errors made prior to locating the target hole, despite the CRT taking
longer. However, the distinction of errors can be subjective. Reduced LTM following CRT was
expected and mirrors the late-effects experienced by childhood MB survivors. 70-90% of
childhood brain tumour survivors demonstrate significant impairment in global intellectual
functioning (Dennis et al., 1996; Maddrey et al., 2005), which is in turn strongly correlated
with decreased quality of life, poor psychosocial satisfaction, and reduced independence in
adulthood (Mitby et al., 2003; Mulhern and Butler, 2004; Mabbott et al., 2005; Gurney et al.,
2009). Reduced attention, slower processing speeds and poor working memory are
characteristic of medulloblastoma patients who have received cranial radiotherapy (Anderson
et al., 1997; Mulhern et al., 1999; Mulhern and Butler, 2004; Maddrey et al., 2005; Briere et
al., 2008; Kahalley et al., 2013; Camara-Costa et al., 2015; Hardy et al., 2018). These domains
support the acquisition of new learning such that childhood brain tumour survivors acquire
new information at half the rate of unaffected peers (Palmer et al., 2001a). The use of maze-
based assessments such as the Y-maze and Barnes maze provide a general insight into
neurocognitive function following cranial radiation, though more sophisticated testing would

be required for appraisal of the specific domains of neurocognitive functioning.
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3.5.5. Additional impact of PFB

In our model, the receipt of CRT with PFB had no additional impact of late-effect profile in
comparison to receipt of CRT alone. A dose-dependent neurocognitive late-effect profile in
response to cranial radiation is evident in childhood brain tumour survivors (Grill et al., 1999).
However, despite the CRT+PFB group receiving a higher dose to the posterior fossa, no
additional deficit in our model was observed. Previous studies have reported a selective
vulnerability of specific neuro-anatomical substructures to radiation injury, but have
implicated radiation to hippocampus, frontal and temporal brain in determining
neurocognitive function, rather than the posterior fossa (Armstrong et al., 2010; Seibert et al.,

2017; Acharya et al., 2022), supporting our findings.

Surprisingly, when significant differences between CRT only and CRT+PFB were present (for
example, breathing rate and fur colour), it was typically the CRT only group that scored worse.
This significance is likely due to smaller group size, and a larger proportion of mice being
single-housed within the CRT only group than the CRT+PFB group (n=5/9 [56%] and n=2/11
[18%], respectively). Single housing is avoided where possible due to the associated increased
effect on stress (HomeOffice, 2004), however in this study several animals required separation
due to increased aggression following irradiation and transport from Leeds to Newcastle.
Moreover, the individual components of the frailty index were not intended to assess
individual characteristics and instead, together provide an assessment of overall health
(Whitehead et al., 2014; Rockwood et al., 2017). However, as the significant components (e.g.
increased breathing rate) may have underlying implications, affecting subsequent

assessments, further specific evaluation is required to determine the extent of this.
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3.6. Chapter Summary

Survivors of childhood MB often experience a wide range of deleterious late-effects as result
of the cranial radiotherapy used to treat their original tumour. A novel, highly disease-
relevant radiotherapeutic injury in vivo model was developed, which accurately recapitulates
the early stage in development and radiotherapy schedule associated with childhood MB
treatment. Receipt of CRT, particularly at a young age, results in a wide-range of deleterious
late-effects that can drastically reduce the quality of life of childhood cancer survivors (Palmer

et al., 2001a; Palmer et al., 2013; Chevignard et al., 2017; King et al., 2017).

Findings in this chapter show that in vivo delivery of childhood MB-equivalent cranial
radiotherapy is both feasible and well tolerated. No mice suffered severe acute toxicity
following CRT (human-equivalent 38 Gy) and CRT with PFB (human-equivalent 49 Gy), and no
deaths were directly associated with the receipt of CRT. Despite the high radiation dose of
the PFB, survival and body weight over the course of the study were equivalent to both the

CRT only group and the non-irradiated controls.

To both facilitate the elucidation of novel/target mechanisms underpinning MB late-effects
and the development of novel neuro-interventional strategies to alleviate the burden of
surviving childhood MB, the late-effect burden induced in our childhood MB-equivalent
radiotherapy model was longitudinally assessed. In this chapter, it can also be concluded that
in vivo delivery of childhood MB-equivalent cranial radiotherapy induces an equivalent late-
effect profile to that of childhood MB survivors (premature ageing, reduce physical
functioning and impaired neurocognition). The receipt of an additional boost dose to the
posterior fossa has no additional deleterious effect above that from cranial irradiation alone.
Following CRT, mice were more frail and aged quicker than the sham-irradiated group,
mirroring the premature ageing observed in childhood cancer survivors. Many survivors also
experience impaired physical functioning, and neurological difficulties such as ataxia and co-
ordination disorders. These deficits in physical functioning were mirrored in our model; mice
that received CRT had poorer balance, co-ordination and endurance (assessed via the rotarod
test) and forelimb grip strength (assessed via the grip strength test) compared with sham-

irradiated.

Perhaps the most debilitating of late-effects is impaired neurocognitive function. Survivors
often experience attention deficits, slower processing speed and impaired working memory
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which results in intellectual disability, low levels of academic attainment, poor psychosocial
satisfaction, and reduced independence in adulthood (Dennis et al., 1996; Maddrey et al.,
2005; Chevignard et al., 2017; Pazzaglia et al., 2020). In our model, working memory and

spatial learning and long-term memory was impaired following CRT.

To conclude, delivery of childhood MB-equivalent radiotherapy is tolerated in vivo and
following longitudinal, multi-parameter assessments, invokes an equivalent late-effect profile
to the human disease. Thus, our clinically-relevant model provides an essential platform that
will both facilitate the elucidation of novel/target mechanisms underpinning MB late-effects
and the development of novel neuro-interventional strategies to alleviate the burden of

surviving childhood MB.
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Chapter 4. Ex vivo interrogation of the biological underpinnings of

radiation-induced late-effects
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4.1. Introduction

Currently, there is limited understanding of how radiation-induced late-effects develop, and
the underlying molecular response to cranial radiation is relatively undefined. Improved
understanding the molecular response to cranial irradiation will enable identification of
potential targets for the future development of new pharmacological interventions.
Additionally, elucidation of the mechanisms involved across the stages of late-effect

development will aid identification of biomarkers for screening of high-risk patients.

Cranial irradiation induces acute damage to healthy brain tissue; biological processes such as
inflammation, oxidative stress, neuronal growth and repair, and DNA maintenance and repair
have been implicated in the development of late-effects following radiotherapeutic insult
(Dent et al., 2003; Bentzen, 2006; Begg;Stewart and Vens, 2011). However, due to a previous
lack of appropriate model systems, the specific role these pathways play in the development
of late-effects, particularly when cranial irradiation occurs at a young developmental age, is
yet to be fully explored. Radiotherapy causes damage to normal cells and induces an
inflammatory response (previously described in section 1.5.2.2) which can persist and induce
injury through a wide range of mechanisms including: disruption of the blood-brain barrier,
microglia activation, induction of SASP, neuronal cell death and reduced neurogenesis. Pro-
inflammatory signalling from the initial radiotherapeutic insult can persist for several months;
radiation-induced damage triggers recruitment of activated immune cells (such as microglia,
astrocytes, dendritic cells, peripheral lymphocytes and monocytes) which release pro-
inflammatory cytokines (such as TNF-a, IL-13 and IL-6), and further induce cellular damage,
thus creating a positive feedback loop and chronic neuroinflammation (Moravan et al., 2011;
Lumniczky;Szatmari and Safrany, 2017). However, the specific response following MB-
equivalent radiation has not yet been fully explored. To characterise the late-molecular
response to cranial radiation insult, whole-transcriptome sequencing was employed to

identify late differential expression, in response to receipt of CRT+PFB.

Moreover, as previously discussed in chapter 3.5.2, survivors of childhood MB age
prematurely and experience increased frailty (Oeffinger et al., 2006; Diller et al., 2009a; Ness
etal., 2013). DNA methylation patterns can be influenced by external factors, and have been
associated with premature ageing which may provide a predictive biomarker of overall health
(Mozhui and Pandey, 2017; Kling;Wenger and Carén, 2020). Whilst patterns of DNA
methylation can vary greatly, they consist of conserved regions of unmethylated GC-rich
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regions with high densities of CpGs, known as CpG islands, that are often correlated with
promoter regions. Consequently, a number of epigenetic clocks have been developed to
predict chronological age, through the appraisal of variable CpG sites. The development of
epigenetic clocks has enabled the comparison of ‘chronological age’ with ‘epigenetic age’ and
can be used as a measure of premature ageing (Field et al., 2018; Salameh;Bejaoui and El Hajj,
2020). Mathematical algorithms use the methylation status of a number of genome-wide CpG
sites to predict DNA methylation age (Mozhui and Pandey, 2017). Brain tumour survivors often
experience a premature ageing phenotype, where their ‘epigenetic age’ is often older than
their ‘chronological age’ (Field et al., 2018; Kling;Wenger and Carén, 2020; Salameh;Bejaoui
and El Hajj, 2020). Qin et al predicted epigenetic age through genome-wide methylation
assessment of DNA obtained from a blood samples, and showed survivors of childhood
cancers had a significantly higher estimated epigenetic age acceleration (EAA) compared to
matched controls (Qin et al., 2021). Increased EAA was associated with prior treatment of
radiotherapy or alkylating chemotherapy. Moreover, within survivors the presence of
unfavourable health conditions was also significantly associated with an increased EAA.
Therefore, estimation of EAA may be a useful biomarker in the prediction of premature ageing,
as well as the potential to predict the development of late-effects. In this chapter the
relationship between cranial irradiation and epigenetic age in both a systemic and tissue-

specific context will be explored as a potential future biomarker.

128



4.2. Aims

The aim of this chapter is to understand the biological mechanistic alterations that occur
following cranial irradiation in an in vivo model of MB-equivalent cranial irradiation (the
development of which is discussed previously in Chapter 3), to aid identification of potential

biomarkers for the improved surveillance of late-effect development.

1) To understand the presence of late radiation-induced pro-inflammatory markers,
immunohistochemistry (IHC) will be employed on brain tissue harvested 1 year post-
irradiation.

a. To determine whether the receipt of the additional PFB induces greater pro-
inflammatory protein expression, IHC will be employed on cerebellum that
received either sham, CRT or CRT+PFB.

b. To assess whether radiation-induced pro-inflammatory protein expression
differs between substructures, IHC will also be employed on hippocampal

tissue.

2) To identify biological alterations that occurred following cranial irradiation, RNAseq
will be employed on cerebellum 1 year post-radiation (CRT+PFB or sham). Differential
expression and gene set enrichment analysis will be conducted to identify any major

transcriptional alternations.

3) Toassess whether cranial irradiation induced epigenetic age acceleration (EAA) in both
a systemic and tissue-specific context, a pre-existing epigenetic clock will be utilised
on peripheral blood and cerebellum following CRT+PFB or sham-irradiation. To
understand the temporal response of EAA, samples taken at 6- and 13-months post-

irradiation will be assessed.
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4.3. Methods

4.3.1. Immunohistochemistry

Immunohistochemistry (IHC) was conducted on the cerebellum and hippocampus of mice
aged ~PND 394 (approximately a year after the receipt of CRT, CRT+PFB or sham irradiation;
n=3 per group). Details of ex vivo sample preparation are provided in chapter 2.8, and detailed

IHC methodology (slide preparation, staining and analysis) is provided in chapter 2.10.

Fisher’s Exact test was used to compare the protein expression between treatment groups
using combined expression groups (high: ++/+++ and low: -/+). Independent t-tests and one-

way ANOVA were used to compare positivity score between treatment groups.

4.3.2. RNA sequencing

RNA was extracted from cerebellum harvested at “PND 394, as described in chapter 2.8. (ex
vivo sample preparation) and 2.9.3 (RNA extraction). The quantity and quality (RNA integrity
number; RIN) of RNA was assessed using the 4200 TapeStation system (details are provided in
chapter 2.9.4). RNA sequencing (RNAseq) and expression analysis was conducted for the

CRT+PFB (n=11) and sham-irradiation (n=12) groups, as described in chapter 2.11.

4.3.3. DNA methylation array

Peripheral blood was collected at “PND 150 via venepuncture (as previously described in
chapter 2.1.4) and immediately placed on ice until DNA extraction (within the same day). Brain
tissue was harvested at “PND 394, sliced and rapidly frozen as per details in chapter 2.8. DNA
was extracted from fresh blood and frozen cerebellum samples using the DNeasy Blood and
Tissue Kit (details provided in chapter 2.9.1) and quantified using the Qubit (details provided
in chapter 2.9.2). DNA methylation array was conducted as described in chapter 2.11.4, for
the CRT+PFB (peripheral blood [n=11] and cerebellum [n=11]) and shame-irradiation
(peripheral blood [n=11] and cerebellum [n=7]) groups. Some samples were not sent for

methylation array (despite passing QC) due to limited space on the array.
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4.4. Results

4.4.1. Target selection

To explore the impact of cranial-irradiation on late radiation-induced pro-inflammatory
markers within the cerebellum and hippocampus and employed IHC on brain tissue harvested
1-year post-irradiation. To understand the late molecular response following cranial
irradiation targets were identified from the literature as key inflammatory markers to have
altered expression up to a year after irradiation. 6 target proteins were identified that covered
a range of neuroinflammation processes for initial assessment via IHC (details are provided in
Table 4.1). Briefly, TNF-a was selected due to its central role in modulating the inflammatory,
and chronic activity can contribute to tissue damage. CCL-2 promotes inflammation through
recruitment of monocytes (which then differentiate into macrophages), and persistent
expression has been associated with chronic inflammation. GFAP is expressed by activated
astrocytes and is commonly used as a marker of CNS damage. ICAM-1, expressed by
endothelial cells, mediates immune cells recruitment following radiation injury and has been
linked to chronic tissue injury. Finally, MHC-II (expressed on antigen-presenting cells such as
macrophages, dendritic cells and microglia) and CD3 (expressed on T-cells), promote pro-

inflammatory signalling, highlighting active inflammation.

Target Role
TNF-a Pro-inflammatory cytokine
CCL-2/MCP-1 monocyte chemoattractant protein
GFAP Marker of astrocyte activation
ICAM-1 intercellular adhesion molecule
MHC-II Initiate immune response (present on antigen presenting cells)
CD3 T-cell marker

Table 4.1 Neuroinflammation targets selected for IHC.
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4.4.2. Optimisation of immunohistochemistry protocols that use mouse-derived primary
antibodies.

Immunohistochemistry (IHC) protocols were developed based on the literature and the
recommended antibody dilutions obtained from the product suppliers. However, for primary
antibodies that were derived from mouse, further optimisation was required. The initial
protocols used for TNF-a, GFAP, CCL2 and ICAM-1 resulted in strong background staining
(representative images shown in Figure 4.1A), as well as staining in the no primary negative
control (red arrows; Figure 4.1A). As an anti-mouse secondary antibody was used, the strong
background staining is likely a result of mouse-on-mouse (M.0.M) interactions, whereby the
secondary anti-mouse antibody binds to IgG receptors in the mouse tissue as well as the
mouse primary antibody. To optimise the IHC protocols, a M.0.M immunodetection kit was
used for any mouse-derived primary antibodies to minimise these endogenous interactions
(detailed provided in chapter 2.10.2.1). Moreover, primary antibody dilutions were increased

which further improved the specificity of staining (Figure 4.1B).

A TNF-a (1:50) GFAP (1:500) No primary

B

Figure 4.1. Optimisation of primary mouse antibodies for IHC on mouse tissue. A) Anti-TNF-a and
anti-GFAP staining with no optimisation. B) Anti-TNF-a and anti-GFAP staining following optimisation
of the IHC protocol (addition of mouse-on-mouse immunodetection kit and increased dilutions of the

primary antibodies. Staining with no primary was used as a negative control. Red arrows indicate
unexpected areas of staining.

132



4.4.3. Expression of pro-inflammatory proteins, 12 months post-cranial irradiation

Following IHC, the resulting images were assessed based on the proportion of low (+/-) and
high (++/+++) positive pixels following CRT, CRT+PFB or sham-irradiation, to determine i) the
dose-dependent impact within the cerebellum (0 Gy vs 37.5 Gy vs 48.75 Gy) and ii) spatial
differences between the cerebellum and hippocampus within each treatment group. The

human-equivalent radiation dose received by each group is summarised in Table 4.2.

Treatment group Hippocampus dose Cerebellum dose
CRT 37.5 Gy 37.5 Gy
CRT+PFB 37.5Gy 48.75 Gy
Sham 0 Gy 0 Gy

Table 4.2. Summary of in vivo cranial irradiation doses for each treatment group. Doses displayed
are human-equivalent total dose from fractioned, targeted radiation using the SARRP.
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4.4.3.1. ICAM-1

Intracellular Adhesion Molecule 1 (ICAM-1) protein expression was visualised in cerebellum
and hippocampal tissue sections taken from mice following CRT only, CRT+PFB or sham-
irradiation (representative images are shown in Figure 4.2A). ICAM-1 was present in
equivalent quantities across subregions of the brain; there was no significant difference in
positivity score between the hippocampus and cerebellum for any of the treatment groups
(Figure 4.2B+C). Surprisingly, the proportion of highly positive pixels (++/+++) in the
hippocampus was significantly higher in the CRT+PFB group than CRT only group (p=0.016;

Figure 4.2D), despite receiving the same dose of radiation to this region.

The positivity scores are highly variable within the hippocampus, particularly in the sham and
CRT+PFB groups, suggesting variable baseline expression. As expected, baseline expression of
ICAM-1 was low in the cerebellum; ENCODE transcription data suggests very low baseline
expression in the cerebellum (appendix 2). There is a small increase in ICAM-1 expression
within the cerebellum with increased radiation dose, although this was not significant. This
suggests a dose-dependent effect and increased radiation may lead to increased ICAM-1

expression, though further investigation is required.
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Figure 4.2 ICAM-1 protein levels in the hippocampus and cerebellum following CRT only, CRT+PFB
or sham-irradiation. A) Images of the hippocampus and cerebellum following IHC staining for ICAM-1
(20x magnification), B) positivity score for the hippocampus and cerebellum for each treatment
group. Significance was assessed between location for each treatment group via independent t-tests,
C) table of p-values for comparison of positivity score between treatment groups at each location
(significant assessed using one-way ANOVA with post hoc-Tukey). D+E) proportion of low (+/-) and
high (++/+++) positive pixels in the hippocampus and cerebellum, protein expression between groups
calculated using Fisher’s exact test. P-values <0.05 were deemed as significant and are in bold text.

135



4.4.3.2. CCL2/MCP-1

Monocyte chemoattractant protein-1 (MCP-1, also known as CCL2), is expressed throughout
the whole body, though baseline levels are relatively low in the brain (appendix 2; mouse
ENCODE transcriptomic data). Expression of MCP-1 protein was higher in the hippocampus
than the cerebellum, independent of receipt of radiation, though this was only significant in
the CRT+PFB group (sham: p=0.05, CRT only: p=0.074 and CRT+PFB: p=0.045; Figure 4.3A-B).
Receipt of radiation did not influence the level of MCP-1; there was no significant difference
between treatment groups in either the cerebellum or hippocampus (Figure 4.3C-E). However,
IHC was only conducted on brain tissue harvested approximately one year after radiation, and

therefore any early alteration in expression of MCP-1 would have been missed.
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Figure 4.3 CCL2/MCP-1 protein levels in the hippocampus and cerebellum following CRT only,
CRT+PFB or sham-irradiation. A) Images of the hippocampus and cerebellum following IHC staining
for CCL2/MCP-1 (20x magnification), B) positivity score for the hippocampus and cerebellum for each
treatment group. Significance was assessed between location for each treatment group via
independent t-tests, C) table of p-values for comparison of positivity score between treatment
groups at each location (significant assessed using one-way ANOVA with post hoc-Tukey). D+E)
proportion of low (+/-) and high (++/+++) positive pixels in the hippocampus and cerebellum, protein
expression between groups calculated using Fisher’s exact test. P-values <0.05 were deemed as

significant and are in bold text.
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4.4.3.3. CD3

The abundance of the cluster of differentiation 3 (CD3) antigen, a marker of T-cells, was
assessed in cerebellum and hippocampal tissue sections taken from mice roughly one year
following either CRT only, CRT+PFB or sham-irradiation. Strong staining was observed across
both brain region and all treatment groups (representative images are shown in Figure 4.4A).
There was no significant difference in overall positivity score between the hippocampus and
cerebellum in either radiation group (CRT only: p=0.482 and CRT+PFB: p=0.866; Figure 4.4B).
However, in the sham-irradiation group CD3 abundance was visually lower within the

cerebellum than the hippocampus, albeit this was not significant (p=0.05; Figure 4.4B).

Surprisingly, MHC-Il protein expression is lower following CRT+PFB, despite this group
receiving the highest dose of radiation. The proportion of strongly positive pixels is
significantly lower in the CRT+PFB group compared to either sham group or CRT only in both
the hippocampus (CRT only: p<0.001 and sham: p<0.001; Figure 4.4D) and the cerebellum
(CRT only: p=0.014 and sham: p=0.259; Figure 4.4E). There was no significant difference in
MHC-Il abundance between CRT only and sham-irradiation groups, in either the brain region
(Figure 4.4D+E). Baseline expression of CD3 within the brain is relatively low (ENCODE mouse
transcriptomic data; appendix 2), however, T-cells cross the blood-brain barrier following an

immune response.
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Figure 4.4. CD3 protein levels in the hippocampus and cerebellum following CRT only, CRT+PFB or
shame-irradiation. A) Images of the hippocampus and cerebellum following IHC staining for CD3 (20x
maghnification), B) positivity score for the hippocampus and cerebellum for each treatment group.
Significance was assessed between location for each treatment group via independent t-tests, C)
table of p-values for comparison of positivity score between treatment groups at each location
(significant assessed using one-way ANOVA with post hoc-Tukey). D+E) proportion of low (+/-) and
high (++/+++) positive pixels in the hippocampus and cerebellum, protein expression between groups
calculated using Fisher’s exact test. P-values <0.05 were deemed as significant and are in bold text.
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4.4.3.4. GFAP

Glial fibrillary acidic protein (GFAP) is a marker of neuroinflammation and astrocyte activation,
and largely expressed within the cerebellum, cortex and frontal lobes of the brain (mouse
ENCODE transcriptomic data; appendix 2). Levels of GFAP were higher in the hippocampus
than the cerebellum; positivity score was significantly higher in the hippocampus for both
sham and CRT+PFB groups, but not the CRT only group (p=0.002, p=0.001 and p=0.923,
respectively; Figure 4.5A+B). Astrocytes are more abundant within the hippocampus than the
cerebellum, and therefore it was expected that positivity score would be higher in the

hippocampus, regardless of treatment group.

The level of GFAP in the hippocampus was not altered in response to radiation; there was no
significant difference in overall positivity score or the proportion of highly positive pixels
(++/+++) between either CRT only or CRT+PFB and the sham-irradiation groups (Figure
4.5C+D). Following irradiation, the level of GFAP in the cerebellum was higher than mice that
received sham-irradiation; the proportion of highly positive pixels was higher in the CRT only
and CRT+PFB groups (p=0.034 and p=0.090, respectively; Figure 4.5E). There does not appear

to be a dose-dependent effect in either the hippocampus or the cerebellum.
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Figure 4.5. GFAP protein levels in the hippocampus and cerebellum following CRT only, CRT+PFB or
shame-irradiation. A) Images of the hippocampus and cerebellum following IHC staining for GFAP (20x
magnification), B) positivity score for the hippocampus and cerebellum for each treatment group.
Significance was assessed between location for each treatment group via independent t-tests, C)
table of p-values for comparison of positivity score between treatment groups at each location
(significant assessed using one-way ANOVA with post hoc-Tukey). D+E) proportion of low (+/-) and
high (++/+++) positive pixels in the hippocampus and cerebellum, protein expression between groups
calculated using Fisher’s exact test. P-values <0.05 were deemed as significant and are in bold text.
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4.4.3.5. MHC-II

Major histocompatibility complex class Il (MHC-II) are commonly found on antigen-presenting
cell and are involved in initiating immune responses. The mouse ENCODE transcriptomic data
(appendix 2) suggests there is very low baseline expression of MHC-II within the brain.
Generally, the positivity scores for MHC-II expression were higher in the hippocampus than
the cerebellum, though this was only significant in the ham-irradiation group (Figure 4.6A+B).
Within the hippocampus, the abundance of MHC-II varied across the treatment groups;
surprisingly, the proportion of highly positive pixels was significantly less in the CRT group
compared to both the CRT+PFB and sham-irradiation groups (p<0.001 and p=0.002,
respectively, Figure 4.6D). However, there was large variability in positivity scores within the
hippocampal data from the CRT only group, which may have skewed the results, as data from
the CRT+PFB group suggests increased expression of MHC-II within the hippocampus
compared to the sham-irradiation group (p=0.093; Figure 4.6D). There was no evidence of a

dose-dependent response within the cerebellum (Figure 4.6C+E).
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Figure 4.6. MHC-II protein levels in the hippocampus and cerebellum following CRT only, CRT+PFB
or sham-irradiation. A) Images of the hippocampus and cerebellum following IHC staining for MHC-II
(20x magnification), B) positivity score for the hippocampus and cerebellum for each treatment
group. Significance was assessed between location for each treatment group via independent t-tests,
C) table of p-values for comparison of positivity score between treatment groups at each location
(significant assessed using one-way ANOVA with post hoc-Tukey). D+E) proportion of low (+/-) and
high (++/+++) positive pixels in the hippocampus and cerebellum, protein expression between groups
calculated using Fisher’s exact test. P-values <0.05 were deemed as significant and are in bold text.
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4.4.3.6. TNF-a

Tumour necrosis factor alpha (TNF-a) is a pro-inflammatory cytokine typically involved in
acute inflammation. Expression of TNF-a protein is localised to subregions of the brain;
positivity score was higher in the hippocampus than the cerebellum regardless of treatment
group, though this was only significant in the CRT+PFB group (p=0.011; Figure 4.7A-C). This
result is supported by the mouse ENCODE transcription data; baseline of TNF-a expression is

low throughout the brain, with the lowest levels in the cerebellum.

There was no increase in expression in response to radiation, at this late time point.
Surprisingly, following CRT only the proportion of highly positive pixels (++/+++) in the
hippocampus was significantly lower than both the sham and CRT+PFB groups (p=0.025 and
p=0.004 respectively; Figure 4.7D). The hippocampus of mice in the CRT only and CRT+PFB
groups received the same dose (37.5 Gy) and therefore any increase in TNF-a is unlikely to be

a consequence of radiation.
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Figure 4.7. TNF-a protein levels in the hippocampus and cerebellum following CRT only, CRT+PFB
or sham-irradiation. A) Images of the hippocampus and cerebellum following IHC staining for TNF-a
(20x magnification), B) positivity score for the hippocampus and cerebellum for each treatment
group. Significance was assessed between location for each treatment group via independent t-tests,
C) table of p-values for comparison of positivity score between treatment groups at each location
(significant assessed using one-way ANOVA with post hoc-Tukey). D+E) proportion of low (+/-) and
high (++/+++) positive pixels in the hippocampus and cerebellum, protein expression between groups
calculated using Fisher’s exact test. P-values <0.05 were deemed as significant and are in bold text.
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ICAM-1 CCL2 CcD3 GFAP MHC-II TNF-a
Comparison

score prop score prop  score prop score prop score prop score prop
g CRT only vs sham ns ns ns ns ns ns ns 0.034 ns ns ns ns
2 CRT+PFBvs sham ns ns ns ns ns ns ns ns ns ns ns ns
Q
8 CRT only vs CRT+PFB ns ns ns ns ns 0.014 ns ns ns ns ns ns
% CRT only vs sham ns 0.016 ns ns ns ns ns ns ns 0.002 ns 0.025
S
8 CRT+PFBvs sham ns ns ns ns ns <0.001 ns ns ns ns ns ns
o
Q
':9:' CRT only vs CRT+PFB ns ns ns ns ns <0.001 ns ns ns <0.001 ns 0.004
==
5 g CB vs hippocampus ns ns ns ns ns ns
- o
ﬂoﬂ E CB vs hippocampus ns 0.045 ns 0.001 ns 0.011
= .
o CB vs hippocampus ns ns ns 0.002 0.029 ns
n

Table 4.3. Summary of IHC results. Comparison of protein abundance in cerebellum and hippocampus following CRT only, CRT+PFB or sham-irradiation. For
positivity score [score], significance was assessed independent t-tests (between locations) and one-way ANOVA with post hoc-Tukey (between treatment groups).
To test the significance between the proportion of low (+/-) and high (++/+++) positive pixels [prop] in the hippocampus and cerebellum, calculated using Fisher’s

exact test. P-values are displayed when <0.05, ‘ns’ depicts non-significant.
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4.4.4. Transcriptional alternations following cranial irradiation
For non-biased assessment of the late molecular response to cranial irradiation, whole
transcriptome sequencing was conducted on RNA extracted from the cerebellum harvested

approximately 1 year after CRT+PFB or sham-irradiation.

4.4.4.1. RNA quality control
To maintain high quality sequencing only samples that met a minimum quantity of 150 ng and
a RIN of 7 were sent for RNA sequencing (RNAseq; appendix 3). 91.3% (n=21/23) of samples

passed quality control (QC) on the first attempt.

Two samples did not meet the QC criteria. For failed samples an additional section of tissue
was chipped, and RNA extraction was repeated. Following re-extraction, the QC criteria was

met by all samples (appendix 3).

4.4.4.2. Differential gene expression following cranial irradiation

First, quality control was conducted on the raw sequencing data using FastQC. Poor quality
data can be improved with trimming; however, this was not necessary in this dataset as data
for all samples was of good quality. All samples progressed to quantification (Sa/mon) and

differential expression analysis (DESeqg2).

Principal Component Analysis (PCA) was conducted to visualise similarities between samples.
Unsupervised clustering was performed, and data points were plotted in 2-dimensions based
on similarity with one another; samples that are closer in distance are more similar. Therefore,
the PCA plot can be used to identify any outlying samples that may skew subsequent analysis.
As illustrated in Figure 4.8, there are no obvious outliers following the RNAseq, and therefore

no samples were removed from subsequent analysis.

Surprisingly, the samples did not form discrete clusters based on the receipt of radiation. As
PCA derives two sets of principal components (PC1 and PC2) that summarise the variance
between all the samples, this suggests that there is a lack of global changes consistent

between the two groups, at this late time point.
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Figure 4.8. Principal component analysis of whole transcriptome sequencing of the cerebellum,
approximately 12 months after CRT+PFB (red) or sham-irradiation (blue).
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To identify key genes that were differentially expressed following CRT+PFB and sham-
irradiation, genes were filtered by i) an expression fold change of 2 (log2FoldChange > 1; genes
that were either up- or down-regulated by a factor of 2) and ii) adjusted p-value of less than
0.05. Following filtering, 15 genes were significantly differentially expressed following receipt
of CRT+PFB, all of which had reduced expression compared to sham-irradiation: Cdh3, Or4e5,
Ecrg4, Large2, Cldn2, Steapl1, Lrrc71, Wfdc2, Pcolce, Slc28a3, Slc39a4, Ifi27I2a, Slc4a5, Folrl
and Sultlc2. Details of the differentially expressed genes (DEGs) are provided in Table 4.4.

Next, pathway analysis was conducted to identify any common pathways between the 15
DEGs. There were 2 common pathways shared between the DEGs: mineral absorption (Steap1

and Slc39a4) and cell adhesion molecules (Cldn2 and Cdh3).
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Gene symbol Gene name Function log2FoldChange pad;j
Cdh3 Cadherin 3 Cell junction organization and ERK Signalling -2.074 0.001
Ordes Olfactory receptor family 4 subfamily E
member 5 Olfactory response -4.697 0.005
Ecred Hormone regulation, CNS cell
g ECRG4 augurin precursor proliferation/senescence -2.954 0.010
Large2 LARGE xylosyl- and glucuronyltransferase 2 Protein modification/metabolism -2.008 0.010
Cldn2 Claudin 2 Cell junction organsation -3.252 0.010
Six transmembrane epithelial antigen of the
Steapl .
prostate 1 Metabolism -3.144 0.014
Lrrc71 Leucine rich repeat containing 71 - -2.933 0.022
Wifdc2 WAP four-disulfide core domain 2 Innate immunity -3.685 0.024
Procollagen C-endopeptidase enhancer
Pcolce . .
protein Collagen synthesis -1.240 0.027
Slc28a3 Solute carrier family 28 (sodium-coupled Nucleoside transporter, neurotransmission,
nucleoside transporter), member 3 vascular tone -5.193 0.030
SIc39a4 Solute carrier family 39 (zinc transporter),
member 4 Zinc/iron transportor -2.611 0.035
Ifi2712a Interferon, alpha-inducible protein 27 like 2A Immune response, metabolism, apoptosis -1.339 0.035
Slcdas Solute carrier family 4, sodium bicarbonate
cotransporter, member 5 Sodium bicarbonate cotransporter -2.806 0.036
Folrl Folate receptor alpha Folate transport -3.710 0.047
Sultlc2 Sulfotransferase family, cytosolic, 1C,
member 2 Hormone/neurotransmitter regulation -4.655 0.047

Table 4.4. Genes differentially expressed following CRT+PFB and sham-irradiation. Significant results were filtered for a fold change greater than 2
(log2FoldChange > 1) and adjusted p-value less than 0.05 (padj<0.05). Gene function obtained from GeneCards.org
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4.4.4.3. Gene set Enrichment Analysis

The differential expression analysis suggests cranial irradiation does not induce in large-fold
expression changes consistently across all samples, and instead may lead to smaller-fold
expression alterations in numerous genes within the same pathways. These changes would be
too subtle for detection using differential expression analysis, and therefore gene set

enrichment analysis (GSEA) was conducted.

The RNAseq counts were ranked by p-value and for overrepresentation using mouse hallmark
gene sets. GSEA calculates an enrichment score to reflect the level of overexpression within a
gene set. Briefly, a score is calculated by walking down the genes list and increase the running-
sum statistic when a gene within the genes set is encountered and decreasing it when a gene

is not within the gene set.

5 pathways were significantly enriched following CRT+PFB: interferon-alpha and -gamma
response, epithelial-mesenchymal transition, and oestrogen response (early and late) (Figure
4.9). Interestingly in our model, both early and late oestrogen response pathways were

downregulated 12 months post CRT+PFB.
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Figure 4.9. Hallmark pathways significantly downregulated following gene set enrichment analysis
(GSEA). A) Pathways with a significant adjusted p-value following GSEA. All significant pathways (B-F)
were downregulated following CRT+PFB (negative normalised enrichment score; NES)
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4.4.5. Assessing premature ageing following CRT: the correlation between chronological age
and epigenetic age

Assessment of genome-wide DNA methylation status in peripheral blood has previously been
used to estimate epigenetic age acceleration (EAA) in childhood cancers survivors (CCS);
survivors had a significantly higher EAA compared to matched controls. Increased EAA in CCS
has also been associated with prior treatment of radiotherapy or alkylating chemotherapy, as
well as the presence of poor health conditions. Therefore, estimation of EAA may be a useful
biomarker to monitor premature ageing and late-effect development. To assess the effect of
cranial radiation on epigenetic age, an epigenetic clock was utilised to predict the epigenetic

vs chronological age of mice following CRT+PFB or sham-irradiation.

4.4.5.1. DNA quality control

Quantification of dsDNA was assessed using the Qubit dsDNA Broad Range (BR) Assay kit
(details provided previously in chapter 2.9.2). Samples that met the minimum concentration
and quantity requirements (50 ng/uL and 250 ng, respectively) were sent for array (raw data
provided in appendix 4). Due to limited space on the array, some sham-irradiated samples

were randomly excluded.

4.4.5.2. Assessment of premature ageing

DNA methylation was assessed on samples taken at age 5 months (~¥150 PNDs, from peripheral
blood) and 13.1 months (~394 PNDs, from the cerebellum). At 5 months, there was no
significant difference between the predicted epigenetic age following sham or CRT+PFB (mean
age: 5.84 and 5.90 months, respectively; Figure 4.10). Interestingly, at 13.1 months, the mean
epigenetic age was higher in the CRT+PFB group than in the sham group (mean age: 11.76 and
10.91 months, respectively; Figure 4.10 and Table 4.5), however this was not significant. At
this later time point, the predicated epigenetic age exhibited a high level of variability in both
treatment groups (sham: 2.48-22.61 [mean 10.91] months and CRT+PFB: 3.05-23.75 [mean
11.76] months; Table 4.5)
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Figure 4.10. Predicted methylation age for DNA from peripheral blood (5 months; 150 PNDs) and
cerebellum (13.1 months; 394 PNDs) following CRT+PFB (orange) and sham-irradiation (blue).
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DNA from peripheral blood

DNA from cerebellum

Difference from

Difference from

Sample Treatment Predicted age . Predicted age .
D group (months) chronological age (months) chronological age
(months) (months)
1955m1 Sham 6.36 1.36 12.03 -1.10
1955m2 Sham 5.97 0.97 3.11 -10.02
1955m3 Sham 5.02 0.02
1956m?2 Sham 5.21 0.21 14.49 1.36
1956m3 Sham 6.31 1.31 22.61 9.48
1961m1 Sham 4.83 -0.17 2.87 -10.26
1961m?2 Sham 6.27 1.27
1961m3 Sham 6.12 1.12 18.78 5.65
1962m1 Sham 6.34 1.34
1962m?2 Sham 5.29 0.29 2.48 -10.65
1962m3 Sham 6.47 1.47
Sham average 5.84 0.84 10.91 -2.22
1963m1 CRT+PFB 5.42 0.42 6.07 -7.06
1963m2 CRT+PFB 5.79 0.79 20.64 7.51
1963m3 CRT+PFB 6.8 1.8 8.28 -4.85
1964 CRT+PFB 5.58 0.58 23.75 10.62
2164 CRT+PFB 5.09 0.09 3.54 -9.59
1957m1 CRT+PFB 5.95 0.95 2.81 -10.32
1957m2 CRT+PFB 7.05 2.05 18.7 5.57
1957m3 CRT+PFB 6.01 1.01 5.68 -7.45
1958m1 CRT+PFB 5.17 0.17 18.48 5.35
1958m?2 CRT+PFB 5.92 0.92 3.05 -10.08
1958m3 CRT+PFB 6.13 1.13 18.37 5.24
CRT+PFB average 5.90 0.90 11.76 -1.37

Table 4.5. Predicted epigenetic age from blood (taken at age 5 month, ~150 PNDs) and cerebellum
tissue (harvested at 13.1 months, ~394 PNDs). Red text depicts a predicted age that is younger than

the chronological age.
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4.5. Discussion

4.5.1. The pro-inflammatory response 12 months post cranial irradiation

The receipt of radiation has been shown to increase pro-inflammatory protein expression,
however overall, abundance was not consistently higher following CRT only and CRT+PFB
compared to sham-irradiation. This suggests that inflammatory pathways may not still be
increased one-year post-cranial irradiation, however, the assessment of more proteins is
required to confirm this. Moravan et al identified proteins involved in neuroinflammation that
were overexpressed up to one year following whole-head irradiation of adult mice (Moravan
et al., 2011). Moravan et al showed increased abundance of several inflammatory proteins
was higher 6 months post-irradiation, with GFAP (a marker of activated astrocytes) abundant
at 12 months. In our study, GFAP was also more abundant in the cerebellum following CRT
only, compared to sham-irradiation. Astrocytes become activated in response to CNS insult,
including stroke, tumours and neurodegenerative diseases. Astrocytes are involved in
maintaining the blood-brain barrier, modulating synaptic transmission and following insult
can induce neuroinflammation (Pekny and Nilsson, 2005). Interestingly, abundance of GFAP
was significantly higher following CRT only in the cerebellum however not in the
hippocampus, despite both regions receiving the same dose. This suggests that specific

regions of the brain respond differently to radiation insult.

Investigation of pro-inflammatory proteins was limited due to the small sample size, and the
late, single time point. In this study, the sample size for IHC was small (n=3 per treatment
group and brain region) and therefore may not have been statistically powered to detect
altered expression. IHC should therefore be repeated on the remaining samples from our in
vivo model. However, as shown in the previous chapter, significant deficits in physical
functioning and neurocognition developed much earlier, and therefore it is likely that most

of the inflammatory signalling occurs early and was not present 12 months post irradiation.

4.5.2. Differential expression between CRT+PFB and sham-irradiation

Several DEGs are involved in expected key functions such as immune response (Wfdc2,
Ifi2712a). Ifi2712a is involved in the regulation of microglia and neuroinflammation and has
also been linked to premature ageing following stroke (Kim et al., 2023). Surprisingly, in our
model, these genes were significantly downregulated 12 months after CRT+PFB. Conversely,

Folrl has a role in folate transport, with a known role in maintaining brain function and
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reducing inflammation. A reduction in folate has been linked to cognitive impairment and
neurodegeneration. Following pathway analysis, there were 2 common pathways shared
between the DEGs: mineral absorption (Steapl and S/c39a4) and cell adhesion molecules
(Cldn2 and Cdh3). A decrease in mineral absorbance has been linked to increased risk of mild
cognitive impairment as well as the development of Alzheimer’s (Cherbuin et al., 2014).
Slc39a4 expresses a zinc transporter (ZIP4) and is thought to play an essential role within the
neuronal synapses (De Benedictis et al., 2021). Whilst there is limited evidence on the exact
role of ZIP4, the reduction on ZIP4 expression following CRT+PFB may play a role in reduced
neurocognitive function (Takeda et al., 2010). However, pathway analysis was only conducted

on the 15 DEGs and may not provide a full illustration of all altered pathways.

Following gene set enrichment analysis, 5 pathways were significantly enriched following
CRT+PFB: interferon-alpha and -gamma response, epithelial-mesenchymal transition, and
oestrogen response (early and late). Interferon-alpha and —gamma response have been linked
to neuroinflammation following radiation and brain injury, however surprisingly, these
pathways were downregulated (negative enrichment score; NES) compared to sham-
irradiation, 1 year post-irradiation, in this study. Epithelial-mesenchymal transition (EMT)
plays an important role in development, wound healing and fibrosis (Lamouille;Xu and
Derynck, 2014). Radiation has been shown to induce EMT through TGF-B signalling (Jung et
al., 2007; Liu et al., 2014), though EMT is regulated by a variety of pathways including TGF-B,
tyrosine kinase, WNT and SMO signalling, as well as inflammation and hypoxia (Lamouille;Xu
and Derynck, 2014). However, surprisingly EMT was downregulated in the CRT+PFB group.
Oestrogen signalling regulates a wide range of physiological functions, including
reproduction, bone density, brain function, cholesterol mobilization, and control of
inflammation (Liang and Shang, 2013). Oestrogen exhibits neuroprotective effects through
reducing inflammation and oxidative stress, and increasing growth factor expression, and
promoting cell survival, together resulting in modulation of learning, memory, and behaviour
(Wallace et al., 2006; Mitra et al., 2023). Interestingly in our model, both early and late
oestrogen response pathways were downregulated 12 months post CRT+PFB. Although the
specific time oestrogen signalling is downregulated post-irradiation was not determined in
our model, as shown in the previous chapter, mice exhibited impaired memory function

following CRT, suggesting that reduced oestrogen signalling may have played a role in the
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development of the neurocognitive deficits. Previous studies have suggested replacing

reduced oestrogen can improve memory (Luine and Frankfurt, 2013).

However, RNAseq was conducted on tissue harvested at the end of the study (approximately
a year after irradiation) and therefore is limited to only describing transcriptional response
occurring during this late timeframe. As shown in the previous chapter, significant late-effects
were already present at this timepoint, and therefore to fully elucidate the biological
mechanisms that underpin late-effect onset, RNAseq at earlier timepoints should be

conducted.

4.5.3. Using predicted epigenetic age as a biomarker for premature ageing

Alterations in DNA methylation signatures are a hallmark of ageing, and have been associated
with premature ageing and the development of poor health conditions (Mozhui and Pandey,
2017; Field et al., 2018; Kling;Wenger and Carén, 2020; Salameh;Bejaoui and El Hajj, 2020).
The assessment of epigenetic age using DNA harvested from peripheral blood enables the
assessment of distant radiotherapeutic effects on biological premature ageing. In a previous
study by Qin et al, genome-wide DNA methylation assessment of collected from peripheral
blood predicted childhood cancer survivors to have a higher epigenetic age than matched

controls (Qin et al., 2021).

In both the CRT+PFB and sham groups, the predicted age was close to the chronological age
(a difference of 0.9 and 0.84 months, respectively). However, DNA from peripheral blood was
only assessed at one time point (5 months old) and for a more complete picture on the utility
as a future biomarker, predicted epigenetic age should also be considered at later time points.
Interestingly, the predicted epigenetic age from DNA harvested from the cerebellum (at
approximately 13 months old) was older in the CRT+PFB group, though this was not
significant. There was large variance in the predicted epigenetic age from the cerebellum for
both treatment groups (sham: 2.48-22.61 [mean 10.91] months and CRT+PFB: 3.05-23.75
[mean 11.76] months; Table 4.5). Zhou et al reported tissue-specific methylation signatures,
which may account for the difference in variance between peripheral blood and cerebellum.
The epigenetic clock used to predict age is based on the profiling of 26 tissue and cell types
(including foetal brain, frontal lobe brain and hind brain) and therefore should provide a
comprehensive epigenetic age prediction for most tissues (Zhou et al., 2022). However, as the
brain has higher levels of DNA methylation than most of tissues (Ehrlich et al., 1982), and
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therefore an epigenetic clock developed with numerous tissue types may not be the most

suitable.
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4.6. Chapter summary
This chapter aimed to further understand the late molecular alterations following cranial

irradiation.

Through the IHC staining of pro-inflammatory proteins, an increased abundance of the
astrocyte marker, GFAP, was observed within the cerebellum following CRT and surprisingly
this was present within the hippocampus, despite receiving the same radiation dose. This
suggests that in our model and at the timepoint assessed, response to cranial irradiation may
be region specific, and further investigation is required to understand the differential

response between regions of the brain.

Through the sequencing of the transcriptome following CRT, cranial irradiation was shown to
not induce high expression fold changes in a uniform manner, instead, cranial irradiation
induced low fold expression changes to multiple genes and that may alter overall pathway
response. Pathways such as mineral absorption, cell adhesion, oestrogen response, and
interferon alpha and gamma response were downregulated one year after CRT and therefore
may be associated with the development of late effect such as frailty, reduced

neurocognition, and impaired physical functioning.

Patterns of DNA methylation can provide an estimation into the biological epigenetic age and
have potential as biomarkers of overall health. Epigenetic age was compared in both a
systemic and tissue-specific context following in vivo MB-equivalent cranial irradiation. The
epigenetic clock used could closely predict age from peripheral blood, however, was less
accurate when using brain tissue. In our model there was no significant difference in the
epigenetic age estimated from peripheral blood, however this may have been limited by the
relatively early timepoint. The use of peripheral blood for estimation of epigenetic age

provides a potential useful measure for the longitudinal assessment of premature ageing.
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Chapter 5. Development of an in vitro model to assess response to

radiotherapeutic insult
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5.1. Introduction

Childhood MB survivors typically receive cranial-radiotherapy during treatment, which often
results in late-effects as a result of damage caused to the healthy tissue. Radiation-induced
brain injury ranges from acute injury (examples include oedema, headaches, drowsiness) to
late injury such as cognitive impairment resulting from abnormal vasculature, demyelination
and white matter necrosis (Greene-Schloesser et al., 2012). Both direct and indirect damage
occurs through the induction of DNA damage (Baskar et al., 2014), which induces oxidative
stress and an inflammatory response that can persist for many months, causing potentially
irreversible damage to the healthy tissue within the brain (Zhao;Diz and Robbins, 2007;

Moravan et al., 2011; Greene-Schloesser et al., 2012; Lumniczky;Szatmari and Safrany, 2017).

The exact mechanisms underpinning late-effect onset are unclear. Chronic inflammation,
oxidative stress, impaired neurogenesis, cellular senescence and the senescence-associated
secretory phenotype (SASP) have been indicated to play a role in cranial radiotherapy-induced
late-effects (Turnquist;Harris and Harris, 2020b). Radiation-induced neuronal damage, and
activated microglia/astrocytes release numerous pro-inflammatory cytokines (examples
include TNF-q, IL-1B and IL-6), chemokines (such as CCL3/macrophage inhibitory factor 1) and
reactive oxygen species, which further activate immune cells within the brain, resulting in
chronic neuroinflammation (Streit;Mrak and Griffin, 2004; Lumniczky;Szatmari and Safrany,

2017).

Radiation-induced DNA damage and oxidative stress can induce cellular senescence, whereby
cells are in a persistent state of cell cycle arrest (Wang;Kohli and Demaria, 2020). Senescent
cells secrete a wide variety of signalling factors (examples include interleukins, chemokines
and growth factors), proteases and ECM components, together referred to as the senescence-
associated secretory phenotype (SASP) (Coppé et al., 2010). Release of SASP modifies the
microenvironment and can lead to activation of nearby immune cells (Coppé et al., 2010;
Wang;Kohli and Demaria, 2020). However, these pathways are complex and the exact

mechanisms underpinning the development of late-effects remain elusive.

The biological mechanisms underpinning late-effect onset are currently unknown, as
characterisation of the molecular response to cranial-irradiation insult is lacking. By
understanding the exact mechanisms of late-effect development, target molecules can be

identified for the development of future pharmacological interventions. In addition to
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identification of targets, characterisation of the mechanistic response provides a baseline for

the appraisal of novel interventions strategies to ameliorate late-effects.

5.2. Aims

The aim of this chapter is to develop an in vitro model to enable assessment of the molecular
insult response to MB-equivalent radiotherapy. The development of a novel assay for the
characterisation of the biological response to radiation will provide a useful tool for the
identification of pharmacological targets and provide a baseline for the appraisal of novel

interventions strategies to ameliorate late-effects.

1) Development of an in vitro model that recapitulate MB-equivalent radiotherapy

dose.

2) Development of a novel assay using the Luminex system to characterise the

biological response to radiation exposure.
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5.3. Methods

5.3.1. Irradiation and sample collection

To understand the response to radiotherapeutic-insult within the brain, the aim was to develop
novel assay using the Luminex system to characterise the biological response to radiation exposure,
at a MB-equivalent radiation dose. Human iPSCs (AD2 WT1) were maintained as previously
described in Chapter 2.12.1.2. Unfortunately, these cells did not survive irradiation, and it was
decided assay development would take place using a cell line that could withstand irradiation, to

facilitate future use in more biologically relevant cell lines.

To develop a novel assay to characterise the response to MB-equivalent radiotherapeutic-insult, an
in vitro model was developed using a fast-growing human cell line (MRC-5; human foetal lung
fibroblasts). MRC-5 cells were maintained as previously discussed in chapter 2.12. Cells were
exposed to a single dose of 36 Gy (detailed methodology is provided in chapter 2.12.4). At 1-, 4-, 24-
and 48-hours post-irradiation, 2 ml of media was collected, centrifuged at 300 x g for 10 minutes at
4°Cto remove any cell debris, then frozen at -80°Cin 200 pL aliquots. Total cell count was estimated
as previously discussed in chapter 2.12.2. An overview of the irradiation and sample collection

timeline is shown in Figure 5.1.

Cells elEdan ({5 ) Sample Sample Sample Sample
seeded collection  collection collection collection
Y
-72 hours 0 1hour 4hours 24 hours 48 hours

Figure 5.1 Timeline of irradiation and sample collection. Samples were seeded approximately 72 hours
prior to irradiation. At 1-, 4-, 24- and 48-hours post-irradiation, 2 ml of media was collected, and the total
number of cells counted.
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5.3.2. Luminex assay

To assess the molecular response to radiotherapeutic insult, a custom panel immunoassay
was developed using the Luminex® Discovery Assay (R&D systems). The Luminex assay utilises
a magnetic-microparticle and antibody-based capture method to measure the abundance of
multiple analytes at a time. A custom panel of four Human Pre-mixed multi-analyte kits was
utilised to assess abundance of 57 analytes of interest in response to radiotherapeutic insult.

A detailed methodology is provided in chapter 2.13.
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5.4. Results

5.4.1. Development of assay to detect radiotherapeutic insult

To assess the molecular response to radiotherapeutic insult, a custom panel immunoassay
was developed using the Luminex Discovery Assay (R&D systems). Analyte selection was based
on the criteria summarised in Figure 5.2. From the 148 analytes available within the Human
Luminex Discovery Assay, the first criterion for selection included a literature search to identify
proteins with a role in the inflammatory response to radiotherapeutic insult (n=47).
Additionally, any proteins known to be involved in the senescence associated secretory
phenotype (SASP) were also included (n=37). The first criterion selected 68 proteins for
further appraisal (17 proteins had both a known role in inflammatory response within the
literature and were associated with the SASP). These proteins of interest were then further
filtered for tissue-specific expression (n=67 selected), and exclusion of any proteins only

expressed by T-cells, as these would not be detected within this assay (n=66 selected).

Due to technical limitations of the panel, some analytes could not be multiplexed together; to
retain the greatest number of analytes, proteins enabling the widest coverage were selected.
A total of 57 analytes were selected for inclusion in this custom panel, using four Human pre-
mixed multi-analyte kits: LXSAHM-25, LXSAHM-14, LXSAHM-12 and LXSAHM-06 (details are
provided in Table 5.1).
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Figure 5.2. Analyte selection process for inclusion in the custom Luminex assay panel.
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LXSAHM-25 LXSAHM-14 LXSAHM-12 LXSAHM-06
CXCL2/GRO beta/MIP-2/CINC-3  CCL2/JE/MCP-1 CCL7/MCP-3/MARC NCAM-1/CD56
CD14 CCL4/MIP-1 beta CD31/PECAM-1 BDNF
CCL22/MDC IL-6 IFN-gamma IL-7
IL-1 alpha/IL1F1 IL-10 IL-3 Osteopontin/OPN
Fas ligand/TNFSF6 MMP-2 MMP-8 IL-15
IL-17/IL-7A MMP-7 SOST/Sclerostin HGF
IL-2 TNF-alpha CCL8/MCP-2
RAGE/AGER CCL3/MIP-1 alpha GDNF
GM-CSF IL-1 beta/IL-1F2 IL-1RI
CD25/IL-2R alpha IL-8/CXCL8 Lymph°t°’;:‘t':'pha/ TNF-
M-CSF MMP-1 $100B
ADAMTS13 MMP-3 Tie-2
IL-5 MMP-12
G-CFS VEGF

Follistatin-like/FSTL1
CXCL4/PF4
VCAM-1/CD106
ICAM-1/CD54
CCL17/TARC
GDF-15
TNF RI/TNFRSF1A
FAS/TNFRSF6/CD95
IL-4
CXCL1/GRO alpha/KC/CINC1

IL-18/IL1F4

Table 5.1. Analytes assessed using the Luminex Discovery Assay. A custom panel of 57 analytes was

developed, using 4 Human premixed multi-analyte kits (LXSAHM-25, -14, -12, -06)
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5.4.2. Cell survival post-irradiation

5.4.2.1. Irradiation of a biological-relevant cell line

To replicate the high dose of radiation received by medulloblastoma patients, a biological
relevant cell line AD2 WT1 (human induced pluripotent stem cells; iPSCs) received a single
dose of 36 Gy x-ray irradiation. Unfortunately, this dose was lethal, and resulted in total cell
death. To facilitate the development of the Luminex assay, an easy-to-grow cell-line (MRC-5)
that could withstand irradiation was utilised in parallel. Following optimisation, the objective
was to then assess the response to radiotherapeutic injury in the more biologically relevant

cell line. However, due to time constraints, this was not possible in the duration of this project.

5.4.2.2. Utilising a rapidly growing cell line for assay development

MRC-5 cells were seeded approximately 72 hours prior to receipt of a single radiation dose of
36 Gy and compared to controls that received 0 Gy. Cells were counted at 1-, 4-, 24- and 48-
hours post irradiation, and normalised to the cell count 1-hour post-irradiation for each

replicate to account for any variability within cell seeding.

As expected, the number of cells decreased across all timepoints following a high dose of
radiation (r=-0.38, Figure 5.3), however this decrease was not significant (p=0.23), likely due
to the variability between replicates. At 48 hours, the normalised cell count of irradiated cells

was less than half that of non-irradiated controls (0.64 vs 1.38, respectively).

Non-irradiated cells continued to grow as expected (r=0.46), however, at 48 hours the cell
count by was slightly lower than expected. MRC-5 cells have a doubling time of approximately
36 hours. Non-irradiated controls experienced the same conditions as irradiated cells, aside
from exposure to radiation. Growth rate may have been disrupted due to practical limitations

including time outside of the incubator and transport to the irradiator.
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31 R=0.46,p=0.13
R=-0.38,p=0.23
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Figure 5.3. Normalised cell counts. Normalised cell counts (fold change) at 1-, 4-, 24-, and 48- hours
following either a single dose of 36 Gy or 0 Gy irradiation. Cell counts were normalised to the
estimated number of cells present 1 hour post 0 Gy, for each replicate (n=3).
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5.4.3. High-dose radiation drives increased levels of pro-inflammatory markers

To assess the acute and late molecular response to radiotherapeutic insult in vitro, media was
sampled 1- and 48-hours following either 36 Gy or 0 Gy radiation. The secretion of pro-
inflammatory proteins from MRC-5 cells was assessed using a custom Luminex Discovery
panel. Proteins were grouped into 6 groups to illustrate biological relevance: cytokines (n=23),
inflammation markers (n=7), chemokines (n=10), cytokine receptors (n=5), matrix
metalloproteinase (MMPs; n=6) and SASP marker (n=6). Categories provide a general
overview at the level of the biological process, however there is duplication between groups,

in particular with markers of inflammation and SASP.

The concentrations for 21/57 (36.8%; Table 5.2) analytes were outside the limit for
quantification for all samples (both irradiated and control samples and at both time points)
and therefore were excluded from subsequent analysis. The majority of excluded analytes
(n=20/21, 95.2%) were below the limit of detection, and 1 analyte (4.8%; MMP-1) was above
the limit of detection. Resulting analyte concentrations were normalised to the cell count, and
the fold change between irradiated and non-irradiated cells, at their respective timepoints,

was calculated.

Overall, the concentration of pro-inflammatory proteins increased following radiation (fold
change greater than 1), which typically increased further 48 hours post-irradiation. They will

be considered by biological process over the following sections.
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Analyte Biological process group Reason for exclusion
G-CSF Cytokines Concentration below the lower limit
GM-CSF Cytokines Concentration below the lower limit
IFN-gamma Cytokines Concentration below the lower limit
IL1 alpha/IL1F1 Cytokines Concentration below the lower limit
IL17/IL17A Cytokines Concentration below the lower limit
IL2 Cytokines Concentration below the lower limit
IL4 Cytokines Concentration below the lower limit
IL5 Cytokines Concentration below the lower limit
CDh14 Inflammation Concentration below the lower limit

CD31/PCAM-1
CCL7/MCP-3/MARC
CCL17/TARC
CCL8/MCP2
CXCL4/PF4
CD25/IL-2R alpha
RAGE/AGER
MMP-1
MMP-8
ADAMTS13
Fas ligand/TNFSF6

SOST/SCLEROSTIN

Inflammation

Chemokines

Chemokines

Chemokines

Chemokines

Cytokine receptors

Cytokine receptors

MMPs

MMPs

SASP

SASP

SASP

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration above the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Concentration below the lower limit

Table 5.2. Analytes excluded from subsequent analysis. List of analytes that were outside the
threshold of quantification (concentrations were above or below the concentrations of the

standards).



5.4.3.1. Cytokine response

The concentration of 15 cytokines was assessed 1- and 48-hours post-irradiation, and a fold
change in comparison to non-irradiated cells was calculated. An overview of the function of
these cytokines is shown in Table 5.3. Cytokine concentration was increased 1-hour post-
irradiation; 73.3% (n=11/15) of analytes had a fold change of greater than 1 in samples taken
1-hour post-irradiation (Figure 5.4). Increased cytokine protein expression was consistently
higher than non-irradiated controls; at 48 hours 76.9% (n=10/13) of cytokines assessed had a
fold change greater than 1. At the 48-hour timepoint, 2 analytes were excluded due
concentrations outside the quantitative limit: HGF (the concentration was higher than the
upper limit) and TNF-B (the concentration was below the lower limit). Increased cytokine
expression typically leads to increased inflammatory signalling, this data suggests that a higher

level of inflammation is still present 48 hours after cells are exposed to irradiation.

For the majority of cytokines, the level of protein increased over time; 69.2% (n=9/13) had a
higher concentration 48-hours post-irradiation than at 1-hour post-irradiation, though this
was only significant for FSTL1 (p=0.023). Whilst not significant, abundance of GDF-15, IL-6 and
VEGF were visually increased at 48 hours post-irradiation (2.89, 3.51 and 3.04 fold increase,

respectively.

Conversely, 28.6% (n=4/14; IL-1B, IL-3, IL-10 and TNF-a) analytes had a reduced expression at
48-hours, despite an initial increase in expression at 1-hour post-irradiation, though this

decrease was only significant for IL-10 (p=0.047).
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Analyte

Name

Function

FSTL1
GDF-15
HGF
IL-1B/IL-1F2
IL-3
IL-6
IL-7
IL-8/CXCL8
IL-10
IL-15
IL18/IL1F4
M-CSF
TNF-at
TNF-B

VEGF

Follistatin-like 1
Growth differentiation factor 15
Hepatocyte growth factor
Interleukin 1 beta
Interleukin 3
Interleukin 6
Interleukin 7
Interleukin 8
Interleukin 10
Interleukin 15

Interleukin 18

Macrophage colony-stimulating
factor

Tumour necrosis factor alpha

Tumour necrosis factor-beta/
lymphotoxin-alpha
Vascular endothelial growth
factor

Immune regulation
Macrophage inhibition
Regulates cell growth/motility
Pro-inflammatory signalling
Pro-inflammatory signalling
Pro-inflammatory signalling
Pro-inflammatory signalling
Pro-inflammatory signalling
Anti-inflammatory
Pro-inflammatory signalling
Pro-inflammatory signalling
Macrophage stimulation
Pro-inflammatory signalling
Proliferation and pro-inflammatory signalling

Vascular permeability/angiogenesis

Table 5.3. Overview of cytokine function
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Analyte Mean fold change

FSTL1
GDF-15
HGF
IL-1B/IL-1F2
IL-3
IL-6
IL-7
IL-8/CXCL8
IL-10
IL-15
IL18/IL1F4
M-CSF
TNF-a
TNF-B
VEGF

Figure 5.4. Cytokine response following 36 Gy irradiation. Fold change concentration (relative to 0 Gy) at 1 hour and 48 hours post-irradiation, normalised
to cell count. Points show individual replicates, error bars depict SEM and grey line depicts a fold change of 1. Significance between 1 hour and 48 hour time
points was assessed via 2-sided independent t-test, p-values are shown when p<0.05 (denoted by *).
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5.4.3.2. Inflammation markers

Several markers of inflammation (BDNF, S100B, NCAM-1/CD56, and TIE-2) were quantified 1-
and 48-hours post-irradiation. An overview of the inflammatory proteins assessed is shown in
Table 5.4. Increased inflammation was present following radiation; all markers of
inflammation had a fold change greater than 1 at both 1 and 48 hours following 36 Gy of
radiation Figure 5.5). Following the initial increase in protein concentration 1 hour after
radiation, this response was sustained and concentrations further increased for all 4 proteins
at the 48 hour sample time, though this was only significant for BDNF (brain-derived

neurotropic factor; p=0.021).

Analyte Name Function
BDNF Brain-derived neurotrophic factor Neuronal survival/growth
NCAM-1/CD56 Neural cell adhesion molecule 1 Neural cell adhesion
S100B $100 calcium-binding protein B Astrocyte/microglia activation
TIE- Angiopoietin-1 receptor Vascular stability

Table 5.4. Overview of the inflammation markers.
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Figure 5.5. Inflammation marker response following 36 Gy irradiation. Fold change concentration
(relative to 0 Gy) at 1 hour and 48 hours post-irradiation, normalised to cell count. Points show
individual replicates, error bars depict SEM and grey line depicts a fold change of 1. Significance

between 1 hour and 48 hour time points was assessed via 2-sided independent t-test, p-values are

shown when p<0.05 (denoted by *)
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5.4.3.3. Chemokines

Chemokines play an important role in inflammation, through their role in stimulating the
migration of leukocytes (Hughes and Nibbs, 2018). Concentration of 6 chemokine proteins
(CCL2, CCL3, CCL4, CCL22, CXCL1, and CXCL2) was quantified 1- and 48-hours post-irradiation.
An overview of chemokines assessed is shown in Table 5.5). Concentration for most
chemokines was higher 1-hour post-irradiation compared to the non-irradiated controls; fold
change was greater than 1 for 83.3% (n=5/6) of chemokine protein assessed (Figure 5.6).
Typically, chemokine protein concentration increased further at 48 hours post-irradiation

(n=4/6, 66.7%), a significant increase was seen for CXCL2 (p=0.012).

Conversely, CCL3 and CCL4 (macrophage inflammatory protein 1a and B, respectively) were
initially increased; 1 hour-post irradiation protein concentration was 1.65 and 1.68 times
higher, respectively, than non-irradiated controls. However, at 48-hours post-irradiation,
protein concentration was lower than both the 1 hour irradiated cells, and approximately half
that of 48 hour non-irradiated cells (fold change = 0.59 and 0.45 for CCL3 and CCL4,

respectively). This suggests CCL3 and CCL4 play an early role in modulating immune response.

Analyte Name Function
CCL2/JE/MCP-1 Monocyte chemoattractant protein 1 Macrophage/monocyte recruitment
CCL3/MIP-1a Macrophage inflammatory protein 1 alpha Pro-inflammatory signalling
CCL4/MIP-1B Macrophage inflammatory protein 1 beta Pro-inflammatory signalling
CCL22/MDC Macrophage-derived chemokine Pro-inflammatory signalling
CXCL1/GROa CXC motif chemokine ligand 1 Pro-inflammatory signalling
CXCL2/GROB CXC motif chemokine ligand 1 Pro-inflammatory signalling

Table 5.5. Overview of the chemokines.
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Figure 5.6 Chemokine response following 36 Gy irradiation. Fold change concentration (relative to 0
Gy) at 1 hour and 48 hours post-irradiation, normalised to cell count. Points show individual
replicates, error bars depict SEM and grey line depicts a fold change of 1. Significance between 1
hour and 48 hour time points was assessed via 2-sided independent t-test, p-values are shown when

p<0.05 (denoted by *).
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5.4.3.4. Cytokine receptors

To further determine the level of inflammation occurring post-irradiation, concentrations of 3
cytokine receptors (Fas, IL-1 R1 and TNF R1; Table 5.6) were assessed. Expression of the
cytokine receptors assessed typically occurred later; at 1-hour post-irradiation 66.7% (n=2/3;
Fas and TNF R1) proteins had a fold change less than 1 (0.86 and 0.91, respectively; Figure
5.7). Yet after 48-hours, concentrations for all proteins were around 2-fold higher than non-

irradiated controls (Fas: 2.10, IL-1 R1: 1.57 and TNF R1: 1.72).

Analyte Name Function
Tumour necrosis factor receptor Apoptosis/immune regulation
Fas/TNFRSF6/CD95 superfamily member 6 Pop &
IL-1 R1 Interleukin 1 receptor type 1 Pro-inflammatory signalling
TNF R1/ TNFSFR1A TNF receptor superfamily member 1A Pro-inflammatory signalling

Table 5.6 Overview of the cytokine receptors.
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Figure 5.7. Cytokine receptor response following 36 Gy irradiation. Fold change concentration
(relative to 0 Gy) at 1 hour and 48 hours post-irradiation, normalised to cell count. Points show
individual replicates, error bars depict SEM and grey line depicts a fold change of 1. Significance
between 1 hour and 48 hour time points was assessed via 2-sided independent t-test, p-values are
shown when p<0.05.
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5.4.3.5. Matrix metalloproteinase

Matrix metalloproteinases (MMPs) are enzymes involved in the regulation of extracellular
matrix (ECM), as well as both acute and chronic inflammation through the release of
membrane-anchored cytokines, growth factors and chemokines (Klein and Bischoff, 2011).
The protein level of 4 MMPs was assessed: MMP-2, -3, -7 and -12 (Table 5.7). All MMPs were
abundant 1-hour post-irradiation; concentration was 1.56-, 1.61-, 1.21- and 1.67-fold higher
than non-irradiated controls, respectively (Figure 5.8). At 48 hours post-irradiation, levels of
MMP-2, -3 and -7 further increased (2.30, 2.38 and 1.94 fold higher than non-irradiated

controls), though this was not significant.

Conversely, protein expression of MMP-12 reduced; at 48-hours post-irradiation, MMP-12
concentration was 0.38 fold lower than non-irradiated controls, however this was not
significant. A decrease in the level of MMP-12, in combination with decreased levels of CCL3

and CCL4 (section 5.4.3.3), suggest a reduced expression of macrophage simulation at 48

hours.
Analyte Name Function
MMP-2 Matrix metalloproteinase-2 /gelatinase A ECM degradation, inflammation
MMP-3 Matrix metalloproteinase-3/ Stromelysin-1 ECM degradation, inflammation
MMP-7 Matrix metalloproteinase-7/ Matrilysin ECM degradation, inflammation

MMP-12  Macrophage-specific Matrix metalloproteinase-12 ECM degradation, inflammation

Table 5.7. Overview of the matrix metalloproteinases.
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Figure 5.8. MMPs response following 36 Gy irradiation. Fold change concentration (relative to 0 Gy)
at 1 hour and 48 hours post-irradiation, normalised to cell count. Points show individual replicates,
error bars depict SEM and grey line depicts a fold change of 1. Significance between 1 hour and 48

hour time points was assessed via 2-sided independent t-test, p-values are shown when p<0.05.
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5.4.3.6. SASP

The senescence-associated secretory phenotype (SASP) is a fundamental feature of cellular
senescence and encompasses tissue remodelling and pro-inflammatory signalling compounds
(Cuollo et al., 2020). A further 4 proteins characterised as markers of SASP (GDNF, ICAM-1,
OPN and VCAM1; Table 5.8) was assessed, although there is considerable cross-over with
analytes in categories previously discussed. At 1 hour post-irradiation, levels of SSAP marker
expression was variable; GDNF and OPN levels were high than non-irradiated controls (1.48
and 1.34 fold respectively; Figure 5.9), whereas cell adhesion molecules ICAM-1 and VCAM-1
were present at lower levels than non-irradiated controls (0.22 and 0.51, respectively).
Conversely, at 48-hours all SASP markers assessed were present at a higher level than non-
irradiated controls (GDNF: 4.03, ICAM-1: 3.20, OPN: 1.61 and VCAM-1: 2.07 fold higher),

though this was not significantly higher than at 1 hour post-irradiation.

Analyte Name Function
GDNF Glial cell derived neurotrophic factor Neuronal survival
ICAM-1/CD54 Intercellular adhesion molecule 1 Leukocyte-endothelial transmigration
OPN Osteopontin Pro-inflammatory signalling
VCAM1/CD106 Vascular cell adhesion molecule 1 Pro-inflammation, cell adhesion

Table 5.8. Overview of SASP markers function.
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Figure 5.9. SASP response following 36 Gy irradiation. Fold change concentration (relative to 0 Gy)

at 1 hour and 48 hours post-irradiation, normalised to cell count. Points show individual replicates,

error bars depict SEM and grey line depicts a fold change of 1. Significance between 1 hour and 48
hour time points was assessed via 2-sided independent t-test, p-values are shown when p<0.05.
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5.4.4. Assay limitations

The development of the custom panel of 57 analytes using the Luminex Discovery, enabled an
insight into the inflammatory and SASP response to irradiation, as well as highlight potential
key proteins involved in modulating insult response. However, as only 57 analytes were
included within this assay, it was not possible to capture all proteins, and key drivers may have
been missed. Of the 57 analytes selected, 21 were excluded from analysis, the vast majority
(n=20/21) due to a concentration below the detectable limit. This suggests these analytes are
not highly expressed in response to radiation insult and are unlikely to play a major role in
modulating the response to radiation in this cell line. However, assay development utilised
MRC-5 fibroblasts, and therefore excluded analytes may still play a role in modulating
radiation-insult response and further appraisal of more biologically relevant, brain-derived cell

lines is required.

To understand both the acute and chronic molecular response to radiation, samples were
collected at 1- and 48-hours post-irradiation. To further elucidate the temporal response to
radiotherapeutic insult, assessment of additional time points are required. This assay provides
an insight into the level of inflammation that has occurred up to the time of sample collection,
however, it is not possible to decipher the level of inflammatory signalling specifically at this

timepoint.

An additional limitation of this study was due to the location of the irradiator. All flasks (both
experimental and control) were transported across campus to receive either 36 Gy or 0 Gy
radiation. The impact of this transport was minimised where possible, however, it is likely to
have caused cellular stress. The control cells were exposed to the same environmental
conditions as the irradiated samples (excluding radiation), and therefore for subsequent
analysis irradiated samples were normalised to control samples. Transport-related stress may
have induced a stress response in non-irradiated cells, and therefore may have partially
masked radiation-related stress. Samples collected at the 48 hour time point were less likely
to have been affected, and this may partially account for the increase in normalised analyte

concentrations seen at 48 hours.

Overall, this model provides a useful insight into the biological response to radiation, as insult
response was generally as expected, however, to account for tissue dependant features, this

assay should next be utilised on more biologically relevant, brain-derived cell lines.
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5.5. Discussion

The biological mechanisms underpinning radiotherapy-induced late-effects remains are
relatively undefined. Radiation induces neuronal damage, and activates microglia/astrocytes
to release numerous pro-inflammatory cytokines, chemokines and reactive oxygen species,
which further activate immune cells within the brain, resulting in chronic neuroinflammation
(Streit;Mrak and Griffin, 2004; Lumniczky;Szatmari and Safrany, 2017). Chronic inflammation,
oxidative stress, impaired neurogenesis, cellular senescence and the senescence-associated
secretory phenotype (SASP) have been indicated to play a role in cranial radiotherapy-induced
late-effects (Turnquist;Harris and Harris, 2020b). Within this chapter, a novel assay was
developed to investigate radiation-insult response. 57 analytes were selected for inclusion
within the assay and were grouped into six biological groups: cytokine response, inflammation
markers, chemokines, cytokine receptors, matrix metalloproteinases (MMPs) and SASP. For
ease of visualisation analytes were analysed within these groups to provide an overview at
the level of biological process, however there is considerable overlap between groups, in

particular with markers of inflammation and SASP.

As expected, the concentration of pro-inflammatory proteins increased following irradiation,
which typically increased further 48-hours post-irradiation. The majority of cytokines
quantified exhibited increased expression 1-hour (73.3%, n=11/15) and 48-hours (76.9%,
n=10/13) post-irradiation. For the majority of cytokines, the level of protein increased over
time; 69.2% (n=9/13) had a higher concentration 48-hours post-irradiation than at 1-hour
post-irradiation, though this was only significant for FSTL1 (p=0.023). FSTL1 plays a role in
immune regulation through promoting cytokine production and the proliferation of
inflammatory cells, and has been linked to the development of multiple diseases such as those
affecting the cardiovascular system, osteo- and rheumatoid-arthritis (Mattiotti et al., 2018; Li
et al., 2020). Whilst in this experiment used MRC-5 cells, FSTL1 is strongly expressed in the
brain, and has been linked to impaired neurodevelopment through the increasing astrocyte
activation (Yamada et al., 2018). Moreover, at 48-hours post-irradiation, abundance of GDF-
15 was increased (2.89-fold), however this was not significant. GDF-15 is typically expressed
at low levels, which is upregulated in response to ROS, hypoxia and inflammation, to modulate
the immune response and limit tissue damage (Jiang et al., 2021; Siddiqui et al., 2022).
Conversely, 28.6% (n=4/14; IL-1B, IL-3, IL-10 and TNF-a) analytes had a reduced expression at

48-hours, despite an initial increase in expression at 1-hour post-irradiation, though this
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decrease was only significant for IL-10 (p=0.047). IL-10 plays a role in regulating the immune
response through inhibition of T helper type 1 and type 2 cells (Th1l and Th2) and enhances
differentiation of regulatory T-cells (Tregs) (Saraiva and O'Garra, 2010), and can inhibit
production of many pro-inflammatory cytokines including IL-1pB, IL-6, TNF-a, and IFN-y (de
Waal Malefyt et al., 1991; Moore et al., 2001; Batista et al., 2009; Porro;Cianciulli and Panaro,
2020). IL-10 also play a key role in modulating inflammation within the brain (Porro;Cianciulli
and Panaro, 2020). Within this assay using MRC-5 cells, at 48 hours post-irradiation the
concentration of IL-10 was very low, which, in combination with increased expressed of pro-
inflammatory cytokines, suggests that high levels of inflammation persist days after radiation

exposure.

To further determine the level of inflammation occurring post-irradiation, concentrations of 3
cytokine receptors were assessed (Fas, IL-1 R1 and TNF R1). Expression of the cytokine
receptors assessed typically occurred later; at 1-hour post-irradiation 66.7% (n=2/3; Fas and
TNF R1) proteins had a fold change less than 1. Yet after 48-hours, concentrations for all
proteins were around 2-fold higher than non-irradiated controls. This delayed response
highlights the need for multiple timepoints when assessing the response to radiation. Fas
drives apoptosis cell death, by 48 hours concentration of Fas is 2.10 fold higher than in non-
irradiated cells. Interesting, this increased concentration of Fas is in line with the level of cell
death shown in the previous section; normalised cell count of irradiated cells was

approximately half that of non-irradiated controls (0.64 vs 1.38, respectively; 5.4.1).

Moreover, markers of inflammation showed a similar trend following irradiation: all analytes
(BDNF, S100B, NCAM-1/CD56 and TIE-2) had a fold change greater than 1 at both 1 and 48
hours, compared to non-irradiated controls. Inflammation was highest at the 48 hour
timepoint, however this was only significant for BDNF. BDNF, brain-derived neurotropic
factor, is primarily associated with promoting neuronal survival, growth and maintenance
within the brain, and has been linked to maintaining synaptic plasticity and cognition (Zhao et
al., 2017). BDNF is thought to have anti-inflammatory effects on microglia, and reverse
effectors such as IL-6 and TNF-a (Charlton et al., 2023). BDNF can also be expressed by non-
CNS tissue and protect against stimuli such as inflammation and hypoxia (Prakash and Martin,
2014; Hartman et al., 2015). The increased level of BDNF in MRC-5 cells 48 hours post-
irradiation suggests this protective response does not occur immediately, though additional
timepoints are required to assess the exact timing of this response.
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SASP, a fundamental feature of cellular senescence, encompasses pro-inflammatory signalling
and factors of tissue remodelling (Cuollo et al., 2020). GDFN (glial cell derived neurotrophic
factor) protein expression was increased 1 hour post-irradiation and considerably elevated by
48 hours (1.48 and 4.03 fold, respectively). GDFN is a growth factor that promotes cell survival
(including neuronal cells and foetal lung cells) thus elevated GDFN levels post-irradiation
suggests a protective response is initiated early and progressively increases over time
(Airaksinen and Saarma, 2002; Fromont-Hankard et al., 2002). Conversely, levels of cell
adhesion molecules (ICAM-1 and VCAM-1) were lower than non-irradiated controls 1 hour
post-irradiation (0.22 and 0.51 fold, respectively), yet by 48 hours were considerably higher
(3.2 and 2.07 fold, respectively). ICAM-1 and VCAM-1 promote inflammation through cell
adhesion and leukocyte-endothelial transmigration in response to pro-inflammatory
cytokines, activated mainly by TNF-a, IL-1B and IFN-y depending on the cell type (Kong et al.,
2018; Bui;Wiesolek and Sumagin, 2020). In this assay, levels of ICAM-1 and VCAM-1 were as
expected; increased ICAM-1 and VCAM-1 protein expression was present at 48 hours but not
at 1 hour post-irradiation, whereas IL-13 and TNF-a levels were highest 1-hour post-
irradiation. The level of IFN-y not quantifiable in this assay; activation of ICAM-1 through IFN-

y typically occurs within macrophages (Bui;Wiesolek and Sumagin, 2020).
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5.6. Chapter Summary

In this chapter a model was developed which provides the basis for in vitro investigation into
the acute and chronic molecular response to radiotherapeutic insult, and a platform for the
future appraisal of pharmacological interventions to modulate and protect against
radiotherapeutic-insult. Delivery of an MB-equivalent high dose of radiation was tolerated in
MRC-5 cells, and cells continue to grow, albeit at a slower rate than non-irradiated controls.
Through the development of a custom Luminex Discovery panel, markers of inflammation
were increased at 1 hour post-irradiation, and this typically increased further at 48 hours.
Increased inflammation was expected and is thought to play a major role in the development

of radiation-induced late effects.

Through the use of a panel of 57 analytes, it has been shown that response to radiotherapeutic
insult is not uniform and a temporal response is present; whilst most inflammatory proteins
increased in concentration by 48 hours, several had decreased. This assay was developed
using a fast-growing, non-brain derived cell line and therefore, despite being indicated in the
literature to play a role the inflammatory/SASP response to radiotherapeutic insult, 20
analytes were excluded from subsequent analysis as the concentration was below the level of
detection. Though these analytes may not modulate radiotherapeutic-insult response in MRC-
5 cells, they may still play a role within the response to cranial-irradiation and therefore should

be explored within more biologically relevant, brain-derived cell lines.
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Chapter 6. Development of an in vivo model of MB chemotherapy-

induced late-effects

191



6.1. Introduction

Childhood MB patients receive multimodal therapy, including the receipt of adjuvant
chemotherapy, which is currently recommended for all patients regardless of risk status (Tait
et al., 1990; Millard and De Braganca, 2016). The combination of chemotherapy with
radiotherapy has significantly improved 5-year event-free survival (EFS) when compared to
radiotherapy alone (74.2% vs 59.8%; SIOP/UKCCSG-PNET3) (Taylor et al., 2003), and has
enabled a reduction in the intensity of radiotherapy regimens for standard risk patients (from
36 Gy to 23.4 Gy CSl) (Evans et al., 1990; Northcott et al., 2019). However, the receipt of
multimodal therapy has led to increased morbidity and mortality among MB survivors
(Salloum et al., 2019). Survivors often experience late-effects including ototoxicity, peripheral
neuropathy, cardiotoxicity and secondary malignant neoplasms as a result of adjuvant
chemotherapy (Gurney et al., 2003; Diller et al., 2009a). However, the development of such
late-effects is currently not well defined, and model systems recapitulating MB-equivalent
chemotherapy-induced late-effects, particularly in combination with receipt of radiotherapy,
are lacking. Chemotherapy-induced late-effects poses a large problem within cancer research;
understanding and preventing chemotherapy-induced neurotoxicity and neuropathy is a

theme of the 2023 Cancer Grand Challenges.

Childhood MB chemotherapy regimens are complex, and often differ between treatment
centres, with numerous clinical trials to assess the potency of new combinations. The most
widely used chemotherapy drugs given before or during radiotherapy include cisplatin,
vincristine, cyclophosphamide, lomustine (CCNU) and carboplatin (Yock et al., 2016). Perhaps
the mostly widely used chemotherapy regimen is the ‘Packer Regimen’ (named after Roger
Packer), which consists of two alternating regimens, summarised in Table 6.1. Variations of
Packer-style chemotherapy are used within the current major MB clinical trials in Europe

(SIOP-PNET5-MB; NCT02066220) and the US (SJIMB12; NCT01878617).

Currently, there are no models that recapitulate Packer-style or indeed any contemporary
combination chemotherapy in vivo. Nimmervoll et al established a preclinical model of
supratentorial ependymoma using a combination of etoposide, cisplatin, and vincristine
(Nimmervoll et al., 2018) and Mafas et al used a combination of cisplatin, vincristine,
etoposide, cyclophosphamide, carboplatin to model high-risk neuroblastoma chemotherapy
(Mafias et al., 2022). Both groups aimed to investigate tumour response and overall survival,

and consequently no treatment-associated acute toxicities or late-effects were reported. The
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amelioration of late-effects is hindered through a paucity of knowledge in their development,

and a lack of an appropriate baseline model for the appraisal of potential interventions.

Regimen Dug Frequency Dose
Lomustine Day 0 75 mg/m?
Regimen A . .
| Day 1 7 2
(cycles 1, 3, 5, 7) Cisplatin ay 5 mg/m
Vincristine Day 1,7, 14 1.5 mg/m?
Cisplatin Day 0 75 mg/m?
Regimen B L
Day 1 1. 2
(cycles 2, 4, 6, 8) Vincristine ay 5mg/m
Cyclophosphamide Day 21 and 22 1000 mg/m?

Table 6.1. Overview of Packer chemotherapy. Starting 6 weeks post-radiotherapy, MB patients
typically receive 8 cycles of Packer chemotherapy, alternating between regimen A and regimen B.
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6.2. Aims

In this chapter the aim is to develop an in vivo model that recapitulates Packer-style MB
chemotherapy, to provide a baseline model for further investigation of chemotherapy-
induced late-effects, for the development of improved surveillance strategies and

pharmacological interventions.

1) In vivo delivery of Packer-style chemotherapy, through modification of a previously

published in vivo regimen.

2) Assessment of chemotherapy tolerability through measurement of body weight and

frailty assessment.
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6.3. Methods

6.3.1. Chemotherapy administration

Male C57BI/6 mice were purchased at approximately 4-5 weeks old and received
chemotherapy at 5-7 weeks old (human equivalent approximately 6-14 years old). Stocks of
chemotherapeutic agents were made fresh for each cycle. Diluted cisplatin was stored at 4°C

during dosing (day 1-5). Details of injection methodology is provided in Chapter 2.5.

6.3.2. Chemotherapy regimen design

To recapitulate MB chemotherapy, a regimen based on Packer regimen B was designed.
Packer regimen B is comprised of the most widely used MB chemotherapeutic agents: cisplatin
(day 0, 75 mg/m?), vincristine (day 1, 1.5 mg/m?) and cyclophosphamide (1000 75 mg/m?). As
there was no evidence of in vivo delivery of this regimen in the literature, this regimen was a
refinement of a previously published in vivo ependymoma regimen of cisplatin, vincristine,

and etoposide (Table 6.2 (Nimmervoll et al., 2018)).

To recapitulate Packer regimen B chemotherapy, cyclophosphamide was added, and the dose
increased incrementally, alongside an additional dose of vincristine. Etoposide is not widely
used in the treatment of childhood MB and was therefore not included in this regimen. To
minimise potential toxicity, modifications were made incrementally across 4 optimisation
regimens (regimen 1-4). Once one cycle of the regimen was deemed to be tolerated, a second
cycle of the same regimen was administered (to the same mice, following sufficient recovery)
and the next regimen began (to a new group of mice, n=6 per regimen). One cycle lasted 10
days and the second cycle began following stabilisation of body weight and recovery from any

weight loss.

Dug Frequency Dose Route
Cisplatin Day 1-5 2 mg/kg IP
Etoposide Day 1-3 6 mg/kg IP
Vincristine Day 5 1.6 mg/kg vV

Table 6.2. Chemotherapy dosing schedule by Nimmervoll et al. IP = Intraperitoneal injection and IV
= intravenous injection (tail vein).
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6.3.3. Assessment of tolerability to chemotherapy

Body weight (grams) was recorded prior to the receipt of chemotherapy. Body weight and
general health was assessed daily during dosing and then for 14 days following receipt of
chemotherapeutic agents. Frailty assessment was conducted 2 weeks following completion of

dosing to allow sufficient recovery from any acute toxicity. Details of assessments are

provided in Chapter 2.6.
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6.4. Results

6.4.1. Chemotherapy dosing development

The addition of cyclophosphamide at day 10 was added with a starting dose at 1/5%™ of the
maximum tolerated dose (MTD) (Aston et al., 2017). To achieve the higher doses associated
with human MB chemotherapy, cyclophosphamide dose was increased incrementally in each
regimen up to a final dose at 2/3™¥ MTD. An additional dose of vincristine was also assessed.

An overview of the optimisation regimens (regimen 1-4) is shown in Table 6.3.

Once one cycle was deemed to be tolerated, a second cycle of the same regimen was
administered (to the same mice, following sufficient recovery) and the next regimen began

(new group of mice). An overview of the workflow is shown in Figure 6.1.
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Dose Total dose
Regimen Drug Day (per day, (per cycle, Route Reasoning
mg/kg) mg/kg)
. . Addition of
Cisplatin 1-5 2 10 IP SRS R e
Vincristine 5 1.5 1.5 Ip previously published
1 regimen, modified by
removing etoposide and
Cyclophosphamide 10 60 60 v adding cyclophosphamide
at 1/5th MTD
Cisplatin 1-5 2 10 IP
Regimen 1 + increased
2 Vincristine 5 1.5 1.5 IP dose of cyclophosphamide
at % MTD
Cyclophosphamide 10 150 150 v
Cisplatin 1-5 2 10 IP
3 Vincristine 3+5 1.5 3 IP Regimen .2 N ‘ex‘tra dose of
vincristine
Cyclophosphamide 10 150 150 v
Cisplatin 1-5 2 10 IP
Regimen 3 + increased
4 Vincristine 3+5 1.5 3 IP dose of cyclophosphamide
at desired concentration
Cyclophosphamide 10 200 200 v

Table 6.3. Development of dosing schedule. The intensity of CTX dosing regimen was incrementally increased from a modified published regimen (yellow;
regimen 1) to the desired regimen (green; regimen 4). Red text depicts the new element (drug, dose) being assessed in each regimen.
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< 10 days

>

Regimen 1: modified
8 Regimen 1: repeat

published protocol = d =6
(+cyclo, 1/5t MTD) P AT GBLE
Regimen 2: _
; . n=6
step 1 + higher cyclo  ==pp» Reglmer:mz. ezt
(% MTD) for 2" cycle
Regimen 3: Regimen 3: repeat -
step 2 + extra dose vinc -> for 2nd cycle n=6
= Optional + only if previous Regimen 4: Regimen 4: repeat
; Step 3 + higher cyclo =i ' n=6
dose is tolerated €p sher cy for 2 cycle

(2/34 MTD)

Figure 6.1. Workflow of dosing optimisation. Details of each regimen are shown in Table 7.1. Once the cycle is deemed to be tolerated, a second cycle of
the same regimen was administered (same mice) and the next regimen began (new mice).
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6.4.2. Chemotherapy dosing regimen

6.4.2.1. Optimisation step 1

Step 1 consisted of the administration of cisplatin (day 1-5; 2 mg/kg, IP), vincristine (day 5; 1.5
mg/kg, IP) and cyclophosphamide (day 10; 60 mg/kg, IV). Regimen 1 was applied to two groups
(n=3 for each). First, regimen 1 was given to 3 mice, aged approximately 5 weeks old with no
minimum weight criteria (regimen 1_A). Unfortunately, this was not well tolerated, and
despite supportive measures (additional food and rehydration with saline injection), one
mouse was humanely culled prior to cyclophosphamide administration, and the remaining

two mice culled following cycle 1 (Figure 6.2).

To mitigate excessive toxicity in young mice, a minimum starting weight of 20g was set, to
promote resilience. In group 2, mice were dosed at approximately 6 weeks old with a
minimum starting weight of 20g (regimen 1_B). This was well tolerated, and all mice (n=3)
tolerated two cycles of regimen 1 (Figure 6.2). Therefore, it was concluded that
cyclophosphamide could be delivered in vivo in combination with cisplatin and vincristine,
when given at a dose of 60 mg/kg, and the optimisation could proceed to the increased

cyclophosphamide dose.
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Figure 6.2. Step 1 (cyclophosphamide in combination with cisplatin and vincristine) was well tolerated. Body weight (individual, g; left and % mean + SEM;
right) following administration of cisplatin (2 mg/kg, IP; black), vincristine (1.5 mg/kg, IP; red) and cyclophosphamide (60 mg/kg, IV; green). Regimen 1 was
conducted in two groups (n=3 for each): Regimen 1_A mice were dosed at 5 weeks old with no minimum weight criteria; Regimen 1_B mice were dosed at 6
weeks old with a minimum starting weight of 20g.
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6.4.2.2. Optimisation step 2

As the combination of cyclophosphamide with cisplatin and vincristine was well tolerated,
following the addition of a minimum weight criterion, the dose of cyclophosphamide was
increased from 60 mg/kg to 150 mg/kg (1/5%" to 1/2 of the MTD). Step 2 consisted of the
administration of cisplatin (day 1-5; 2 mg/kg, IP), vincristine (day 5; 1.5 mg/kg, IP) and
cyclophosphamide (day 10; 150 mg/kg, IV). Mice (n=6) were dosed at approximately 6 weeks
old, once a minimum weight of 20g was reached (Figure 6.3). One mouse (m5) was humanely
culled at day 7 (before receipt of cyclophosphamide) due to weight loss. However, all
remaining mice (n=5) tolerated regimen 2 well and received two cycles. All mice exhibited
weight loss during receipt of chemotherapy, though this was within the expected limits and
mice recovered once the dosing period ended. As two cycles of regimen 2 was well tolerated,

the optimisation process progressed to the next step.
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Figure 6.3. Step 2 (increasing cyclophosphamide dose) was well tolerated. Body weight (individual, g; left and % mean + SEM,; right) following
administration of cisplatin (2 mg/kg, IP; black), vincristine (1.5 mg/kg, IP; red) and an increased dose of cyclophosphamide (150 mg/kg, IV; green). Regimen 2
was well tolerated; 5/6 mice tolerated 2 cycles of regimen 2 and survived until the study end point (day 52; 1 mouse was humanely culled at day 7).

203



6.4.2.3. Optimisation step 3

As the increased dose of cyclophosphamide, in combination with cisplatin and vincristine, was
well tolerated, an additional dose of vincristine was added to the regimen to provide a higher
cumulative dose and better recapitulate childhood MB chemotherapy. Step 3 consisted of the
administration of cisplatin (day 1-5; 2 mg/kg, IP), vincristine (day 3 and day 5; 1.5 mg/kg, IP)
and cyclophosphamide (day 10; 150 mg/kg, V). Mice (n=6) were dosed at approximately 7

weeks old, once a minimum weight of 20g was reached.

Unfortunately, the additional dose of vincristine was not tolerated; body weight rapidly
declined from day 5 despite mice receiving supportive care (additional food and rehydration
with saline injections) (Figure 6.4). All mice were humanely culled on day 8 due to poor general

health and extensive weight loss.
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Figure 6.4. Step 3 (an addition dose of vincristine) was not tolerated. Body weight (individual, g; left and % mean * SEM; right) following administration of
cisplatin (2 mg/kg, IP; black), and vincristine (1.5 mg/kg, IP; red). The addition of an extra vincristine dose was not tolerated, and all mice were humanely
culled on day 8.
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6.4.2.4. Optimisation step 4

The increased dose of cyclophosphamide (from 60 to 150 mg/kg, assessed in regimen 2) was
well tolerated. Next, the cyclophosphamide dose was further increased to 200 mg/kg. As the
additional dose of vincristine was not tolerated in regimen 3, it can be hypothesised that one

dose of vincristine per cycle was effective in this in vivo chemotherapy combination.

For step 4 of the chemotherapy optimisation, the increased dose of cyclophosphamide (200
mg/kg) was assessed by building on regimen 2, rather than regimen 3 as originally planned,
an updated overview is shown in Table 6.4. Regimen 4 consisted of the administration of
cisplatin (day 1-5; 2 mg/kg, IP), vincristine (day 5; 1.5 mg/kg, IP) and cyclophosphamide (day
10; 200 mg/kg, IV). Mice (n=6) were dosed at approximately 7 weeks old, once a minimum

weight of 20g was reached (Figure 6.5).

Receipt of combination chemotherapy regimen 4 was tolerated; the majority of mice (n=4/6)
tolerated 2 cycles of regimen 4 and survived until the study end point (day 53). During cycle
1, one mouse (m4) was culled due to excessive weight loss and poor general health (at day 9,
prior to cyclophosphamide). Towards the end of cycle 2, all mice experienced moderate
weight loss, though for most this was overcome with supportive care and mice recovered once

the dosing period ended (1 mouse [m3] was culled at day 35).
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Dose Total dose
Regimen Drug Day (per day, (per cycle, Route Reasoning
mg/kg) mg/kg)
Addition of
i i 1- 2 1
SR > 0 IP cyclophosphamide to
Vincristine 5 1.5 1.5 IP prejwously qu)I.|shed
1 regimen, modified by
removing etoposide and
Cyclophosphamide 10 60 60 v adding cyclophosphamide
at 1/5th MTD
Cisplatin 1-5 2 10 IP
Regimen 1 + increased
2 Vincristine 5 1.5 1.5 IP dose of cyclophosphamide
at %2 MTD
Cyclophosphamide 10 150 150 IV
Cisplatin 1-5 2 10 IP
3 Vincristine 345 15 3 Ip Regimen 2 + extra dose of
vincristine
Cyclophosphamide 10 150 150 [\
Cisplatin 1-5 2 10 IP
Regimen 2 + increased
4 Vincristine 5 1.5 3 IP dose of cyclophosphamide
at desired concentration
Cyclophosphamide 10 200 200 v

Table 6.4. Updated dosing schedule. Regimen 4 was modified from the original design as regimen 3 was not tolerated. Yellow highlight depicts the
modifications made to regimen 4. Red text depicts the new element being assessed in each regimen.
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Figure 6.5. Step 4 (increasing cyclophosphamide dose) was tolerated. Body weight (individual, g; left and % mean + SEM,; right) following administration of
cisplatin (2 mg/kg, IP; black), vincristine (1.5 mg/kg, IP; red) and an increased dose of cyclophosphamide (200 mg/kg, IV; green). Regimen 4 was tolerated;
4/6 mice tolerated 2 cycles of regimen 4 and survived until the study end point (day 53; 2 mice were humanely culled [at day 9 and day 35]).
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6.4.3. Increased dose of cyclophosphamide induced increased frailty

6.4.3.1. Chemotherapy reduces body weight
Combination chemotherapy leads to a decrease in body weight. As shown in chapter 6.4.2,
body weight decreased during the chemotherapy dosing period. Following dosing body weight

recovers, however, mice remained at a smaller size than untreated controls (Figure 6.6).
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Figure 6.6. Reduced body weight following combination chemotherapy treatment. Body weight
was lower following combination chemotherapy than control C57BI/6 male mice (n=24).
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6.4.3.2. Chemotherapy induces premature ageing

Frailty was assessed using a 30-parameter frailty index, following recovery from the
chemotherapy dosing period (regain of any weight loss). Frailty assessment was conducted 2
weeks after the final dose of chemotherapy (day 46-51; ~PND 90, human-equivalent
approximately 22 years old), on mice that received two cycles of regimen 1 (group 2 only;
n=3), regimen 2 (n=5) or regimen 4 (n=4). No frailty assessment was conducted on group 1 of
regimen 1 (prior to a minimum weight criterion; n=3), or any mouse that received regimen 3
(additional dose of vincristine; n=6) as all mice were culled within the first cycle of

chemotherapy.

All groups received a total of 10 doses of 2 mg/kg cisplatin (day 1-5 of each cycle), 2 doses of
1.5 mg/kg vincristine (day 5 of each cycle) and 2 doses of varying quantities of
cyclophosphamide (day 10 of each cycle; regimen 1: 60 mg/kg, regimen 2: 150 mg/kg and
regimen 4: 200 mg/kg). Despite the concentration of cyclophosphamide increasing from 60-
150 mg/kg, this did not increase overall frailty; frailty index was equivalent in mice receiving
regimen 1 and 2 (mean Fl: 0.059 and 0.057 respectively, p=0.883; Figure 6.7). Frailty in mice
following receipt of regimen 4 (200mg/kg cyclophosphamide) was markedly higher than mice
that received regimen 1 or 2 (mean FI: 0.102). However, this different was not significant

(p=0.119 and 0.052, respectively), likely due to the low number of mice in each group.
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Figure 6.7. Frailty index following chemotherapy. Frailty index score following 2 cycles of regimen 1
(n=3; ~PND 91), regimen 2 (n=5, ~PND 93) and regimen 4 (n=4, ~PND 92). All groups received 10
doses of 2 mg/kg cisplatin (day 1-5 of each cycle), 2 doses of 1.5 mg/kg vincristine (day 5 of each
cycle) and 2 doses of test dose of cyclophosphamide (day 10 of each cycle; regimen 1: 60 mg/kg,

regimen 2: 150 mg/kg and regimen 4: 200 mg/kg).
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6.5. Discussion

Chemotherapy-induced late-effects such as peripheral neuropathy, cardiotoxicity, ototoxicity
and secondary malignant neoplasms (SMNs) are commonly experienced by cancer survivors.
However, biological understanding of their development is lacking, and is hindered by a
paucity of suitable models that can recapitulate contemporary combination chemotherapy in
vivo. The development of an in vivo MB-equivalent chemotherapy regimen provides a baseline

model for the future assessment of chemotherapy-induced late-effects.

This MB-chemotherapy model was developed to recapitulate Packer regimen B chemotherapy
(the most commonly used chemotherapy regimen; summarised in Table 6.1), consisting of
cisplatin, vincristine and cyclophosphamide. As there was no evidence of in vivo delivery of
this regimen in the literature, this regimen was a refinement of a previously published in vivo
ependymoma regimen consisting of cisplatin, vincristine, and etoposide (Table 6.2
(Nimmervoll et al., 2018)). To recapitulate Packer regimen B chemotherapy,
cyclophosphamide was added, and the dose increased incrementally, alongside an additional
dose of vincristine. Etoposide is not widely used in the treatment of childhood MB and was
therefore not included in this regimen. To minimise potential toxicity, modifications were
made incrementally across 4 optimisation regimens (regimen 1-4). The additional of
cyclophosphamide in combination with cisplatin and vincristine was well tolerated at low
doses (60 mg/kg; 1/5!" MTD). Thus, the dose was incrementally increased to achieve the
higher doses associated with human MB chemotherapy. The highest dose (200mg/kg) was
tolerated, and the majority of mice (n=4/6) tolerated 2 cycles of regimen 4 and survived until
the study end point. As expected, regimen 4 (consisting of the highest dose of
cyclophosphamide), induced higher frailty than with lower doses of cyclophosphamide.
Childhood cancer survivors often experience higher rates of frailty in comparison to siblings,
which has, in part, been associated with receipt of high doses of chemotherapy (Hayek et al.,
2020). All mice exhibited weight loss during receipt of chemotherapy, though this was within
the expected limits and mice recovered once the dosing period ended. Chemotherapy is
associated with significant weight loss in childhood MB patients, typically due to reduced
dietary intake from emesis, nausea, mucositis and diarrhoea during treatment (Bakish et al.,
2003). In this model, body weight recovered following dosing, however, mice remained at a
smaller size than untreated controls. Mice were followed up for approximately 2 weeks after

cessation of chemotherapy. Despite a lower body weight than controls, it is not possible to
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determine whether this reduction in body weight was due to reduced caloric intake during the
dosing period, or whether the receipt of chemotherapy stunted overall growth. Monitoring of
food intake and longer follow-up would provide insight into the extent of reduced caloric

intake and whether body weight returns to that of untreated controls.

In this model, high acute toxicity occurred when chemotherapy was administered to small,
young mice (5 weeks old, human-equivalent 6 years old). Chemotherapy dose was calculated
according to weight (mg/kg), however, at a young age tolerability is further reduced
(Saghir;Ansari and Dorato, 2020). Following the introduction of a minimum weight (set at 20g),
tolerance to chemotherapy improved. High acute toxicity was also present following
administration of the additional dose of vincristine in regimen 3 (2 doses at 1.5 mg/kg).
Administration of chemotherapy via multiple lower doses increases tolerability compared to
a single dose with same cumulative dose. In a study by Geisler et al, twice weekly vincristine
at 1.5 mg/kg (for 4 weeks) was well tolerated and induced mild weight loss equivalent to the
receipt of a single weekly dose at 1 mg/kg (Geisler et al., 2016). Vincristine is tolerated at
higher doses (Harrison, 1983; Thompson et al., 1999; Geisler et al., 2016; Liu et al., 2018),
though as a single agent and therefore the increased toxicity seen within regimen 3 is likely
due to combination effects with additional chemotherapeutic agents. Vincristine can result in
myelosuppression and therefore monitoring peripheral blood may provide an indication of
acute toxicity. When given in combination vincristine is typically given at lower doses, or with
a longer recovery period between doses (Nimmervoll et al., 2018; Mafias et al., 2022). Route
of administration can also influence tolerability, as bioavailability is typically lower following
IP injection than IV injection. In the study by Nimmervoll et al, vincristine (1.6 mg/kg) was
administered intravenously and tolerated in combination with cisplatin at the same dose at
this model (Nimmervoll et al., 2018). Here vincristine was administered via IP rather than IV
injection, and therefore drug concentration with the blood plasma were expected to be lower
than via IP injection (Al Shoyaib;Archie and Karamyan, 2019). However, this was not assessed
during this study. In humans, vincristine and cyclophosphamide are typically delivered
intravenously. However, in mice, IV injections via the lateral tail veins can cause damage to
the veins, and more stress than IP injections, therefore chemotherapy delivery via this route
was minimised where possible. As shown in previous studies, cyclophosphamide induces
neurocognitive impairment following IV and IP administration, though impaired cognition is

less readily seen in vivo when cyclophosphamide is delivered via IP injections (Janelsins et al.,
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2010; Yang et al., 2010; Janelsins et al., 2016) and therefore in this model, cyclophosphamide
was delivered through the IV route. One of the main side-effects experienced by patients
receiving vincristine is peripheral neuropathy. In animal models of vincristine-induced
peripheral neuropathy, toxicity is typically induced through IP vincristine administration

(Harrison, 1983; Geisler et al., 2016; Liu et al., 2018; Manas et al., 2022).
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6.6. Chapter summary

In this chapter an in vivo model that recapitulates childhood MB chemotherapy was
developed, using a widely used combination of cisplatin, vincristine and cyclophosphamide.
The aim was to develop a dosing regimen that struck the balance of inducing obvious insult
(weight loss, poor condition, frailty), but not too aggressive that it was intolerable. This model

provides a baseline regimen for future assessment of chemotherapy-induced late-effects.

The tolerability of receiving 2 cycles of 1) a modified, previously published combination of
cisplatin and vincristine; 2) the addition of cyclophosphamide to this combination, and 3)
increasing the doses of cyclophosphamide and vincristine, was assessed. Receipt of cisplatin
and vincristine (cisplatin: day 1-5; 2 mg/kg, IP, vincristine: day 5; 1.5 mg/kg, IP) was not well
tolerated in young, small mice (age 5 weeks old, and under 20g). Following a minimum start
weight of 20g, cisplatin and vincristine induced weight loss, though with the provision of
supportive care this was generally well tolerated (n=2/12 [regimen 2 and 4] were culled prior

to receipt of cyclophosphamide due to excessive weight loss).

The addition of cyclophosphamide was well tolerated at both 60 mg/kg and 150 mg/kg, with
the majority of mice tolerating two cycles of combination chemotherapy (n=3/3 and n=5/6,
respectively). An increase in cyclophosphamide dose to 200 mg/kg induced moderate weight
loss, yet most mice were able to recover with the addition of supportive care (n=4/6). Two
doses of vincristine (1.5 mg/kg at day 3 and 5) were not tolerated; all mice exhibited rapid
weight loss, despite supportive care and were humanely culled on day 8. However, a single

dose of vincristine per cycle (1.5 mg/kg at day 5) was well tolerated.

Two cycles of regimen 4 (cisplatin: day 1-5; 2 mg/kg, IP, vincristine: day 5; 1.5 mg/kg, IP, and
cyclophosphamide: day 10; 200 mg/kg, IV), recapitulated chemotherapy in childhood MB
patients. This dosing regimen was intensive enough to induce acute toxicity, yet not too
aggressive that it was not tolerated, and any acute side-effects were typically managed with
supportive care. Following recovery from dosing regimen 4, increased frailty was apparent, in
comparison to receipt of regimen 1 and 2. Administration of combination chemotherapy
using regimen 4 provides a useful basis for further investigation of late-effects. During this
chapter, mice received chemotherapy over a period of approximately 35 days and were
subsequently followed up for 2 weeks. Whilst mice recovered well post-chemotherapy,
further assessment is required into the late-effects of this model.
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The development of this in vivo MB-equivalent chemotherapy regimen can be utilised for 1)
investigation into the biological mechanisms underpinning late-effect onset, 2) a baseline
model for the appraisal of pharmacological interventions, and 3) a baseline model for the
comparison of new primary treatments with standard of care on survivorship outcomes.
Moreover, as childhood MB survivors experience multimodal treatment, it is important to
progress understanding of the late effects associated with receiving multimodal therapy. The
development of this combination chemotherapy regimen provides the potential for future
combination with an in vivo model of MB-radiotherapy, and appraisal of subsequent late-

effects.
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Chapter 7. Overarching summary and discussion
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7.1. Summary of findings

There is an urgent need for the development of interventions to prevent or alleviate the late-
effect burden faced by MB survivors, however their development has been hindered by a lack
of appropriate model systems. An overarching summary of this thesis is shown in Figure 7.1.
During this study an in vivo model system was developed that recapitulates MB radiotherapy
delivery, dose and targeting at an equivalent developmental stage, with comprehensive
longitudinal assessment. Mice received 37.5 Gy CRT with 48.75 Gy PFB via the SARRP and
underwent comprehensive longitudinal follow up for over one year. Despite mice receiving
high-dose cranial-irradiation, there were no deaths due to acute toxicities and they continued
to grow at the same rate as non-irradiated controls (Chapter 3). Longitudinal assessment
revealed that CRT induced frailty and deficits in physical functioning deficits early and which
persisted over the life course, similar to the human disease (Chapter 3). Likewise, following
cranial-irradiation, mice exhibited neurocognitive impairment; CRT mice were initially slower
to learn, had impaired long-term memory function, and brain size was smaller. Interestingly,
receipt of PFB did not induce a worse late-effect profile (Chapter 3). The development of this
in vivo model of MB radiotherapy-induced late-effects provides a platform to assess the
progression of late-effects and understand the mechanisms underpinning late-effect

development.

Ex vivo biological assessments were conducted on tissue harvested approximately 1 year
post-irradiation (Chapter 4. ). RNA sequencing revealed CRT did not induce consistent
widespread, global, transcriptional modifications and instead distinct pathways including
interferon-alpha and -gamma response, epithelial-mesenchymal transition, and oestrogen
response (early and late) were downregulated. Quantification of pro-inflammatory proteins,
using IHC, showed higher abundance following CRT, though response was not dose
dependent. Utilising a prebuilt epigenetic clock, predicted epigenetic age increased with
chronological age, though this was more accurate in DNA from peripheral blood than brain

tissue. CRT did not induce a significantly accelerated epigenetic age.

To understand the acute radiation insult response, human-equivalent radiation was delivered
in vitro and the Luminex assay was utilised to develop a novel, multi-analyte assessment of
molecular insult response to MB-equivalent radiation (Chapter 5. ). Markers of inflammation

increased 1-hour post-irradiation, and typically increased further at 48-hours. Increased
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inflammation was expected and is thought to play a major role in the development of

radiation-induced late effects.

Finally, to provide a preclinical platform for the future investigation of chemotherapy-induced
late-effects, a MB-like chemotherapy regimen was developed (Chapter 6. ). The appropriate
scheduling/dosing regimen replicated the popular Packer-style chemotherapy. The final
regimen struck the balance of inducing obvious insult (weight loss, poor condition, and

frailty), but not too aggressive that it was intolerable.
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Figure 7.1. Overarching summary of the thesis.
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7.2. Study strengths and limitations

7.2.1. In vivo modelling of MB cranial radiation, at a clinically-relevant dose, targeting
regimen and developmental stage

Typically, studies have investigated the impact of cranial irradiation in rodent models through
delivery of whole-head irradiation: the body is lead-shielded and the whole-head is exposed
to the radiation (Wong-Goodrich et al., 2010; Rodgers et al., 2016; Ungvari et al., 2017; de
Guzman et al., 2019; Tang et al., 2019). However, delivery via this modality does not
recapitulate childhood MB radiotherapy protocols; radiation delivery to the whole-head is not
precise, non-target regions such as the mouth, ears and eyes are in the radiation field, and it
is not possible to deliver the posterior fossa boost. The use of the SARRP enables precise
delivery of X-ray radiation at a known intensity, with very minimal radiation received by non-
target areas (<1mm precision) (Wong et al., 2008). Through this precise targeting it was
possible to deliver an additional boost dose to the posterior fossa (total dose equivalent to
49 Gy), mirroring the radiotherapy regimens experienced by childhood MB patients. The use
of the SARRP to deliver high-dose cranial radiation is not novel to this study, however,
previous SARRP-enabled studies typically used tumour-bearing adult mice and did not assess
radiation-induced late-effects (Morrissy et al., 2016; Nimmervoll et al., 2018). Repeated
anaesthesia, particularly at a young age, has been associated with neurotoxicity and poorer
learning and memory in later life (Yon et al., 2005; Murphy and Baxter, 2013; Bakri et al.,
2015). To ensure any observed deficits were a result of radiotherapeutic-insult, CRT mice
were compared to a control group that received sham-irradiation; control mice were also

anaesthetised and placed in the SARRP but did not receive any radiation.

A crucial novelty of this study is the combination of delivering a clinically-relevant, targeted
radiation dose to mice at an equivalent developmental stage to childhood MB patients, which
has been lacking in earlier studies (previously summarised in chapter 1.4 and Table 1.7). Most
studies use adult mice, however, as a younger age during receipt of radiotherapy is often
associated with a poorer late-effect profile (Mulhern et al., 1989; Kiltie;Lashford and
Gattamaneni, 1997; Jenkin;Danjoux and Greenberg, 1998), it is critical that in vivo models of
MB radiotherapy-induced late-effects reflect the equivalent developmental age. Several
studies have delivered cranial-irradiation in very young mice; however, young mice received

a sub-clinically relevant dose and studies were often short and/or conducted limited
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assessment of late-effects (Sandor et al., 2014; Ruddy et al., 2020; Yuen et al., 2021). Within
this novel model, no mice died from acute radiation-toxicity and body weight was equivalent
to the sham-irradiation group over the course of the study. Therefore, this model strikes the
balance of recapitulating childhood MB radiotherapy delivery at an appropriate

developmental stage, whilst maintaining good survival rates.

7.2.2. Longitudinal assessment of physical functioning, frailty and neurocognitive
performance, post-irradiation

Previous studies that model the late-effects of radiotherapeutic insult typically focus on a
specific late-effects rather than the wider profile of late-effects experienced by childhood MB
survivors (previously summarised in chapter 1.4 and Table 1.7). This newly developed model
provides a comprehensive overview of the neurocognitive deficits, physical functioning and
frailty that is induced following receipt of high-dose cranial radiation at a young age. Whilst
endocrine impairment is a common late-effect experienced by childhood MB survivors who
received cranial radiotherapy (Johnson et al., 1994; Heikens et al., 1998; Walter et al., 1999;
Ribi et al., 2005; Frange et al., 2009; Chevignard et al., 2017), it was omitted from the profile
of late-effects assessed in this study. Endocrine dysfunction is relatively well understood, and
interventions are frequently used within the clinic (Johnson et al., 1994; Heikens et al., 1998;

Walter et al., 1999; Ribi et al., 2005; Frange et al., 2009; Chevignard et al., 2017).

The development of late-effects can present and persist in the years following treatment,
with others having a longer latency; adult survivors of childhood brain tumours develop
numerous co-morbidities (Kahalley et al., 2013; Salloum et al., 2019; Dixon et al., 2023) and
become more frail over their life-course (Ness et al., 2013). In addition to delivering clinically
relevant, targeted radiation at a young age, another major novelty of this model is the
longitudinal assessment whereby mice were assessed for over one year. Comprehensive
longitudinal testing enables appraisal of late-effect progression throughout the life-course,
however, is lacking in most studies. Typically, previous studies favour short term follow up,
with those that conduct longer-term follow up focusing on a single specific late-effect
(summarised in table 1.7). Whilst both Fielder et al and Ungvari et al did conduct a more
comprehensive long-term follow-up of radiotherapeutic injury, this was not following the
delivery of a clinically-relevant, targeted radiation dose to mice at an equivalent

developmental stage to childhood MB patients (Ungvari et al., 2017; Fielder et al., 2019). In
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this model, assessments were carried out from PND 97 to PND 394, from human-equivalent
of early adulthood until middle-age (all timepoints are summarised in Table 3.2). A limitation
of this model is the lack of a baseline/pre-irradiation assessment; however, this was not

possible due to the travel restrictions in place during the COVID-19 pandemic.

Through comprehensive longitudinal assessment, the progression of late-effect development
following MB-equivalent cranial radiation was characterised to provide a platform for the
development of future interventions and surveillance strategies. Assessments were selected
to cover the breadth of the late-effect profile, however, were typically wide-ranging and
overlapped somewhat: for example, an animal with poor grip strength, would also perform
worse of the hanging wire test. Therefore, to precisely measure key late-effects, additional
testing methods would be required. Perhaps one of the most debilitating late-effects of
cranial radiation is the lasting neurocognitive deficits with drastically reduce their quality of
survivorship. Survivors often experience attention deficits, slower processing speed and
impaired working memory which in turn results in poor psychosocial satisfaction, intellectual
disability, low levels of academic attainment, and reduced independence in adulthood
(Dennis et al., 1996; Maddrey et al., 2005; Chevignard et al., 2017; Pazzaglia et al., 2020).
Neurocognitive function is typically assessed in vivo using maze-based tests that utilise a
mouse’s innate instinct to explore a novel environment. Y-maze and T-maze assess working
memory by assessing the ability to enter novel arms, in mazes the shape of a ‘T’ and ‘Y’
respectively (Kraeuter;Guest and Sarnyai, 2019). The order of arm entry is recorded for a set
time, and the proportion of novel arm choices provides the discrimination index (DI). It is
generally assumed that a higher DI is due to better working memory, however environmental
factors could also have an influence if the result if the test is not carried out correctly (Li et
al., 2018; Kraeuter;Guest and Sarnyai, 2019; Yoshizaki;Asai and Hara, 2020). The Y maze is
most common neurocognitive test used in vivo, but other cognitive tests include Barnes maze,
Morris water maze, and the open field test (Barnes, 1979; Sousa;Almeida and Wotjak, 2006;
Vorhees and Williams, 2006). Morris water maze and the Barnes maze assess spatial learning
and working memory by training the mouse to locate a target hole/platform and assessing
either the ability to retain learned behaviour or performance in the novel object recognition
test (Barnes, 1979; Ennaceur and Meliani, 1992; Vorhees and Williams, 2006; Berta Sunyer et

al., 2007). Whilst these assessments provide an insight into overall neurocognitive functioning
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such a learning and memory, they are unable to discriminate specific neurocognitive domains
such as attention, processing speed and executive function. A potential refinement of the
model developed within this thesis could include assessments capable of precisely delineating
neurocognitive domains. The Bussey-Saksida Touch Screen Chamber system uses human-
equivalent CANTAB-based tasks in rodents to assess subdomains of neurocognitive
impairment, and is directly comparable to the human CANTAB battery (Horner et al.,

2013)positioning it optimally for in vivo translational studies.

In vivo assessments of neurocognition and physical functioning can be influenced by
behaviour, environmental and additional factors (Sousa;Almeida and Wotjak, 2006). For
example, different strains and sexes can exhibit behavioural differences which can ultimately
influence performance outcomes. To minimise variability, this model was developed in one
sex of a single inbred strain (male C57BI/6), however future development with both sexes and
the inclusion of addition strains may provide a more comprehensive representation of natural
variability. Moreover, environmental factors such as loud or high frequency sounds, strong
smells, single-housing, and the timing of the tests can also influence assessment outcomes,
and therefore were minimised/kept consistent within this study. The researcher conducting
the test can have a large impact on results (Sousa;Almeida and Wotjak, 2006). As it is best
practise, the same experimenter was maintained throughout the study (myself), which is
particularly important when results are subjective, such as in behavioural assessments
(Sousa;Almeida and Wotjak, 2006). Additional limitations of this model development include
small group sizes (n=12 per treatment). Any animal work was completed under the guiding
ethical principles of the 3Rs (reduction, replacement and refinement) (Russell;Burch and
Hume, 1959). Therefore, groups were small to avoid the unnecessary use of additional
animals, whilst maintaining power to detect significant changes. However, external factors
related to animal welfare (e.g., mice fighting) further reduced the group sizes. For increased
power during statistical analysis, the CRT and CRT+PFB groups were combined following the

conclusion of cranial radiation-induced impairments were independent of receipt of PFB.
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7.2.3. Understanding the biological response to radiotherapeutic-insult

The biological mechanisms underpinning late-effect onset are relatively undefined. Cranial
irradiation damages healthy brain tissue through mechanisms such as inflammation, oxidative
stress, DNA damage, and ultimately leads to cell death/senescence, reduced neurogenesis,
damage to vasculature, demyelination and white matter necrosis (Zhao;Diz and Robbins,
2007; Moravan et al.,, 2011; Greene-Schloesser et al., 2012; Baskar et al., 2014;

Lumniczky;Szatmdri and Safrany, 2017).

7.2.3.1. The late biological response

To investigate the late molecular response to MB-equivalent cranial radiation, ex vivo analysis
was conducted on brain and peripheral blood collected from the in vivo model system that
recapitulates MB radiotherapy delivery, dose and targeting at an equivalent developmental

stage. A summary of the samples used in the ex vivo analysis is shown in Table 7.1.

Technique Sample type Collection timepoint (“PND)  Treatment group n
Cerebellum 394 CRT+PFB 11
RNAseq Sham -
CRT 3
Cerebellum 394 CRT+PEB 3
Sham 3

IHC
CRT 3
Hippocampus 394 CRT+PEB 3
Sham 3
Peripheral blood 150 CRT+PFB 11
DNA Sham 7
methylation Cerebellum 394 CRT+PFB 11
Sham 7

Table 7.1. Summary of ex vivo biology samples. Samples from the brain (cerebellum and
hippocampus) and peripheral blood were collected from mice following CRT, CRT+PFB or sham-
irradiation, for RNA-sequencing (RNAseq), immunohistochemistry (IHC) and DNA methylation array
(DNA methylation).
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Assessment of transcriptional modifications approximately one-year post-irradiation showed
decreased expression of interferon-alpha and -gamma response, epithelial-mesenchymal
transition, and oestrogen response (early and late) pathways. Interferon-alpha and -gamma
response pathways have been previously associated with neuroinflammation following
radiation and brain injury, yet these pathways are typically over expressed. Whereas, in this
model, at one-year post-irradiation, both pathways were downregulated (negatively
enriched) compared to sham-irradiation. Epithelial-mesenchymal transition has previously
been shown to occur following radiation, and is induced through various signalling pathways
including TGF-B, tyrosine kinase, WNT and SMO, as well as inflammation and hypoxia (Jung et
al., 2007; Lamouille;Xu and Derynck, 2014; Liu et al., 2014). Though at one-year post-
irradiation EMT signalling was downregulated in the CRT+PFB group, compared to the sham
group. Oestrogen signalling plays a role in regulating many physiological functions, including
reproduction, bone density, brain function and control of inflammation (Liang and Shang,
2013). Within the brain, oestrogen signalling has a neuroprotective role, and has been linked
to learning, memory and behaviour through modulation of inflammation and oxidative stress,
increasing expression growth factors and promoting cell survival (Wallace et al., 2006; Mitra
et al., 2023). In this model, at 12 months post-CRT+PFB, both early and late oestrogen
signalling was downregulated compared to sham-irradiated mice. Mice that received CRT also
exhibited impaired memory function, suggesting that reduced oestrogen signalling may have
played a role in the development of neurocognitive deficits. However, as the appraisal of
transcriptional modification was conducted at a single, late timepoint, when neurocognitive
deficits had already developed, it is not possible to conclude a causative role of oestrogen
signalling, and further assessment is required. Characterising the transcriptional
modifications longitudinally from the initial radiation-insult until after the development of
late-effects could highlight key time-periods where pharmacological intervention approaches
may be most suitable. To investigate the late transcriptional modifications that occurred
following the highest dose of radiation, RNAseq was analysed from RNA extracted from the
cerebellum following CRT+PFB and compared to sham-irradiation. However, further analysis
should be conducted on the CRT only group to explore any dose-dependent response within
the cerebellum. Moreover, it may not be possible to generalise the findings of one
substructure to all brain regions; brain substructures including the hippocampus, corpus

callosum and frontal white matter exhibit increased sensitivity to radiation and
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neurocognitive impairment (Acharya et al., 2022), and therefore full characterisation would

require further transcriptional analysis of each major substructure.

Cranial radiation induces acute and sustained neuroinflammation; inflammation initially
peaks in the acute response, however, can be sustained for over 1 year (Moravan et al., 2011;
Han et al., 2016). To explore sustained neuroinflammation, the pro-inflammatory response
was assessed in the cerebellum and hippocampus one-year post cranial-irradiation (CRT only,
CRT+PFB or sham-irradiation; summarised in Table 7.1), using immunohistochemistry
staining. Again, overall abundance was not consistently higher one year following CRT only or
CRT+PFB compared to sham-irradiation, though abundance of GFAP, a marker of activated
astrocytes, was higher following CRT only than sham-irradiation. During CNS injury and
disease astrocytes undergo functional remodelling and can become activated into either
neurotoxic or neuroprotective phenotypes. Typically following an insult, cytokines released
from activated microglia induce activation of the neurotoxic astrocyte phenotype, resulting
in reduced neuronal survival, synaptogenesis, induced neuronal and oligodendrocyte cell
death (Liddelow et al., 2017). Astrocytes play an important role in synaptic plasticity within
the hippocampus, which is imperative for acquisition of learning and memory (Wang et al.,
2021). Interestingly, abundance of GFAP was higher in the hippocampus than the cerebellum
following CRT+PFB, suggesting a higher presence of activated astrocytes, however the CRT
only and sham groups did not follow this trend, and further investigation is required. In this
study, abundance of pro-inflammatory proteins in the cerebellum and hippocampus one year
after CRT only, CRT+PFB or sham-irradiation, enabled assessment in both a dose-dependent
and substructure-specific context, however, this was limited due to the small sample size. The
qguantification of a subset of pro-inflammatory proteins, in combination with the RNAseq
analysis, describes the altered molecular pathways at one-year post-irradiation. However, as
significant deficits were present at this time, additional earlier timepoints throughout the life
course are required to fully decipher the biological mechanisms that underpin the

development and progression of late-effects.

As discussed previously, survivors of childhood cancers experience increased frailty and age
prematurely as a result of their cancer treatment (Oeffinger et al., 2006; Diller et al., 2009a;
Ness et al., 2013). Changes in DNA methylation patterns occur with normal ageing and have

been associated with premature aging and age-related diseases and may be a useful
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biomarker for overall health (Mozhui and Pandey, 2017; Kling;Wenger and Carén, 2020). The
characterisation of such patterns has led to the development of epigenetic clocks, that aim to
predict epigenetic age; a higher estimated epigenetic age acceleration (EAA) has been
previously seen in childhood cancer survivors and linked to prior treatment with radiotherapy
or alkylating chemotherapy (Field et al., 2018; Salameh;Bejaoui and El Hajj, 2020; Qin et al.,
2021). In this study, EAA was assessed using DNA samples taken from the cerebellum and
peripheral blood following either CRT+PFB or sham-irradiation over two timepoints (a sample
summary is shown in Table 7.1). The mean epigenetic age calculated from the cerebellum
(harvested a ~PND 394, approximately one-year post-irradiation) was higher following
CRT+PFB than sham-irradiation, though this was not significant, likely due to the high
variability in predicted ages. Inaccurate predictions of EAA may occur depending on the types
of tissue used during the development of the epigenetic clock; differences in tissue-specific
methylation signatures may account for the variance observed between peripheral blood and
cerebellum EAA (Zhou et al., 2022). This clock was previously developed using 26 tissue and
cell types (including foetal brain, frontal lobe brain and hind brain) and therefore was
expected to provide an accurate estimation of epigenetic age across various tissue types.
However, the brain has a higher abundance of methylated DNA than most tissues (Ehrlich et
al., 1982), and perhaps a generic clock developed with multiple tissue types is not the most
suitable for estimating age specifically within the brain. The use of EAA has potential as a
future biomarker for identifying premature ageing prior to the manifestation of physical

symptoms, however the use of cerebellum DNA for this purpose is not feasible.

The use of peripheral blood offers a relatively non-invasive option for longitudinal appraisal
of EAA, to identify survivors at risk of developing premature ageing symptoms. In this study,
EAA predicted from peripheral blood was estimated to be close to the chronological age and
was considerably less variable than EAA obtained from the cerebellum. There was no
significant difference in EAA between the CRT+PFB and sham groups, suggesting an
equivalent epigenetic age. However, by this age, the CRT group were showing physical signs
of premature ageing and were significantly more frail than sham-irradiated mice. Whilst the
use of peripheral blood offers a relatively non-invasive approach for longitudinal surveillance,
further investigation is required; within this in vivo model of radiotherapy-induced late-

effects, this epigenetic clock did not detect a significant difference in EAA, despite the
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presence of physical symptoms of premature ageing. This limitation may be due to i) a lack
of sensitivity of the epigenetic clock used or ii) cranial-irradiation may not invoke systemic
epigenetic changes. Both of which may be explored further using alternative epigenetic
clocks, and investigation of individual CpG sites both within the radiation field and
systemically. However, EAA in peripheral blood was only assessed at one timepoint, and
further appraisal of additional timepoints and with larger group sizes should be conducted to

fully explore the utility as a potential biomarker.

7.2.3.2. The early biological response

The biological mechanisms underpinning the development of radiotherapy-induced late-
effects remain relatively undefined. To investigate the early response to a clinically-relevant
radiotherapeutic-insult, a novel in vitro assay was developed utilising the Luminex assay. The
Luminex® Discovery Assay, is a bead-based immunoassay that precisely measures multiple
analytes in one sample. Whilst the enzyme-linked immunosorbent assay (ELISA) is typically
considered the gold-standard for quantification of single biomarkers, the Luminex Discovery
assay supports detection of up to 100 analytes simultaneously. The custom panel of 57
analytes covered the inflammatory and SASP response indicated in the literature to be
involved in radiotherapeutic insult response. The early response following exposure to a
clinically relevant 30Gy irradiation dose, was characterised using the novel assay. Whilst this
assay was developed in a single, non-brain-derived cell line, several potentially interesting
proteins were significantly overexpressed compared to non-irradiated controls (as discussed
in chapter 5.5), showing promising utility for this model. For example, FSTL1 regulates
cytokine production and proliferation of inflammatory cells, is highly expressed within the
brain, and has been linked to impaired neurodevelopment through the increasing astrocyte
activation (Mattiotti et al., 2018; Yamada et al., 2018; Li et al., 2020). BDNF is primarily
associated with promoting neuronal survival, growth and maintaining synaptic plasticity and
cognition (Zhao et al., 2017), and is thought to protect against hypoxia and inflammation
(Prakash and Martin, 2014; Hartman et al., 2015; Charlton et al., 2023). In the MRC-5 cells,
levels of BDNF increased at 48 hours post-irradiation suggesting this protective response may
not occur immediately, though additional timepoints are required to assess the exact timing
of this response. Following the initial development of this assay, its use in more biologically

relevant cells lines will further understanding of the early biological response and provide a

228



platform for the future identification of key pathways and appraisal potential

pharmacological interventions.

7.2.4. Developing a clinically-relevant regimen of MB chemotherapy, in vivo

Adjuvant chemotherapy is currently recommended for all childhood MB patients regardless
of risk status (Tait et al., 1990; Millard and De Braganca, 2016). Many survivors of childhood
cancers are faced with chemotherapy-induced late-effects, including ototoxicity, peripheral
neuropathy, cardiotoxicity, and secondary malignant neoplasms (Gurney et al., 2003; Diller et
al., 2009a). However, the development of such late-effects is not well understood and pose a
large challenge within the cancer research field; understanding and preventing
chemotherapy-induced neurotoxicity and neuropathy is a theme of the 2023 Cancer Grand
Challenges. Understanding the development of chemotherapy-induced late-effects is
currently hindered by a lack of appropriate model systems that recapitulate standard-of-care
paediatric MB chemotherapy regimens and longitudinally assess the subsequent late-effect
profile. This is likely in part due to the complexity and variation of chemotherapy regimens
between treatment centres. Previous in vivo rodent model systems typically assess i) tumour
response to chemotherapy in combination with a novel pharmacological agent (Morfouace
et al., 2014; Endersby et al., 2021; Mafias et al., 2022), ii) late-effects induced from a single
chemotherapeutic drug (Yang et al.,, 2010; Geisler et al., 2016; Janelsins et al., 2016;
Zhou;Kavelaars and Heijnen, 2016; Chiu et al., 2017; Crouch et al., 2017; Liu et al., 2018)
and/or iii) use non-MB standard-of care chemotherapy combinations (Bisen-Hersh;Hineline
and Walker, 2013; Nimmervoll et al., 2018). The ‘Packer Regimen’ is perhaps the most widely
used MB chemotherapy regimen and consists of two alternating regimens of which regimen
B is most commonly used (comprising of cisplatin, vincristine, and cyclophosphamide; details
are provided in Table 6.1). There is currently no evidence of mouse models in the literature

that recapitulate Packer regimen B chemotherapy.

A close-to-human, Packer-style chemotherapy regimen was developed in age-equivalent
mice. The developed chemotherapy regimen drew heavily on a previously published in vivo
ependymoma chemotherapy regimen by Nimmervoll et al, consisting of etoposide, cisplatin,
vincristine (details are provided in Table 6.2) (Nimmervoll et al., 2018). Dosing intensities were
gradually increased up to a clinically-relevant dose, though further pharmacokinetic (PK)

analysis would be required to fully decipher the exact blood plasma concentrations.
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Childhood cancer survivors are often more frail than their siblings, which has, in part, been
associated with receipt of high doses of chemotherapy (Hayek et al., 2020). Following
recovery from dosing regimen 4, increased frailty was apparent, in comparison to earlier
iterations. As previously discussed in Chapter 6.5, previous in vivo studies have shown
cisplatin, vincristine and cyclophosphamide to induce a variety of late-effects when
administered as single agents (e.g. ototoxicity, peripheral neuropathy and neurocognitive
impairment), however further appraisal of the late-effect profile following this combination
of chemotherapy is required. The development of this in vivo MB-equivalent chemotherapy
regimen provides the basis for i) further investigation of the biological mechanisms
underpinning late-effect development, ii) a baseline model for the appraisal of
pharmacological interventions, and iii) a baseline model for the comparison of new primary
treatments with standard of care on survivorship outcomes, and iv) future development of

multimodal in vivo MB treatment models.
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7.3. Future work

7.3.1. Pharmacological interventions to ameliorate late-effect development

Currently there are no pharmacological interventions routinely given to prevent the
development of treatment-induced late-effects. As many MB survivors experience attention
deficits and reduced processing speed, one potential therapeutic intervention could be the
use of stimulants. Stimulants have been used to treat attention deficit hyperactivity disorder
(ADHD) since the 1990s; methylphenidate is most commonly prescribed (Gadow, 1992;
Conklin et al., 2010a). Methylphenidate improves attention and concentration in
approximately 70% of children with ADHD, through inhibition of dopamine reuptake
(Safer;Zito and Fine, 1996; Conklin et al., 2010a). Several small trials have assessed the use of
methylphenidate in childhood cancer survivors, showing significant improvements in
attention (Thompson et al., 2001; Mulhern et al., 2004; Conklin et al., 2010b). A small scale
pilot study assessed the effect on brain tumour survivors with learning impairments. There
were significant improvements in processing speed, attention regulation, social skills
academic ability and QoL (Watts et al., 2018). Methylphenidate is showing great promise and
may be a potential new adjuvant therapeutic, however the underlying mechanisms of actions
remain unclear. The mechanistic effect of methylphenidate, alone and in combination with

other drugs, requires further investigation to form a basis for future larger clinical trials.

Understanding the underlying mechanisms underpinning late-effect onset would enable the
development of pharmacological interventions to target the specific pathways involved. For
example, chronic inflammation, senescence, SASP and ROS production are thought to be
involved in the onset of radiation-induced late-effects such as neurocognitive impairment and
reduced physical functioning (Bentzen, 2006; Begg;Stewart and Vens, 2011; Moravan et al.,
2011; Montay-Gruel et al., 2019). Drugs targeted to these key pathways may reduce late-
effects in childhood MB survivors; previous studies have shown senolytic and senostatic drugs
reduce premature frailty in preclinical mouse models (Short et al., 2019; Kirkland and
Tchkonia, 2020). Metformin, widely used to treat type-2 diabetes, has been suggested to have
senolytic action (Chen et al., 2016; Smieszek et al., 2017). In mouse models, metformin may
promote neurogenesis and enhances spatial memory (Luo et al., 2012); metformin is thought
to have an antioxidant role and reduce radiation- and chemotherapy-induced DNA damage
and ROS production in healthy cells (Xu et al., 2015; Mortezaee et al., 2019; Tohamy et al.,

2021). In childhood brain tumour survivors, metformin has shown to improve radiation-
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induced neurocognitive deficits, such as working memory, in a small trial (Ayoub et al., 2020),
though further investigation is required. Additionally, as radiation induces neurocognitive
decline through reduced neurogenesis, therapies that can prevent or induce neurogenesis
may pose a suitable therapeutic option. When used in vivo, lithium increased proliferation of
neural progenitor cell, and rescued radiation-induced cell cycle arrest (Zanni et al., 2021).
Moreover, following radiation, mice treated with lithium had better neurocognitive
functioning, including learning and memory, and hippocampal neurons were protected from

apoptosis (Yazlovitskaya et al., 2006; Zhou et al., 2017).

However, currently there are no pharmacological interventions routinely given to prevent the
development of treatment-induced late-effects. Due to a previous lack of in vivo models that
can recapitulate MB treatment and subsequent late-effect profile, appraisal of such
interventions was not possible. Through the development of an in vivo model that
recapitulates MB radiotherapy delivery and late-effect profile, the appraisal of such

interventions is now possible.

7.3.2. Investigation of injury-induced white matter remodelling

Neurocognitive decline as a result of cranial irradiation is associated with a reduction in white
matter volume, with MB patients having decreased volume when compared to patients with
low grade astrocytoma (who do not receive radiotherapy) (Mulhern et al., 1999). Mulhern et
al found that a lower IQ was associated with having lower white matter volume than matched
controls, with white matter volume showing a significant positive correlation with both verbal
1Q (VIQ) and full-scale IQ (FSIQ) (Mulhern et al., 1999). Additionally, Plas et al showed that the
relationship between white matter remodelling and neurocognition was not exclusive to
those that received radiotherapy; acute lymphoblastic leukaemia (ALL) survivors who were
treated with chemotherapy only all had poor working memory index, which was significantly
correlated with the volume of the amygdala, thalamus and corpus callosum, as well as reduced
white and grey matter (van der Plas et al., 2017). Nieman et al showed that survivors who
receive cranial radiation had an initial decline in white matter volume, with the hippocampus
and olfactory bulb also showing significant decline. After the initial decline, growth then
continues at the normal rate, but does not reach that of healthy controls, except for the
olfactory bulb which continues to grow at a slower rate (Nieman et al., 2015). They also
showed that the volumetric changes that occur in human brain tumour survivors are
recapitulated in mice (de Guzman et al., 2015; Nieman et al., 2015).
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The development of newer techniques has shown that, in addition to volumetric changes,
changes to the functional composition of white matter are also evident. Diffusion tensor
imaging (DTI) assesses subtle changes within structures to calculate fractional anisotropy (FA).
The FA is based on the ability for ion diffusion and scored on a scale of 0-1 (0: isotropic
movement of water, e.g. CSF; 1: anisotropic movement of water, e.g. fibre bundles)
(Ment;Scheinost and Constable, 2017). Changes in FA have also been linked with reduced
neurocognition in childhood brain tumour survivors (Uh et al., 2021). Similarly, in in vivo
models, following cranial radiation, significant cognitive decline was associated with structural
changes including myelin integrity and neuronal network organisation, as well as decreased
FA (Tang et al., 2019). CD3 T-cells and dendritic cells have been shown to be selectively
recruited to white matter areas with radiotherapeutic injury in both in vivo ageing models and
cranial irradiation models, perhaps explaining the white matter remodelling seen in MB

survivors (Moravan et al., 2011, Stichel and Luebbert, 2007).

7.3.3. Modelling MB multi-modal treatment-induced late-effects

Childhood MB treatment is multimodal, typically consisting of surgery, radiotherapy, and
chemotherapy. Therefore, to accurately model the full late-effect profile of paediatric MB
survivors, a preclinical model should consider all modalities of treatment as well as the
subsequent late-effect profile. However, such models are lacking. Most studies that replicate
MB treatment typically use tumour-bearing mice, whereby the goal is to investigate novel
therapeutics on primary tumours, rather than to consider the late-effect profile,
consequently, there are no published models that effectively recapitulate all stages of brain
tumour treatment, at clinically relevant doses. Nimmervoll et al established a mouse model
of supratentorial ependymoma and choroid plexus carcinoma; mice were orthotopically
implanted with cell lines and then underwent surgical resection of the tumours, received 54
Gy cranial irradiation, and then treated with gemcitabine (Nimmervoll et al., 2018).
Unfortunately, no assessments of late-effects were conducted as this platform was used for

the assessment of novel treatment.

The development of an in vivo model that recapitulates MB radiotherapy delivery and late-
effect profile (discussed in Chapter 3. ) together with a clinically-relevant regimen of MB
chemotherapy (discussed in Chapter 6. ), provides the potential for the appraisal of
combination chemoradiation associated late-effects. To fully recapitulate the late-effect
profile of multimodal MB treatment regimens, the optimal in vivo model would involve
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surgical resection of an orthotopic MB, followed by radiotherapy and chemotherapy at
clinically relevant doses. However, one barrier to this is the different radio-sensitivities
between different strains; mouse strains such as C57BL/6 can withstand high doses of
radiation, whereas immunocompromised strains, which are often required for modelling
tumours, are partially sensitive to radiotherapeutic insult. Saki et al showed that
immunocompromised NSG (NOD-scid IL2Rgamma-null) mice, typically used in tumour-bearing
studies, died within 8 days of receiving 4 Gy whole-body irradiation, thus making long-term
follow up of clinically-relevant radiation in tumour bearing mice difficult (Saki et al., 2020).
Consequently, there are currently no models that recapitulate the late-effect profile following

multimodal childhood MB therapy.

The successful development of an in vivo model that recapitulates MB radiotherapy (delivery,
dose and targeting) at an equivalent developmental stage, coupled with comprehensive
longitudinal assessment of MB radiotherapy-induced late-effects, provides a platform to
further understand late effect development, and the appraisal of intervention strategies for

their amelioration (Castle et al., 2024).
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Appendix 1: Comparison of body weight between sham and CRT+/- PEB (Chapter 3)

Day P (CRT only vs sham) P (CRT+PFB vs sham)
28 0.989 0.983
30 0.989 0.983
42 0.563 0.983
43 0.489 0.983
44 0.489 0.983
45 0.489 0.983
46 0.489 0.983
49 0.489 0.983
50 0.489 0.983
51 0.489 0.983
52 0.489 0.983
53 0.489 0.983
60 0.489 0.983
93 0.670 0.983
101 0.563 0.983
108 0.489 0.983
115 0.517 0.983
122 0.590 0.983
129 0.621 0.983
136 0.670 0.983
143 0.670 0.983
150 0.670 0.983
164 0.670 0.983
171 0.783 0.983
178 0.889 0.983
185 0.935 0.983
191 0.935 0.983
200 0.935 0.983
206 0.935 0.983
213 0.889 0.983
220 0.989 1.000
227 0.948 0.983
233 0.989 0.983
241 0.989 0.983
248 0.989 0.983
254 0.989 0.983
261 0.989 0.983
269 0.989 0.983
277 0.989 0.983
283 0.989 0.983
290 0.989 0.983
297 0.989 0.983
304 0.989 0.983
311 0.989 0.983
317 0.989 0.983
324 0.989 0.983
332 0.989 0.983
338 0.989 0.983
347 0.989 0.983
355 0.989 0.983
361 0.989 0.983
368 0.989 0.983
376 0.989 0.983
382 0.989 0.983
389 0.989 0.983
394 0.989 0.983

Comparison of body weight relative to start weight for CRT only and CRT+PFB vs sham-irradiation.
Adjusted p-values following independent t-tests.



Appendix 2: Mouse ENCODE transcription data (Chapter 5)

ICAM-1

100

80

RPKM

60

40

b =

& Y
4 &
& &
‘-_\b b
5
4
3
=
x
o
74
2
1
S S S S 8 b e P
&° & & P © o & &
sy u"\ K e b3 \“,?. LI




TNF-alpha

5
4
3
=
4
o
[
2
| A-_I_._-
0
2 2 c; B £y B o
-3\0\ 3\’0 b‘) r\& 'S\S \‘s‘) {0 - G‘Q’ “, & h“ oF t\"’ t\." s) s\o ) bbo b‘) 5 b° ,,'b"'
& T _\-.‘_h 07 & 3
Db\\"\ /o?’b ??@\\) < o & § & 5

2,500

2,000

1,500

1,000

500

J_l_- Il__l —




GFAP

35
30

25

20

RPKM

RPKM

Images copied directly from the NIH National Library of Medicine, National Centre for Biotechnology
Information [www.ncbi.nlm.nih.gov/gene/]



Appendix 3: RNA quality control data (Chapter 5)

Sample ID Treatment RIN Concentration Quantity Action
group (ng/uL) (ng)
1955m1 Sham 8.3 644 9016 Proceed
1955m2 Sham 8.6 27.8 389.2 Proceed
1955m3 Sham 8.9 26.4 369.6 Proceed
1956m1 Sham 9.2 10.2 142.8 Re-extract
1956m2 Sham 7.9 723 10122 Proceed
1956m3 Sham 8.2 778 10892 Proceed
1961m1 Sham 8.8 134 1876 Proceed
1961m2 Sham 7.9 836 10868 Proceed
1961m3 Sham 8.4 370 5180 Proceed
1962m1 Sham 8.6 389 5446 Proceed
1962m2 Sham 8.6 348 4872 Proceed
1962m3 Sham 8.3 485 6790 Proceed
1964 CRT+PFB 8.2 436 6104 Proceed
2164 CRT+PFB - 3.95 55.3 Re-extract
1957m1 CRT+PFB 8.9 156 2184 Proceed
1957m2 CRT+PFB 8.5 408 5712 Proceed
1957m3 CRT+PFB 8.6 238 3332 Proceed
1958m1 CRT+PFB 9.2 92.6 1296.4 Proceed
1958m2 CRT+PFB 9.1 150 2100 Proceed
1958m3 CRT+PFB 8.8 201 2814 Proceed
1963m1 CRT+PFB 8.3 326 4564 Proceed
1963m2 CRT+PFB 8 519 7266 Proceed
1963m3 CRT+PFB 8.1 626 8764 Proceed
1956m1 sham 8.6 251 3514 Proceed
2164 CRT+PFB 8 794 11116 Proceed

Quality control (QC) of total RNA extracted from cerebellum. QC criteria consisted of quality (RIN =7)
and quantity (=150 ng) of RNA extracted from the cerebellum. Samples that passed QC were sent for
RNAseq (action = proceed) and samples that failed QC (red; action = re-extract) required RNA extraction
from a new piece of the tissue. Repeat extractions are shown at the bottom of the table.



Appendix 4: DNA quality control data (Chapter 5)

DNA from peripheral blood DNA from cerebellum
. . Sent for . . Sent for
Sample Treatment Concentration Quantity . Concentration  Quantity .
D rou (ne/uL) (ng) methylation (ng/uL) (ng) methylation

group B/ 8 array B/u g array
No

1956m1 Sham <1 - 51.8 7770 No
Yes

1956m2 Sham 2.01 397.98 7.1 355 Yes
Yes

1956m3 Sham 3.36 665.28 8.56 428 Yes
Yes

1955m1 Sham 3.29 651.42 218 10900 Yes
Yes

1955m2 Sham 7.21 1427.58 934 46700 Yes
Yes

1955m3 Sham 3.25 643.5 79.2 3960 No
Yes

1961m1 Sham 4.44 213.12 4.02 603 Yes
Yes

1961m2 Sham 5.98 287.04 93.2 4660 No
Yes

1961m3 Sham 13.9 667.2 107 5350 Yes
Yes

1962m1l Sham 7.01 336.48 64.6 3230 No
Yes

1962m?2 Sham 10.2 489.6 98.8 4940 Yes
Yes

1962m3 Sham 26.2 1257.6 72.2 3610 No
Yes

1963m1 CRT+PFB 3.18 629.64 73.4 11010 Yes
Yes

1963m2 CRT+PFB 4.36 863.28 43.2 2160 Yes
Yes

1963m3 CRT+PFB 5.07 1003.86 60.6 3030 Yes
Yes

1964 CRT+PFB 5.84 1156.32 7.9 395 Yes
Yes

2164 CRT+PFB 3.33 659.34 72 3600 Yes
Yes

1958m1 CRT+PFB 6.09 292.32 24.6 3690 Yes
Yes

1958m2 CRT+PFB 8.9 427.2 26.2 3930 Yes
Yes

1958m3 CRT+PFB 15.2 729.6 13.1 1965 Yes
Yes

1957m1 CRT+PFB 12.7 609.6 40.4 6060 Yes
Yes

1957m2 CRT+PFB 22.3 1070.4 23 3450 Yes
Yes

1957m3 CRT+PFB 13.2 633.6 2.38 357 Yes

DNA extracted from peripheral blood and cerebellum. Red text depicts samples that failed QC. Some
samples were not sent for methylation array (despite passing QC) due to limited space on the array.



Neuro-Oncology Advances

6(1), vdae091, 2024 | https://doi.org/10.1093/noajnl/vdae091 | Advance Access date 6 June 2024

In vivo modeling recapitulates radiotherapy delivery
and late-effect profile for childhood medulloblastoma

Jemma Castle, Gary Shaw, Dominic Weller, Edward Fielder, Teklu Egnuni, Mankaran Singh,
Roderick Skinner, Thomas von Zglinicki, Steven C. Clifford, Susan C. Short*, Satomi Miwa*, and
Debbie Hicks*

All author affiliations are listed at the end of the article

Corresponding Author: Debbie Hicks, PhD, Wolfson Childhood Cancer Research Centre, Newcastle University Centre for Cancer,
Translational and Clinical Research Institute, Newcastle University, Newcastle uponTyne, UK (debbie.Hicks @ncl.ac.uk).

*These authors contributed equally.

Abstract

Background. Medulloblastoma (MB) is the most common malignant pediatric brain tumor, with 5-year survival
rates > 70%. Cranial radiotherapy (CRT) to the whole brain, with posterior fossa boost (PFB), underpins treatment for
non-infants; however, radiotherapeutic insult to the normal brain has deleterious consequences to neurocognitive
and physical functioning, and causes accelerated aging/frailty. Approaches to ameliorate radiotherapy-induced
late-effects are lacking and a paucity of appropriate model systems hinders their development.

Methods. We have developed a clinically relevant in vivo model system that recapitulates the radiotherapy
dose, targeting, and developmental stage of childhood medulloblastoma. Consistent with human regimens, age-
equivalent (postnatal days 35-37) male C57BIl/6J mice received computerized tomography image-guided CRT
(human-equivalent 375 Gy EQD2, n=12) + PFB (human-equivalent 48.7 Gy EQD2, n=12), via the small animal
radiation research platform and were longitudinally assessed for > 12 months.

Results. CRT was well tolerated, independent of PFB receipt. Compared to a sham-irradiated group (n=12), ir-
radiated mice were significantly frailer following irradiation (frailty index; P=.0002) and had reduced physical
functioning; time to fall from a rotating rod (rotarod; P=.026) and grip strength (P=.006) were significantly lower.
Neurocognitive deficits were consistent with childhood MB survivors; irradiated mice displayed significantly worse
working memory (Y-maze; P=.009) and exhibited spatial memory deficits (Barnes maze; P=.029). Receipt of PFB
did not induce a more severe late-effect profile.

Conclusions. Our in vivo model mirrored childhood MB radiotherapy and recapitulated features observed in the
late-effect profile of MB survivors. Our clinically relevant model will facilitate both the elucidation of novel/target
mechanisms underpinning MB late effects and the development of novel interventions for their amelioration.

Key Points

1. In vivo model system recapitulates the radiotherapy dose, targeting, and developmental
stage of childhood medulloblastoma.

2. Irradiated mice display MB-like deficits to neurocognitive and physical functioning, and
frailty, independent of receipt of PFB dose.

Intensified therapies for children with cancer have led to life-changing or life-threatening late effects as a result of
5-year survival rates approaching 85%'; however, this has cancer treatment that affects the majority of physiological and
come at a huge cost. Survivors have a high risk of developing  psychosocial systems; examples include cardiotoxicity, renal

© The Author(s) 2024. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of
Neuro-Oncology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://
creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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Importance of the Study

Eighty percent of children diagnosed with a brain tumor
now become 5-year survivors, driven by the delivery of
combination and intensified treatments. This exposure
to intensive treatments leaves pediatric brain tumor
survivors at increased risk of detrimental life-long late
effects associated with their disease and its therapy.
Medulloblastoma (MB) survivors are particularly bur-
dened due to the routine use of curative high-dose
regimens that include irradiation to the whole brain
(CRT) plus an additional posterior fossa boost (PFB)
dose. The development of effective pharmacological

toxicity, ototoxicity, endocrine impairment, subsequent
malignancies, neurocognitive deficits, impaired neuro-
muscular function, and accelerated aging.?®

Cranial radiotherapy (CRT), the mainstay of pediatric
brain tumor treatment in non-infants, is a causative factor
in lasting neurocognitive deficits, with survivors suffering
intellectual disability, low levels of academic attainment,
poor psychosocial satisfaction, and reduced independ-
ence in adulthood.”® Many survivors experience impaired
physical functioning, and neurological difficulties such
as ataxia and co-ordination disorders, as well as reduced
fine motor skills."™ While these deficits present and persist
in the years following treatment, others have a longer la-
tency; adult survivors of childhood brain tumors develop
numerous co-morbidities’>'® and become more frail over
their life course.™

Medulloblastoma (MB), the most common malignant
pediatric brain tumor, is typically treated with high doses
of craniospinal irradiation (CSI) including CRT (up to 36 Gy)
with a posterior fossa boost dose (PFB; total dose up to 54
Gy)."® CSl is omitted from treatment protocols for the very
youngest patients due to its intolerable toxicity and late-
effect profile in this age group and is reserved for children
aged over either 3 or 5 years, depending on national treat-
ment philosophies. High-dose CRT promotes the greatest
intellectual impairment; the mean loss of IQ points is be-
tween 2.5 and 3.9 per year,'"8 reaching a plateau of im-
pairment around 2 standard deviations below average.
70%-90% of this group demonstrate a significant impair-
ment in global intellectual functioning; many survivors ex-
perience attention deficits, slower processing speed, and
impaired working memory,™ 92! which are in turn strongly
correlated with decreased quality of life.22-25

There is a critical need for the development of inter-
ventions to prevent or ameliorate the MB late effects that
burden survivors throughout their adolescent and adult
life.23 However, the development of such interventions
is hindered by a lack of suitable experimental model sys-
tems. Previous in vivo cranial irradiation studies have typ-
ically failed to fully model pediatric brain tumor regimens
(Supplementary Table 1). Many have been limited by a
common tradeoff, which was either the use of clinically rel-
evant radiotherapy doses in adult mice?%-32 or sub-relevant
doses in juvenile mice.®*-%8 Furthermore, traditional ap-
proaches did not allow for the delivery of targeted cranial

or other interventions aimed at prevention/treatment
of therapy-associated deficits is a major clinical goal;
however, a paucity of appropriate model systems hin-
ders their development. Our highly disease-relevant
model recapitulates childhood MB radiotherapy dose,
targeting, and late-effect profile, at an equivalent devel-
opmental stage. Thus, our clinically relevant model pro-
vides an essential platform that will both facilitate the
elucidation of novel/target mechanisms underpinning
MB late effects and the development of novel neuro-
interventional strategies.

irradiation, and instead typically employed whole-head
irradiation, incorporating vulnerable structures such as
the ears, eyes, and mouth in the radiation field,2”333%-42
resulting in high levels of acute toxicity with little clin-
ical relevance.*** Moreover, non-targeted radiation ap-
proaches are not able to deliver radiation specifically to
substructures of the brain, and therefore cannot recapitu-
late the PFB commonly used in MB radiotherapy regimens.
Previous studies have also typically focused solely on
neurocognition to the exclusion of other facets of the late-
effect profile, and have rarely characterized models beyond
6 months post-irradiation, therefore failing to describe the
chronic burden over the life course.??26414547 To address
these limitations, we developed a novel in vivo model
through the combination of the delivery of MB-like frac-
tionated high-dose radiotherapy to juvenile mice, to mirror
those MB treatment paradigms that result in the greatest
risk of severe late-effects. We performed longitudinal as-
sessments across the life course up to human-equivalent
middle age, to model the long-term burden suffered by
survivors of childhood brain tumors.

Materials and Methods
Mice

Juvenile male C57BL/6J mice (n=36) were purchased
from Charles River post-weaning (aged 21 postnatal days)
and maintained in groups of 3 littermates in individually
ventilated cages. Cages contained sawdust, paper bed-
ding, and environmental enrichment. Mice were housed at
20 = 2 °C under a 12-hour light/12-hour dark photoperiod.
They received standard rodent-pelleted chow ad libitum
(Special Diets Services, Witham, UK). Age (approximate
postnatal days; ~PND) was calculated using the mean
age at the start of each procedure. Human-equivalent life
stage details are provided in SupplementaryTable 2. At the
end of the study (~PND 394), mice were humanely culled
via cervical dislocation. The work was licensed by the UK
Home Office (PBDAFDFBO and P67C4EBE4) and complied
with the guiding principles for the care and use of labora-
tory animals. Ethical approval was granted by Newcastle
University Animal Welfare and Ethics Review Body.
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Table 1. Small Animal Radiation Research Platform Irradiation Regimen
Group Radiation dose Radiation schedule
CRT only Whole brain: 10F x 3 Gy (30 Gy) 5 days per week for 2 weeks
CRT + PFB Posterior fossa only: 3F x 3 Gy 3 consecutive days
(9 Gy) 5 days per week for 2 weeks
Whole brain: 10F x 3 Gy (30 Gy)
Sham Did not receive radiation

Equivalent radiation dose in 2 Gy fractions (EQD2)
Whole-brain: 37.5 Gy

PF only: 11.25 Gy [48.75 total]
Whole-brain: 37.5 Gy

Radiation dose and frequency for cranial-radiation (CRT) only, CRT with posterior fossa boost (CRT + PFB), and sham-irradiated control group (sham);
n =12 for each group. The total human-equivalent radiation dose per area is given in brackets. While < 2 Gy per fraction is typical for human MB ra-
diotherapy regimens, regulatory limitations necessitated the delivery of 3 Gy per fraction in our model, resulting in an overall dose equivalent to 37.5
Gy EQD2. Anesthesia (isoflurane) was administered to all groups independent of receipt of CRT.

Cranial-Irradiation With PFB

We used the small animal radiation research platform
(SARRP) to precisely deliver MB-like CRT with PFB via
computerized tomography imaging guidance.*® Irradiation
was performed at Leeds University. Mice were ran-
domly allocated into 3 treatment groups: cranial (whole-
brain) irradiation (“CRT only,” human-equivalent 37.5 Gy
EQD2; n=12), cranial-irradiation with an additional PFB
(“CRT+PFB,” human-equivalent 37.5 Gy EQD2 with 11.25
Gy EQD2 [48.75 Gy EQD2 to the posterior fossal; n=12)
and a control group that did not receive any irradiation
(sham, 0 Gy, n=12). Doses were calculated with an equiv-
alent dose in 2Gy fractions (EQD2) assuming an o/B ratio of
2. Irradiation was delivered at a dose rate of 3.66 Gy/min.
For mice in the CRT-only group, treatment began on PND
35 and lasted for 10 days. For the CRT + PFB group, treat-
ment commenced at PND 37 and required an additional 3
days of treatment (details are provided in Supplementary
Figure 1). All mice (n=36) including the sham group were
anesthetized with isoflurane and placed into the SARRP,
independent of receipt of radiation. A 10 x 10 mm colli-
mator with arc from -60 to 60 °C was used to deliver both
CRT and the high-dose boost to the posterior fossa. While
MB patients receive CSI, here spinal cord irradiation was
omitted to limit the development of acute toxicities arising
from off-target radiation to the thoracic cavity. Beam an-
gles were selected to avoid the oral cavity, olfactory bulbs,
ear, and ear canal. Dose verification was carried out by
end-to-end testing by NPL and Innovate UK. This was car-
ried out using 10 x 10 mm and 5 x 5 collimators with both
static and arc beams. Differences between alanine pellets
and gafchromic film were calculated when exposed to a
dose of 12 Gy in a mouse phantom model. The difference
between the treatment planning system dose and the
measured dose was approximately 5% for film and 3% for
pellets. Radiation protocols for each treatment group are
summarized in Table 1 and a detailed timeline is provided
in Supplementary Figure 1.

Following recovery, mice were transferred to Newcastle
University (~PND 63) for subsequent assessment, where as-
sessors were blind to the allocation of radiation group. After
acclimatization, mice received radiofrequency identification
(RFID; IMI-500 Read Only Transponder), implanted subcuta-
neously under general anesthesia. Mice were longitudinally
assessed for over one year (up to ~PND 394).

Frailty Assessment

Frailty assessment was carried out using the Rockwood-
style Fl as previously described.*® Briefly, 30 parameters of
frailty (summarized in Supplementary Table 3) were scored
on a scale from 0 (no impairment) to 1 (severe impairment).
Grip strength was measured using the BIO-GS3 (BIOSEB),
and the mean of 3 attempts was calculated from the max-
imal peak force generated (grams, g) from the forepaws.
Body weight, body temperature, and grip strength were
scored according to degrees of standard deviation (S.D.)
from the mean of age- and sex-matched controls (0: < 1SD;
0.3: 1SD-2SD; 0.7: 2SD-3SD; 1: > 3SD). To minimize subjec-
tivity, assessors (n=2) were kept the same throughout and
blind to the allocation of radiation group; however, some un-
avoidable visual indications of therapy receipt were present.

Physical Functioning Assessment

Grip strength.—Neuromuscular function was assessed
using the Grip Strength Test (BIO-GS3, BIOSEB) on fore-
paws. Mice were lowered via the tail onto the device, and
the maximal peak force was recorded (grams, g).The mean
was calculated from 3 attempts.

Rotarod.—To assess balance, co-ordination, and endur-
ance, mice were placed on the rotarod (Roto-Rod Series
8, IITC Life Science), which began to rotate at an initial
speed of 4 rpm, and gradually accelerated by 7.2 rpm per
minute.®® Time on the rod (seconds) was recorded auto-
matically when mice fell from the rotarod. Quiet, low-light
conditions were used to minimize stress during testing.
Mice were tested 3 times per day, for 2 consecutive days,
with approximately 20-minute intervals between trials.The
mean was calculated using scores across both days.

Neurocognitive Assessment

The Y-maze was used to assess working memory.5' The
maze consisted of 3 arms made of dark gray plastic; each
arm was 40 cm long, 5 cm wide, and 10 cm high. Mice were
placed in arm A and observed for 8 minutes; arm entry was
manually recorded. Quiet, low-light conditions were used
to minimize stress during testing. Spontaneous alternation
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was defined as the frequency of a mouse entering a novel
arm of the maze in 3 consecutive entries (eg, A-B-C), di-
vided by the total arm entries, minus 2.

Learning, short- and long-term memory (LTM) was as-
sessed using the Barnes maze (BM) as previously de-
scribed.5? The BM consisted of 20 holes, surrounded by
visual cues (square, circle, cross, and triangle). The target
hole contained an escape box underneath. Target hole al-
location was randomly assigned across visual cues and
treatment groups. The maze was thoroughly cleaned and
rotated 90° between each mouse and trial to remove po-
tential olfactory cues. Briefly, testing consisted of 4 steps.
(1) Day 1: Initial acclimatization—the mouse was placed in
an opaque holding chamber for 10 seconds, then gently
guided to the target hole. The mouse stayed in the escape
box for 2 minutes. (2) Day 1-4: Spatial acquisition (training
period)—after 10 seconds in the holding chamber, the
mouse attempted to locate the target hole for up to 3 min-
utes, after which the mouse remained in the escape box for
1 minute. This was repeated for 4 trials per day for 4 days,
with approximately 25 minutes between trials for memory
consolidation. (3) Day 5: Probe 1 (short-term memory
[STM] test)—24 hours after the final day of spatial acqui-
sition, the escape box was removed from the target hole
and the mice explored the maze for 90 seconds. 4) Day 12:
Probe 2 (LTM test)—7 days after probe 1, the escape box
was removed from the target hole and the mice explored
the maze for 90 seconds. No training/testing took place on
days 6-11. primary latency (PL) was defined as the time
taken to locate the target hole.

Statistical Analysis

Statistical analysis and data visualization were carried out
using SPSS statistics (IBM, version 27) and R Studio (ver-
sion 4.2.2). T-tests (independent and paired), linear regres-
sion, and ANOVA with post-hoc Tukey tests were used to
compare group means between continuous variables.
Significant associations were defined as having a p < 0.05.
Where appropriate, the Benjamini-Hochberg procedure
was used to correct for multiple tests. Kaplan—-Meier curves
with log-rank tests were used to visualize survival, and
deaths not related to irradiation were right censored (de-
tails provided in SupplementaryTable 4).

Results and Discussion

Development of a Clinically Relevant, High-
Dose, Targeted Cranial-Irradiation Model of MB
Treatment

While previous in vivo modeling studies each contain crit-
ical limitations (a summary is provided in Supplementary
Table 1), ours is the only model to (1) deliver fractioned
high-dose radiotherapy, (2) use juvenile mice, and (3) per-
form longitudinal and comprehensive long-term follow-up,
making it optimally positioned for use in future interven-
tional development.

Previous studies typically utilized traditional approaches
to deliver radiation to the whole head, with lead shielded

from the body.?62739.53.54 Delivery via this modality renders
non-target regions such as the mouth, ears, and eyes are
in the radiation field. Consequently, whole-head irradia-
tion comes with high levels of acute toxicity, (eg,. damage
to the salivary gland, mouth ulceration, eye dryness, and
weight loss).*344 Moreover, whole-head irradiation cannot
deliver targeted radiation to specific brain regions, which
prevents the delivery of a PFB dose. Thus, irradiation using
these methodologies cannot fully recapitulate the dose
and targeting used in MB regimens.

Childhood MB patients with high-risk disease typically
receive 36 Gy CRT with 54 Gy to the posterior fossa; these
high doses are associated with the most severe late effects
and represent the greatest clinical need.'®% By utilizing a
pre-clinical radiotherapy platform (SARRP) to deliver com-
puterized tomography image-guided, arc-delivered, frac-
tionated radiotherapy CRT (Supplementary Figure 1), we
were able to deliver up to an equivalent of 48.75 Gy EQD2
to the posterior fossa, very close to the high-dose PFB used
in medulloblastoma regiments.%®

Radiotherapeutic insult to the brain results in substan-
tial damage to healthy tissue, including damage to the
vasculature and demyelination, resulting in impaired neu-
rogenesis.’” As significant brain development occurs in
early childhood, young children are particularly vulner-
able to the deleterious consequences of CRT in treating a
brain tumor.58 We delivered CRT to cohorts of young mice
at ~PND 36, equivalent to the juvenile life stage in humans
and peak stage of MB diagnosis.'®

While previous studies have assessed the effects of cra-
nial irradiation in young mice, often this is for a relatively
short period.353846 We followed up with our mouse cohort
for over a year (up to ~PND 394); longitudinal assessments
of frailty, physical functioning (grip strength and rotarod),
and neurocognition (Y maze and BM) were performed to
determine their sensitivity to CRT, additional negative con-
sequences of PFB, and the extent to which our model re-
capitulated MB late-effect severity and durability (Figure 1).

Our Human-Equivalent CRT Regimen was
Well Tolerated, Acutely, and Mice Thrived
Post-treatment

High-dose CRT was well tolerated; no animals died due
to severe acute toxicity either during or immediately fol-
lowing irradiation (Figure 2A). Over the course of the ex-
periment, 5 mice were culled (though not attributable to
cranial irradiation; Supplementary Table 4). Following irra-
diation, mice thrived and continued to grow at the same
rate as sham-irradiated controls, independent of receipt of
PFB (Figure 2B, P-values shown in SupplementaryTable 5),
throughout the life course.

Outcomes for the CRT + PFB group were equivalent to the
CRT group across the vast majority of measures (n = 163/166)
of frailty, physical functioning, and neurocognition tested,
indicating there was no additional impact of the PFB dose
(Figure 2C and SupplementaryTables 6A-C). Previous studies
have shown that the dose of cranial irradiation is the major
driver of poor neuropsychological outcomes in children
treated for posterior fossa tumours® and others have re-
ported a selective vulnerability of specific neuro-anatomical
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Schematic overview of the development of a clinically relevant, high-dose, targeted cranial-irradiation model. An overview of the

study design. Juvenile C57BI/6J mice (age 35-37 PNDs) received either CRT only (37.5 Gy human equivalent EQD2, n = 12), CRT + PFB (total
dose of 48.75 Gy EQD2 to the posterior fossa, human-equivalent), or sham-irradiation (n = 12) via the small animal radiation research platform.
Following irradiation, mice were subjected to longitudinal functional assessments. Assessments of frailty (frailty assessment at 4 timepoints [F1:
~PND 97, F2: ~PND 130, F3:~PND 191 and F4: ~PND 233]), neurocognition (Y-maze at 2 timepoints [Y1: ~PND 179 and Y2: ~PND 266] and Barnes
maze [BM: ~PND 369]) and physical functioning (grip strength test at 4 timepoints [G1: ~PND 97, G2: ~PND 130, G3:~PND 191, and G4: ~PND 233]
and RotaRod at 2 timepoints 1-2 [R1: ~PND 172 and R2: ~PND 249]) were carried out up to ~PND 394.

substructures to radiation injury, implicating the hippo-
campus and frontal- and temporal lobes in determining
neurocognitive function, rather than the posterior fossa,?%-%!
supporting our findings. Given that PFB is not associated with
late-effect severity in our model, CRT only and CRT + PFB
groups were subsequently combined for further analyses
(henceforth collectively referred to as CRT) for comparison
against sham-irradiated control mice.

CRT Drives Accelerated Frailty

Survivors of childhood MB experience increased
frailty.2'462 To assess whether CRT induced frailty in our
model, we used the frailty index (Fl), a measure used to
provide an overall picture of general health and well-being
in both mice and humans. The Fl is also predictive of mor-
tality across species.®3¢4The mouse Fl exhibits key features
of the Fl used in humans and is therefore useful to quantify
deficits relevant to human frailty and aging. The Fl can be
influenced by stress; however, in our study, this was min-
imized by acclimatization to handling prior to assessments
and maintaining low levels of environmental noise. Frailty
was assessed longitudinally (at ~PND 97, 130, 191, and 233;
time points F1-4, respectively, Figure 3A) in our mice by
scoring 30 age-related conditions on a scale of 0 (no frailty)
to 1 (severe frailty), and calculating an average to produce
a Fl as described (Figure 3B).4%65

As expected, the Fl for sham-irradiated mice increased
along over the life course (r2=0.101), representing a

normal, healthy, aging profile.®* However, CRT-induced
accelerated frailty manifested early; at F1 (~PND 97;
human-equivalent of early adulthood) FI was signifi-
cantly higher in the CRT group than the sham-irradiated
group (P=.001) and this persisted at all time points (F2,
P=.0001; F3, P=.007 and F4, P=.002, Figure 3C). The
rate of Fl increase was significantly higher following CRT
(r2=0.166, P<.0001; Figure 3C). Vision loss, loss of fur
color, piloerection, and high breathing rate were the most
common Fl parameters following CRT (Figure 3B; repre-
sentative images are shown in Figure 3D and E). Fl scores
for distinct CRT only and CRT + PFB groups are summar-
ized in supplementary figure 3.

Physical Functioning is Impaired Following
Cranial-Irradiation

Physical functioning was assessed longitudinally using
the grip strength test (at ~PND 97, 130, 191, and 233; time
points G1-4, respectively) and rotarod (~PND 172 and 249;
time points R1-2, respectively, Figure 4A).The grip strength
of the CRT group was worse than sham-irradiated mice
at all time points; this was significant at G2 (~PND 130,
P=.031) and G4 (~PND 233, P=.006; Figure 4B). Both CRT
and sham-irradiated groups exhibited a similar reduction
in grip strength with age (Figure 4B).

To assess endurance, and neurological function related
to balance and coordination, the mice were subjected to
the rotarod at ~PND 172 and ~PND 249 (time points R1 and
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Figure 2. Clinically relevant, high-dose, targeted cranial irradiation is well tolerated and mice thrive independent of posterior fossa boost.
(A) Kaplan—Meier plot of survival by cranial-radiation group. Deaths not related to radiation were right-censored (details are provided in
Supplementary Table 4) Receipt of cranial irradiation is depicted by the dotted line. (B) Mean body weight (+ SEM) was measured at least weekly
over the course of the study, pre- and post-irradiation (P-values given in Supplementary Table 5). The receipt of cranial irradiation is depicted by
the dotted line. (C) Summary of the performance of CRT only versus CRT + PFB groups. Adjusted P-values following independent t-tests between
CRT only and CRT + PFB for all assessments of frailty, physical functioning (grip strength and Rotarod), and neurocognition (Y-maze and Barnes
maze). A full comparison of all measures tested is provided in Supplementary Tables 6A—C).
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Figure 3. CRT drives accelerated development of frailty. (A) Timeline of longitudinal frailty assessment (F1: ~PND 97, F2: ~PND 130, F3: ~PND
191 and F4: ~PND 233). (B) Increased frailty scores following CRT. Heatmap showing frailty scores for all 30 frailty parameters following CRT or
sham-irradiation. Individual frailty criteria were scored from 0 (no impairment, green) to 1 (severe frailty, red). Gray shading depicts missing data.
Criterion are ordered from most commonly impaired to least commonly impaired (top to bottom). (C) CRT drives accelerated frailty. Mean frailty
index (FI) following longitudinal frailty assessment at F1-4. Each point represents individual mice scores for CRT (red) and sham (blue) groups.
Rate of frailty increase is higher in CRT-treated mice. Goodness of fit is denoted by r%, P-value represents linear regression. Significant P-values
(P < .05) are in bold text. Examples of commonly impaired features following CRT or sham-irradiation: Are grimace and loss of fur color following
CRT (D) and piloerection following CRT (E).
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Physical functioning is impaired following cranial irradiation. (A) Timeline of longitudinal physical functioning assessment via the Grip

Strength test (G1: ~PND 97, G2: ~PND 130, G3: ~PND 191 and G4: ~PND 233), and the RotaRod (R1: ~PND 172 and R2: ~PND 249). (B) Grip strength
was poorer following CRT than sham-irradiation. Scatterplot showing longitudinal grip strength (mean of 3 attempts) at G1-4, where each point
represents individual mice for CRT (red) and sham (blue) groups with linear regression fit lines. Significance was assessed via independent
t-tests. Grip strength declines over time. Goodness of fitis denoted by r% (C) Balance, coordination, and endurance are worse following CRT than
sham-irradiation. Average time on the Rotarod (mean time across 6 trials) at R1 and R2. Each point represents individual mice. Significance was
assessed via independent t-tests (black [at both R1 and R2]) and paired t-tests (red [R1 vs. R2 in the CRT group] and blue [R1 vs. R2 in the sham-

irradiation groupl). Significant P-values (P < .05) are in bold text.

R2, respectively, Figure 4C). The CRT group were able to
stay on the rotarod for significantly less time at both R1
(mean time 48.2 vs. 70.7 s, P=.003) and R2 (52.3 vs. 70.2 s,
P=.026, Figure 4C). There was no age-associated decline
in rotarod performance either group (Figure 4C). Physical
functioning for distinct CRT only and CRT + PFB groups are
summarized in Supplementary Figure 4.

The impaired physical functioning induced by CRT in
our model mirrors that of childhood brain tumor survivors.
Many survivors of childhood medulloblastoma experience
below-average physical functioning, particularly within
motor functioning, exhibiting difficulties such as ataxia
and coordination disorders, as well as reduced fine motor
skills.'011.66:67 While impaired physical functioning may be
a result of the tumor itself, younger age at diagnosis and
combination treatment approaches including surgical re-
section, and the use of chemoradiation have been identi-
fied as risk factors for neurological dysfunction.®”

CRT Induces Deficits in Memory and Learning

Neurocognitive impairment is common in childhood MB
survivors.”®® Neurocognitive function was assessed by the
Y-maze (at ~PND 179 and ~PND 266; time pointsY1 andY2,
respectively) and BM (at ~PND 369; time point BM), and
brain weight was measured at the study endpoint (~PND
394; Figure 5A). CRT has been shown to reduce brain
volume in both humans and mice,®® which has also been
linked to lower 1Q scores in childhood MB survivors.® In
our clinically relevant model, CRT significantly reduced
brain size; brain weight was significantly less in the CRT
group than in sham-irradiated controls (median weight:
0.46 and 0.50 g, respectively, P<.001; Figure 5B). CRT has
been linked with decreased total brain volume, decreased
white matter, and reduced neurogenesis; however, further
investigation into the specific substructure vulnerabilities
is required.®870
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Figure 5. CRT induces deficits in memory and learning. (A) Timeline of longitudinal neurocognitive assessment using the Y-maze (working
memory [spontaneous alternation] at Y1: ~PND 179 and Y2: ~PND 266) and the Barnes maze (learning, short- and long-term memory [BM: ~PND
369]). (B) Brain weight is lower following CRT than sham-irradiation. Brain weight (g) at ~PND 394, where each point represents individual mice.
Significance was assessed via independent t-test. (C) Working memory is poorer following CRT than sham-irradiation. Spontaneous alternation
at Y1 and Y2, where each point represents individual mice. Significance was assessed via independent t-test (black [at both Y1 and Y2]) and
paired t-tests (red [Y1 vs. Y2 in CRT group] and blue [Y1 vs. Y2 in sham-irradiation group]). (D) Mice receiving CRT showed initial learning deficits
but overcame this by day 3. Mean time is taken to find the target hole (primary latency, s) during spatial acquisition (days 1-4, 4 trials per day).
Significance was assessed via independent t-tests. (E) Following CRT mice had deficits in long-term memory but not short-term memory. Primary
latency on day 5 (short-term memory, STM) and day 12 (long-term memory, LTM), where each point represents individual mice. Significance was
assessed via independent t-tests (black [at both days 5 and 12]) and paired t-tests (red [day 5 vs. 12 in CRT group] and blue [days 5 vs. 12 in sham-
irradiation groupl). Significant P-values (P < .05) are in bold text.
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Neurocognitive function was assessed by the Y-maze
(spontaneous alternation) and BM (PL). To assess working
memory, mice were subjected to the Y-maze at ~PND 179
and ~PND 266 (time points Y1 and Y2, respectively, Figure
5A). CRT-induced working memory deficits (Figure 5C).
While at Y1, early in the life course, the CRT group per-
formed equivalently to the sham-irradiated group (P=.95),
at Y2 (~PND 266; human-equivalent of early middle age)
spontaneous alternation was significantly lower than
sham-irradiated mice (mean spontaneous alternation:
0.655 vs. 0.781, P=.009, Figure 5C).

The ability to learn and retain learned behavior was as-
sessed using the BM at ~PND 369 (human-equivalent of
middle age; Figure 5A). Mice were trained for 4 days to lo-
cate the target hole (spatial acquisition [days 1-4], 4 trials
per day); search strategy and time to locate the target
hole improved following training (as shown in the pre-
and post- training video [online resource 1 and 2]). Mice
in the CRT group were initially slower to locate the target
hole, presumably in part attributable to their worse phys-
ical functioning; at days 1 and 2 PL (time to locate target
hole) was significantly higher in the CRT group than the
sham-irradiated group (day 1 PL: 58.9 vs. 37.5s [P=.04]
and day 2 PL: 44.5 vs. 24.6 s [P=.028]). However, the CRT
group performed equivalently to the shame-irradiated
controls by the end of the spatial acquisition period; at
day 3 and day 4 PL was equivalent in the CRT and sham-
irradiated groups (P=.333 and P=.182, respectively,
Figure 5D). Neurocognitive function for distinct CRT only
and CRT + PFB groups are summarized in Supplementary
Figure 5.

CRT-induced deficits in LTM but not STM (Figure 5E). A
probe trial to assess STM function was performed one day
after the spatial acquisition period (day 5). The CRT group
showed no deficit in STM; PL was equivalent in CRT and
sham-irradiated groups (P=.392). After 1 week, with no
further training, a second probe trial was conducted to as-
sess LTM (day 12). Despite having performed equally at
day 5, mice that received CRT had impaired LTM and took
significantly longer to locate the target hole; PL was signif-
icantly higher for the CRT group than sham-irradiated con-
trols (day 12 mean PL 274 vs. 10.9's, P=.029, Figure 5E).
LTM impairment following CRT is analogous to human MB
survivors, where the majority of survivors report memory
problems.”!

The neurocognitive deficits induced by CRT in our model
mirror those seen in childhood MB survivors. Reduced atten-
tion, slower processing speeds, and poor working memory
are characteristic of medulloblastoma patients who have
received cranial radiotherapy.?'®%72-77 Such domains sup-
port the acquisition of new learning such that childhood
brain tumor survivors acquire new information at half the
rate of unaffected peers.'® This cranial radiation-induced
neurocognitive impairment was mirrored within our in
vivo model system; following CRT mice displayed reduced
working memory and LTM function. 70%-90% of child-
hood brain tumor survivors demonstrate significant impair-
ment in global intellectual functioning,?>?! which is in turn
strongly correlated with decreased quality of life.?223.25.77

Receipt of CRT, particularly at a young age, results
in a wide range of deleterious late effects that can dras-
tically reduce the quality of life of childhood cancer

survivors."1671.78 \We conclude that delivery of child-
hood MB-equivalent radiotherapy is tolerated in vivo and
following longitudinal, multi-parameter assessments,
invokes an equivalent late-effect profile to the human dis-
ease. Thus, our clinically relevant model provides an es-
sential platform that will both facilitate the elucidation of
novel/target mechanisms underpinning MB late effects and
the development of novel neuro-interventional strategies
to alleviate the burden of surviving childhood MB.
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