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Abstract

Abstract

Pediatric-type diffuse high-grade gliomas (pHGGs) are among the most aggressive and lethal
childhood brain tumors, and current treatment strategies provide only limited clinical benefit.
Radiotherapy (RT) remains a central component of standard care, particularly for diffuse
midline glioma, yet its effects are largely palliative. In parallel, targeted therapies have shown
promise in selected molecular subgroups, such as receptor tyrosine kinase-driven infant-type
hemispheric glioma (IHG), but are frequently limited by the development of acquired
resistance.

In the first project, | sought to improve RT-based treatment strategies for pHGGs by
systematically identifying and comparing targeted compounds with radiosensitizing potential. |
performed a high-throughput combination screening using a curated library of FDA-approved
drugs in combination with RT across a diverse panel of patient-derived pHGG models,
alongside non-malignant control cells. | validated candidate radiosensitizers in vitro using
multiple orthogonal assays, including measurements of cell viability, apoptosis induction, long-
term growth suppression and DNA damage responses. | subsequently evaluated promising
drug+RT combinations in orthotopic xenograft models to assess antitumor efficacy under
physiologically relevant conditions. In addition, | conducted pharmacokinetic analyses to
determine whether limited bioavailability or brain penetration constrained in vivo efficacy
despite robust in vitro activity.

In the second project, | focused on elucidating mechanisms of acquired resistance to targeted
therapy in anaplastic lymphoma kinase (ALK)-fusion-driven IHG. Although treatment with the
third-generation ALK inhibitor Lorlatinib induces marked initial responses in patients, disease
progression frequently occurs. To investigate this phenomenon, | established stable in vitro
and in vivo models of acquired Lorlatinib resistance through prolonged drug exposure. |
functionally characterized resistant models with respect to proliferation and apoptosis under
continued ALK inhibition and assessed cross-resistance to an alternative ALK inhibitor. Using
bulk RNA sequencing, | identified resistance-associated transcriptional programs and signaling
pathways that support tumor survival. Based on these findings, | explored candidate
vulnerabilities of the resistant state using targeted drug combinations and prioritized them for
further preclinical evaluation.

Collectively, this work provides a systematic preclinical framework for the rational development
of RT-based combination therapies in pHGGs and offers mechanistic insights into ALK inhibitor
resistance in IHG. My findings contribute to a deeper understanding of treatment resistance
and therapeutic synergy in pHGGs and may inform the design of future translational and

clinical studies.




Zusammenfassung

Zusammenfassung

Padiatrische diffuse hochgradige Gliome (pHGG) zahlen zu den aggressivsten und tddlichsten
Hirntumoren im Kindesalter, wahrend die derzeitigen Behandlungsstrategien nur einen
begrenzten klinischen Nutzen bieten. Die Radiotherapie (RT) stellt einen zentralen Bestandteil
der Standardtherapie dar, insbesondere beim diffusen Mittelliniengliom, ihre Wirkung ist
jedoch Uberwiegend palliativ. Parallel dazu zeigen zielgerichtete Therapien in ausgewahlten
molekularen Subgruppen vielversprechende therapeutische Wirksamkeit, etwa bei durch
Rezeptor-Tyrosinkinasen getriebenen infantilen hemispharischen Gliomen (IHG), ihr Nutzen
wird jedoch haufig durch das Auftreten erworbener Resistenzen limitiert.

Im ersten Projekt verfolgte ich das Ziel, RT-basierte Therapiestrategien fur pHGG durch die
systematische Identifizierung zielgerichteter Substanzen mit radiosensibilisierendem Potenzial
zu verbessern. Hierzu fuhrte ich ein Hochdurchsatz-Kombinationsscreening mit einer
Kollektion FDA-zugelassener Medikamente in Kombination mit RT an einem diversen Panel
patientenabstammenden pHGG-Modelle sowie an nicht-malignen Kontrollzellen durch.
Potenzielle Radiosensitizer validierte ich in vitro mithilfe mehrerer orthogonaler Assays,
darunter Analysen zur Zellviabilitdt, zur Induktion von Apoptose, zur Ilangfristigen
Wachstumshemmung und zur DNA-Schaden-Persistenz. Vielversprechende
Medikament+RT-Kombinationen evaluierte ich anschlieBend in orthotopen Xenograft-
Modellen, um ihre anti-tumorale Wirksamkeit unter physiologisch relevanten Bedingungen zu
untersuchen. Erganzend fihrte ich pharmakokinetische Analysen durch, um zu prufen, ob eine
eingeschrankte Bioverfugbarkeit oder Hirnpenetration die in vivo-Wirksamkeit trotz
ausgepragter in vitro-Aktivitat limitierte.

Im zweiten Projekt untersuchte ich die Mechanismen erworbener Resistenz gegenuber
zielgerichteten Therapien in durch Fusionen der anaplastischen Lymphomkinase (ALK)
getriebenen IHG. Obwohl die Behandlung mit dem ALK-Inhibitor der dritten Generation
Lorlatinib initial ausgepragte Therapieansprechen in Patienten induziert, treten haufig
Resistenzen auf. Zur Untersuchung dieses Phanomens etablierte ich durch prolongierte
Wirkstoffexposition stabile in vitro- und in vivo-Modelle einer erworbenen Lorlatinib-Resistenz.
Die resistenten Modelle charakterisierte ich funktionell hinsichtlich Proliferation und Apoptose
unter fortgesetzter ALK-Inhibition und untersuchte Kreuzresistenzen gegenuber einem
alternativen  ALK-Inhibitor. Mithilfe von Bulk-RNA-Sequenzierung identifizierte ich
resistenzassoziierte transkriptionelle Programme und Signalwege, die das Tumortberleben
unterstitzen. Auf Basis dieser Ergebnisse explorierte ich potenzielle therapeutische
Vulnerabilitdten des resistenten Zustands mittels gezielter Wirkstoffkombinationen und

priorisierte diese fur weiterfiUhrende praklinische Untersuchungen.




Zusammenfassung

Zusammenfassend liefert diese Arbeit ein systematisches praklinisches Rahmenkonzept flr
die rationale Entwicklung RT-basierter Kombinationstherapien bei pHGG und bietet
mechanistische Einblicke in die Resistenz gegeniber ALK-Inhibitoren beim IHG. Meine
Ergebnisse tragen zu einem vertieften Verstandnis von Therapieresistenz und therapeutischer
Synergie bei pHGG bei und kénnen zur Konzeption zuklnftiger translationaler und klinischer

Studien beitragen.
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1. Introduction

1.1. Pediatric CNS tumors

Tumors of the central nervous system (CNS) are the leading cause of cancer-related mortality
in children in high-income countries (Lupo & Spector, 2020; Price et al., 2025). Although
hematological malignancies, particularly leukemias, occur more frequently in the pediatric
population (Lam et al., 2019), survival improvements achieved in these diseases have not
been matched in CNS tumors.

Gliomas represent the largest category of pediatric CNS neoplasms and exhibit extensive
biological diversity. Clinically, they are broadly divided into low-grade gliomas (LGGs) and
high-grade gliomas (HGGs), which differ substantially in their molecular characteristics and
disease course. Pediatric LGGs frequently harbor alterations activating the mitogen-activated
protein kinase (MAPK) signaling pathway and are generally associated with favorable
prognoses, with 5-year survival rates approaching 95 % (Cohen, 2022). In contrast, pediatric
HGGs are driven by distinct oncogenic mechanisms, often involving epigenetic dysregulation
and chromatin remodeling defects, and remain associated with poor outcomes, with a 5-year
overall survival below 20 % (Szychot et al., 2025). Although pediatric HGGs are rare,
accounting for fewer than 500 cases annually in the United States (Price et al., 2025), their
aggressive clinical course and limited responsiveness to existing therapies make them one of

the most challenging malignancies in childhood oncology.

The recognition of this biological heterogeneity has fundamentally reshaped approaches to
tumor classification. Traditional diagnostic systems relied primarily on histopathological
features; however, this paradigm proved insufficient to capture the molecular complexity
underlying clinical behavior. The incorporation of molecular criteria into the 2016 revision of
the World Health Organization (WHOQO) CNS tumor classification system marked a decisive shift
toward biology-based diagnosis (Louis et al., 2016). Subsequent advances in genome-wide
DNA methylation profiling (Capper et al., 2018; Hovestadt et al., 2014) and next-generation
sequencing technologies (Sturm et al., 2023) have enabled the identification of molecularly
defined tumor subgroups with distinct prognostic and therapeutic implications. Together, these
developments have established molecular profiling as a central component of modern CNS

tumor diagnostics and a critical foundation for precision oncology approaches.

1.2. Pediatric-type diffuse high-grade gliomas
In the most recent WHO classification update published in 2021, pediatric-type diffuse high-
grade gliomas (pHGGSs) are defined primarily by their histone H3 status and are subdivided

into four distinct entities: (1) diffuse midline glioma, H3 K27-altered; (2) diffuse hemispheric
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glioma, H3 G34-mutant; (3) diffuse pediatric-type high-grade glioma, H3-wildtype and IDH-
wildtype; and (4) infant-type hemispheric glioma (Louis et al., 2021; Pfister et al., 2022) (Figure
1).
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Infant-type Diffuse midline glioma, high-grade glioma, Diffuse hemispheric
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Figure 1: Overview of pediatric-type diffuse high-grade gliomas according to the latest WHO classification in 2021.
A) Graphs depicting the age of onset in years across the pHGG subgroups stratified by gender. The median ages
are denoted above the graph. The dashed line at 21 years represents the threshold for pediatric classification. B)
Common tumor locations across the pHGG subtypes. Darker shades of red represent higher incidences. C) Bar
plots showing the mutation frequencies of indicated genes associated with each pHGG subgroup. D) Kaplan-Meier
curves depicting overall survival rates with the median survival indicated in the upper right corner. Figure adapted
and modified from (Ocasio et al., 2023).

1.2.1. Diffuse midline glioma, H3 K27-altered
Missense mutations affecting genes encoding histone 3 (H3) represent a hallmark of pediatric
diffuse midline gliomas (DMGs). Approximately 75 % of these alterations occur in H3F3A,
which encodes the histone variant H3.3, while the remaining ~25 % arise in HIST1H3B or
HIST1H3C, encoding H3.1 or H3.2, respectively. These mutations result in the substitution of
lysine (K) by methionine (M) at position 27 (H3K27M) (Ocasio et al., 2023). The H3K27M
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alteration inhibits the activity of the Polycomb Repressive Complex 2 (PRC2), leading to a
global reduction of trimethylation at H3K27 (H3K27me3). As H3K27me3 is a repressive
chromatin mark involved in silencing genes that regulate developmental processes, stemness,
cell cycle progression, and cell survival, its loss has profound epigenetic consequences. The
resulting genome-wide hypomethylation at H3K27, together with a concomitant increase in
H3K27 acetylation (H3K27ac), promotes a more transcriptionally permissive chromatin state
and drives widespread dysregulation of gene expression that favors oncogenic transformation
(Andrade et al., 2023; Ocasio et al., 2023).

H3.3K27M mutations frequently co-occur with alterations in TP53 or PPM1D, whereas
H3.1K27M mutations are almost invariably associated with activating mutations in ACVR1.
Owing to their dominant and oncogenic effects on chromatin regulation, these histone variants

are commonly referred to as “oncohistones” (Andrade et al., 2023).

The H3K27M mutation is detected in approximately 80 % of DMGs, which are defined by their
infiltrative growth pattern within midline CNS structures, including the brainstem (midbrain,
pons, and medulla oblongata), thalamus, and spinal cord (Figure 1). Tumors arising specifically
within the pons were historically classified as diffuse intrinsic pontine gliomas (DIPGs). DMGs
predominantly affect children between 5 and 10 years of age and are characterized by an
aggressive clinical course, with a median overall survival of approximately 12 months,
representing the poorest prognosis among pediatric high-grade gliomas (Ocasio et al., 2023;
Sharie et al., 2023).

1.2.2. Diffuse hemispheric glioma, H3 G34-mutant
Diffuse hemispheric gliomas (DHGs) occur exclusively within the cerebral cortex and
predominantly affect adolescents and young adults between 12 and 35 years of age. At the
molecular level, these tumors are characterized by mutations confined to the H3F3A gene,
which leads to the substitution of glycine (G) at position 34 by either arginine (R) or valine (V),
resulting in the so called H3G34R/V variants (Andrade et al., 2023; Ocasio et al., 2023).

In contrast to H3K27M mutations, G34R/V alterations do not induce global chromatin
remodeling but instead lead to localized, nucleosome-specific epigenetic perturbations at sites
containing the mutant histone. Specifically, the G34R substitution interferes with trimethylation
of the adjacent lysine residue at position 36 (H3K36me3), thereby disrupting normal chromatin
regulation. This alteration promotes aberrant recruitment of PRC2 and results in inappropriate

gene silencing, including repression of tumor suppressor-associated transcriptional programs.
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H3G34R/V mutations frequently co-occur with loss of ATRX, mutations in TP53, or
amplification of PDGFRA (Ocasio et al., 2023) (Figure 1).

1.2.3. Diffuse pediatric-type high-grade glioma, H3- and IDH-wildtype

pHGGs that do not harbor histone H3 and isocitrate dehydrogenase (IDH) mutations represent
a heterogeneous group of brain tumors that lack the characteristic ‘oncohistone’ mutations
observed in diffuse midline and diffuse hemispheric gliomas. Instead, these tumors are
commonly defined by recurrent genetic alterations, including amplifications or mutations
affecting PDGFRA, TP53, NF1, EGFR, and MYCN. H3- and IDH-wildtype pHGGs have been
reported to arise in both supratentorial and midline CNS compartments and occur across a
broad age spectrum encompassing children, adolescents, and young adults (Ocasio et al.,
2023) (Figure 1).

1.2.4. Infant-type hemispheric glioma

Infant-type hemispheric gliomas arise within the cerebral hemispheres and predominantly
affect very young children, with a reported median age at diagnosis of approximately 2.8
months. The majority of these tumors (around 80 %) are driven by oncogenic gene fusions
involving receptor tyrosine kinases (RTKSs), including c-ros oncogene 1 receptor tyrosine
kinase (ROS1), anaplastic lymphoma kinase (ALK), neurotrophic tyrosine kinase receptor
(NTRK), and mesenchymal-epithelial transition factor (MET) (Clarke et al., 2020; Ocasio et al.,
2023) (Figure 1). In the resulting fusion proteins, the native regulatory domains of the RTKs
are replaced by fusion partners, resulting in constitutive kinase activation and sustained
proliferative signaling, that bypasses normal growth control mechanisms. Owing to their strong
oncogenic potential, these RTK fusions typically occur as isolated driver events and are not
accompanied by additional recurrent genetic mutations or alterations (Bagchi et al., 2025;
Clarke et al., 2020)

1.2.41. Anaplastic ymphoma kinase-driven IHGs

Anaplastic lymphoma kinase (ALK), encoded by the ALK gene in humans, functions as a RTK
involved in the regulation of multiple oncogenic signaling cascades, including the Wnt/B-
catenin, MAPK/AKT/mTOR, and JAK/STAT pathways (Ahmed et al., 2024). Under
physiological conditions, activation of ALK is initiated through binding of FAM150 family ligands
to its extracellular domain, which induces receptor dimerization and subsequent activation of
the intracellular kinase domain, leading to downstream signal transduction (Hallberg & Palmer,
2016; Poei et al., 2024).
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In IHGs, ALK represents one of the most frequently altered RTKs. Approximately 47 % of RTK
fusion-positive IHGs harbor ALK rearrangements (Chavaz et al., 2025), and patients with ALK-
altered tumors have been reported to exhibit a 5-year overall survival rate of 53.8 % (Guerreiro
Stucklin et al., 2019). A broad range of ALK fusion partners has been described in IHGs,
including PPP1CB, CCDC88A, EML4, HIP1L, PRKAR2A, SPTBN1, MAD1L1, MAP2, MSI2,
SPECC1L1, SYNDIG1L, ZC3H7A, and CLIP2A (Clarke et al., 2020). ALK fusions are not
restricted to IHGs and have also been identified in other malignancies, such as anaplastic
large-cell lymphoma (ALCL) and non-small-cell lung cancer (NSCLC) (Hallberg & Palmer,
2016).

1.3. Treatments for pHGG
1.3.1. Standard treatments for pHGGs
The WHO classification has highlighted that pediatric gliomas are molecularly and biologically
distinct from adult gliomas, exhibiting marked differences in clinical behavior and therapeutic
response that require age- and entity-specific treatment strategies. Nevertheless, current
therapeutic regimens for pHGGs remain largely adapted from adult treatment paradigms and

demonstrate limited efficacy in children (Chatwin et al., 2021).

Standard treatment for pHGGs typically involves a multimodal approach consisting of maximal
safe surgical resection followed by radiotherapy (RT), administered with concurrent or adjuvant
chemotherapy (Vanan & Eisenstat, 2014), although therapeutic strategies vary depending on
tumor subtype. Gross total resection (GTR) is considered the preferred initial intervention, as
it has been shown to significantly prolong patient survival (Yang et al., 2013). Accordingly, the
surgical objective is maximal safe resection, aiming to achieve complete tumor removal
whenever possible while preserving neurological function. However, this goal is often difficult
or unattainable in diffusely infiltrative or midline tumors, such as DMGs, due to the involvement
of critical brain regions that regulate vital functions including respiration and cardiac control
(Noon & Galban, 2023).

Consequently, RT constitutes the standard of care for most children following surgery or in
cases where surgical resection is not feasible. Owing to the high risk of neurodevelopmental
toxicity, RT is generally avoided in children younger than three years of age. When applied,
RT is typically delivered as focal irradiation with total doses ranging from 54 to 60 Gy,
fractionated at 1.8 Gy per day over five days per week for approximately six weeks (Fernando

et al., 2024). In certain tumor entities, most notably DMGs, RT provides only transient
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symptomatic improvement and a modest delay in tumor progression and is therefore regarded
as largely palliative (Bartels et al., 2011; Jansen et al., 2012; Metselaar et al., 2021).
Chemotherapy aims to target proliferating tumor cells and can be administered before, during,
or after RT. In this context, chemotherapy plays a particularly important role in patients for
whom irradiation is contraindicated or must be delayed. Temozolomide (TMZ), an alkylating
agent, is the most frequently used chemotherapeutic drug in pHGGs. However, when
administered as monotherapy, TMZ has failed to demonstrate a survival benefit in pediatric
patients (Blionas et al., 2018; Kline, Felton, et al., 2018) and is therefore commonly combined
with surgery, radiotherapy, or other chemotherapeutic agents (Mallick et al., 2015; Perwein et
al.,, 2023). Additional agents such as CCNU (chloroethyl-cyclohexyl nitrosourea) and
Vincristine have been extensively evaluated in pediatric glioma trials (Jakacki et al., 2016), yet
combination regimens including PCV (Procarbazine, CCNU, and Vincristine) have not shown
superior survival outcomes compared with TMZ-based approaches (Brada et al., 2010;
Parasramka et al., 2017). Although the incorporation of TMZ has improved certain treatment
protocols, its use is associated with increased hematological, gastrointestinal, and hepatic
toxicities in clinical trials (Shi et al., 2021; Wang et al., 2015).

Overall, despite the application of intensive multimodal treatment strategies, meaningful

improvements in survival outcomes for children with pHGGs have remained limited.

1.3.2. Radiotherapy
Radiation therapy (RT) represents one of the most established and widely used treatment
modalities in oncology. In clinical practice, RT is typically delivered focally to the tumor using
ionizing radiation beams. lonizing radiation induces DNA damage in target cells either directly,
through the generation of single-strand breaks (SSBs) and double-strand breaks (DSBs), or
indirectly via the formation of reactive oxygen species (ROS), which subsequently damage
DNA (Gong et al., 2021). When such lesions cannot be adequately repaired, they result in

irreversible growth arrest, and ultimately cell death.

At present, photon-based radiotherapy (X-rays) remains the most commonly applied form of
ionizing radiation worldwide (Pompos et al., 2022). In recent years, however, particle-based
irradiation modalities, including proton and carbon ion therapy, have gained increasing
attention. Proton beam therapy (PBT) provides a dosimetric advantage over photon
radiotherapy owing to the ‘Bragg peak’ phenomenon, whereby protons deposit relatively low
energy along their entry path, followed by a sharp peak of energy deposition at a defined tissue
depth, with minimal dose beyond this point. As a result, PBT reduces radiation exposure to

surrounding healthy brain tissue and is associated with a lower risk of long-term toxicities,
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including neurocognitive impairment, endocrine dysfunction, vascular injury, and secondary
malignancies (Chambrelant et al., 2021; Lassaletta et al., 2023; Zajgc-Grabiec et al., 2025).
Despite these advantages, clinical evidence supporting proton therapy specifically in pHGGs
remains limited, and no convincing survival benefit over modern photon radiotherapy

techniques has been demonstrated to date (Chambrelant et al., 2021; Muroi et al., 2020).

Carbon ion radiotherapy is characterized by a higher linear energy transfer (LET), defined as
the amount of energy deposited per unit track length (keV/um), and a higher relative biological
effectiveness (RBE), which reflects the biological potency of a radiation type compared with
reference radiation, typically photons. Owing to these properties, carbon ions induce more
direct, complex, and less repairable DNA damage than photons or protons. Whereas photon
and proton irradiation predominantly cause indirect and relatively simple DNA lesions, such as
base damage, SSBs, and spatially separated DSBs, carbon ion beams mainly generate direct,
densely clustered DNA damage consisting of multiple DSBs within nanometer-scale regions,
which are repaired inefficiently or incompletely (Melia & Parsons, 2023). In addition, the
biological effectiveness of carbon ions is less dependent on oxygen availability, resulting in a
lower oxygen enhancement ratio (OER). This property underlies the proposed advantage of
carbon ion therapy in hypoxic and radioresistant tumors (Sokol & Durante, 2023). However,
clinical data on carbon ion therapy in pHGGs are extremely sparse, and no large pediatric

cohorts or randomized clinical trials have evaluated its efficacy in this setting.

Both photon- and particle-based radiotherapy activate the same fundamental DNA repair
pathways, including non-homologous end joining (NHEJ), homologous recombination (HR),
base excision repair (BER), and single-strand break repair (SSBR). The nature and complexity
of radiation-induced DNA lesions largely determine which repair mechanisms are preferentially
engaged. Highly complex DNA damage, as induced by high-LET radiation such as carbon
ions, is associated with increased reliance on HR, whereas the repair of photon- and proton-
induced DNA damage is more frequently dominated by BER, SSBR, and classical NHEJ
(Roobol et al., 2020).

In the context of pHGGs, proton therapy is increasingly implemented with the primary goal of
reducing radiation-associated toxicity, although a survival advantage over state-of-the-art
photon radiotherapy has not been demonstrated. In contrast, carbon ion therapy remains
investigational and is currently supported mainly by radiobiological rationale and limited adult

clinical data rather than robust pediatric evidence.
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1.3.3. Targeted agents for pHGGs
The clinical use of targeted therapies for pHGGs has increased in cases where validated and
druggable oncogenic drivers are present. However, for the majority of pHGGs, particularly
histone mutant tumors, targeted treatment options remain scarce, investigational and

associated with only modest clinical benefit.

A maijor recent milestone was achieved in 2025, when Dordaviprone (ONC201; Modeyso)
received approval from the U.S. Food and Drug Administration (FDA) for the treatment of
adults and children aged at least one year with H3K27M mutant DMGs. This approval
represents the first FDA-approved systemic therapy for this entity (Zafar et al., 2025). ONC201
is a first in class imipridone that exerts antitumor effects through dual mechanisms, including
antagonism of dopamine receptor D2/3 and hyperactivation of the mitochondrial caseinolytic
protease P (ClpP). These actions suppress pro-survival signaling, disrupt mitochondrial
oxidative phosphorylation, and activate the integrated stress response, ultimately promoting
proapoptotic signaling pathways (Prabhu et al., 2020; Venneti et al., 2023). In addition to
monotherapy, ONC201 has been evaluated in combination with phosphoinositide 3 kinase
(PI3K) pathway inhibitors (Jackson et al., 2023), RT and/or TMZ (Zhou et al., 2025), and
histone deacetylase inhibitors (HDACI) (Bentayebi et al., 2024; Borsuk et al., 2021).

Given that many pHGGs are driven by profound epigenetic dysregulation and lack readily
druggable genetic alterations, particularly H3-altered tumors, HDACi have attracted increasing
interest as therapeutic candidates. By inhibiting histone deacetylases, these agents increase
histone acetylation and are thought to restore expression of silenced tumor suppressor genes,
induce differentiation, and promote apoptosis in tumor cells (Xiang et al., 2025). Despite strong
preclinical rationale, HDACi have shown limited efficacy as monotherapy in pHGGs and have
not achieved broad regulatory approval. Consequently, their potential clinical utility is currently
viewed primarily within combination regimens, especially as radiosensitizers or components of

multimodal treatment strategies (Hennika et al., 2017; Metselaar et al., 2021).

For pHGGs harboring RTK alterations, such as IHGs, receptor tyrosine kinase inhibitors (RTKi)
are increasingly incorporated into clinical management.

To date, five ALK inhibitors (ALKi) have been approved by the FDA, including Crizotinib as a
first-generation agent, Alectinib, Ceritinib, and Brigatinib as second-generation agents, and
Lorlatinib as a third-generation agent (Ahmed et al., 2024; Poei et al., 2024). Lorlatinib is
characterized by high blood-brain barrier (BBB) penetrance and has demonstrated objective

radiographic and clinical responses in patients with IHG (Shahab et al., 2023; Tsai et al., 2024;
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Wilson et al., 2025). However, as observed in both clinical and preclinical settings, acquired
resistance frequently develops, limiting the durability of therapeutic responses (Clarke et al.,
2020; Gene-Olaciregui et al., 2023; Liang et al., 2021).

NTRK inhibitors (NTRKi) approved for solid tumors harboring NTRK gene fusions, including
IHGs, include Larotrectinib, Entrectinib, and Repotrectinib, all of which demonstrate
intracranial activity (Drilon et al., 2018; Lassen, 2019; Mayr et al., 2020). Clinical outcomes
have been encouraging, with higher response rates and progression free survival reported in

pediatric patients compared with adults (Drilon, 2019; Rizzaro et al., 2025).

Avapritinib is currently the only FDA-approved PDGFRA inhibitor (PDGFRAI) with reported
clinical activity in PDGFRA-altered pHGGs, based on early compassionate use data from a
small cohort (Mayr et al., 2025). In contrast, a phase | pediatric trial evaluating Imatinib in newly
diagnosed brainstem glioma and recurrent high-grade glioma demonstrated tolerability, and
suggested CNS penetration, but failed to show compelling efficacy as a PDGFRA directed
therapy (Pollack et al., 2007). Other PDGFRA inhibitors, including Crenolanib and Dasatinib,
have been explored in pHGG cohorts or preclinical models. However, none have received FDA
approval for this indication, and results have largely been limited to safety or exploratory
endpoints (Broniscer et al., 2018; Siegel et al., 2025; Tinkle et al., 2021).

Three MET inhibitors (METi), Crizotinib, Capmatinib, and Tepotinib, have been approved by
the FDA for non-small cell lung cancer (NSCLC). Crizotinib, when combined with the PDGFRAI
Dasatinib, was poorly tolerated in a phase | trial involving children with recurrent or progressive
pHGG and DIPG (Broniscer et al., 2018). Capmatinib has demonstrated promising activity in
preclinical glioma models (Zuckermann et al., 2024) but has not yet been evaluated in pediatric
patients. Moreover, Capmatinib combined with Bevacizumab failed to show clear efficacy in
adult high-grade glioma (Falchook et al., 2025). Tepotinib has shown encouraging intracranial
activity in NSCLC brain metastases (Bestvina et al., 2022; Friese-Hamim et al., 2022) and in

adult glioblastoma (Rodriguez et al., 2025).

Finally, four FGFR inhibitors (FGFRI), Erdafitinib, Pemigatinib, Infigratinib, and Futibatinib,
have received FDA approval for non-CNS malignancies. Erdafitinib (Lee et al., 2023; Pant et
al.,, 2023) (NCT03210714), Pemigatinib (Spanggaard et al., 2025) and Infigratinib
(NCT01975701) have been investigated in CNS tumors. However, none currently hold an FDA

indication for the treatment of pHGGs.
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1.3.4. Therapeutic strategies to overcome the blood-brain barrier
The blood-brain barrier (BBB) is a highly specialized neurovascular interface that controls the
exchange of substances between the systemic circulation and the CNS and represents a major
obstacle to effective systemic therapy for pHGGs (Ajayi et al., 2026). Brain capillaries are
composed of endothelial cells that are interconnected by complex tight junctions, which
markedly restrict paracellular diffusion. These endothelial cells share a basal lamina with
pericytes, providing structural support, and contributing to barrier integrity through tight
regulation of transcytosis. Astrocytic end feet envelop approximately 90 % of brain capillaries
and play a central role in maintaining BBB homeostasis. In addition, high expression of efflux
transporters, which actively export many therapeutic agents from the CNS back into the
circulation, further limits drug accumulation within brain tumors (Ajayi et al., 2026; Wu et al.,
2023). As a result, numerous therapeutic strategies are currently being investigated to

overcome BBB-mediated restrictions in drug delivery.

1.3.41. Intrathecal therapies
Convection enhanced delivery (CED) addresses BBB-related limitations by allowing direct
intraparenchymal administration of therapeutic agents, thereby enabling elevated local drug
concentrations while limiting systemic toxicity. In this approach, a catheter is stereotactically
inserted into the brain parenchyma and drugs are infused slowly under controlled positive
pressure. This generates convective bulk flow, which distributes the infused compound through

the extracellular spaces of the brain tissue (Sperring et al., 2023).

The PNOCO015 trial demonstrated the feasibility and safety of repeated CED administration of
MTX110, an aqueous formulation of the HDACi Panobinostat, in children with newly diagnosed
DIPG. This study provided evidence of effective intratumoral drug distribution and acceptable
toxicity profiles (Mueller et al., 2023). In addition, CED delivery of a nanoliposomal formulation
of Irinotecan has been evaluated in early phase pediatric studies, further supporting CED as a

viable strategy for localized drug delivery in DIPG (Mueller et al., 2025; Narsinh et al., 2025).

An alternative approach for CNS drug administration is intrathecal delivery using Ommaya
pumps. An Ommaya pump consists of an implantable reservoir connected to a ventricular
catheter, enabling repeated administration of drugs or cell-based therapies directly into the
cerebrospinal fluid. This method has been shown to be safe and well tolerated in children with
brain tumors (Peyrl et al.,, 2014) and is routinely used in the clinical setting to deliver
chemotherapeutic agents such as Topotecan (Blaney et al., 2013) as well as chimeric antigen
receptor (CAR) T cell therapies (Monje et al., 2025).
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1.3.4.2. Nanoparticle-based drug delivery strategies
Nanoparticle based drug delivery strategies seek to enhance therapeutic exposure in pHGGs
by overcoming limited BBB penetration and reducing systemic toxicity (Power et al., 2022).
Among the available nanoparticle platforms, liposomes, and lipid nanoparticles (LNPs) have
been studied most extensively due to their favorable biocompatibility and their capacity to
encapsulate small molecule drugs or nucleic acids (Hou et al., 2021; Khare et al., 2023; Zuberi
et al., 2025).

Liposomal formulations have progressed furthest toward clinical translation and have been
shown to be safely administered directly into the brain, supporting their feasibility for local drug
delivery approaches in CNS tumors (Mueller et al., 2025; Wagner et al., 2008). By comparison,
LNP-based strategies in pHGGs are still largely at the preclinical stage. Experimental studies
indicate that LNPs are capable of delivering mRNA, siRNA, or gene editing components to
tumor cells in vivo, highlighting their emerging potential as future therapeutic platforms (Cao
et al., 2025; Rosenblum et al., 2020; Tong et al., 2025; Wang et al., 2025; Zhang et al., 2025;
Zhao et al., 2024).

1.3.4.3. Focused ultrasound-mediated BBB disruption

Low intensity focused ultrasound (FUS) combined with microbubbles enables transient and
spatially controlled opening of the BBB, thereby facilitating enhanced delivery of systemically
administered therapeutics to brain tumors (Gorick et al., 2022; Zhu et al., 2024). Early first
in-human studies have demonstrated the feasibility and safety of FUS-mediated BBB opening
in patients, representing a major technological advance in non-invasive approaches to CNS
drug delivery (Abrahao et al., 2019; Chen et al., 2023). This strategy has also been
successfully applied in patients with DMG (Wu et al., 2025). Ongoing clinical trials are currently
evaluating FUS in combination with the chemotherapeutic agents Doxorubicin and Etoposide
in patients with DMG (NCT05630209, NCT05762419).

Importantly, BBB opening alone is not sufficient to ensure therapeutic efficacy, as clinical
benefit depends critically on the selection of the systemic agent and the underlying tumor

biology.

1.3.5. Immunotherapeutic approaches
Among current immunotherapeutic strategies, chimeric antigen receptor (CAR) T cell therapy
has demonstrated the most compelling early clinical activity in pHGGs. CAR T cells are
genetically engineered T lymphocytes that express synthetic receptors combining an antigen-

binding domain (typically derived from a monoclonal antibody) with intracellular T cell signaling
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domains, enabling major histocompatibility complex (MHC)-independent recognition and
targeted killing of tumor cells (Sterner & Sterner, 2021). Phase | clinical trials in patients with
DMG have evaluated GD2-CAR T cells (Lin et al., 2024; Monje et al., 2025) as well as B7-H3
CAR T cells (Vitanza et al., 2025), with early results indicating encouraging clinical and

radiographic responses.

Immune checkpoint inhibition (ICl) has also been explored in pediatric cancers. ICl is an
immunotherapeutic strategy that enhances antitumor immune responses by blocking inhibitory
receptor-ligand interactions that physiologically restrain T cell activation, thereby restoring
cytotoxic T cell function against tumor cells (Pardoll, 2012; Ribas & Wolchok, 2018). A pediatric
clinical trial investigating the combination of Nivolumab, a programmed cell death protein 1
(PD-1) inhibitor, and Ipilimumab, a cytotoxic T lymphocyte associated protein 4 (CTLA-4)
inhibitor, failed to improve survival in children with newly diagnosed DIPG and other high-grade
CNS malignancies (Dunkel et al., 2023). In contrast, treatment with Nivolumab in pediatric
cancers characterized by high tumor mutational burden and mismatch repair deficiency
resulted in durable responses and prolonged survival, highlighting the importance of molecular

context for checkpoint inhibitor efficacy (Das et al., 2023).

Therapeutic cancer vaccines represent an emerging immunotherapeutic strategy in pHGGs,
with the goal of eliciting tumor specific T cell responses against shared or tumor restricted
antigens. The most advanced vaccine approach in this setting targets the H3K27M neoantigen,
which is present in the majority of DMGs and absent from normal tissues (Ochs et al., 2017).
Subsequent early phase clinical studies demonstrated that vaccination with H3K27M-derived
peptides is feasible, induces robust antigen-specific immune responses, and is associated with
prolonged survival in a subset of adult patients with DMG (Boschert et al., 2024; Grassl et al.,
2023; Hotchkiss et al., 2024).

1.3.6. Combination treatments for pHGGs
Monotherapies frequently fail to achieve durable clinical benefits. Tumor cell plasticity enables
dynamic adaptation to therapeutic pressure through transcriptional reprogramming, epigenetic
remodeling, and activation of compensatory signaling pathways (Meacham & Morrison, 2013;
Shaffer et al., 2017; Sharma et al., 2010). Consequently, resistant cell populations frequently
emerge, limiting long-term efficacy. This adaptive capacity provided a strong rationale for the

development of combination treatment strategies in recent years.
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A central objective of combination cancer therapies is to achieve synergistic interactions
between treatment modalities, whereby the combined antitumor effect exceeds the additive
activity of individual agents, resulting in enhanced therapeutic efficacy (Bukowska et al., 2014;
Metselaar et al., 2021). In addition to synergy, combination strategies enable simultaneous
targeting of multiple biological pathways and cellular subpopulations within tumors, thereby
addressing intratumoral heterogeneity and reducing the likelihood of resistance development
(Palmer & Sorger, 2017). Moreover, when robust synergistic interactions are achieved,
combination regimens may permit dose reductions of individual agents while maintaining
efficacy, potentially limiting treatment-related toxicities, and adverse effects (Bukowska et al.,
2014; Metselaar et al., 2021).

1.3.6.1. Targeted therapy with RT
For patients with DMG, RT remains the primary therapeutic option, yet is largely palliative. This
has driven growing interest in strategies aimed at improving the therapeutic impact of RT in
this patient population. To date, extensive preclinical and clinical efforts have evaluated a wide

range of combination approaches incorporating RT.

RT exerts its antitumor effects primarily through induction of DNA damage, and unrepaired
lesions ultimately trigger tumor cell death. This mechanism creates opportunities to enhance
RT efficacy by targeting DNA damage response pathways and apoptosis signaling using small
molecule inhibitors. Multiple targeted agents have demonstrated radiosensitizing potential in
preclinical models of pHGGs. These include the PARP inhibitor (PARPi) Olaparib which
enhances RT-induced DNA damage and impairs DNA repair capacity in pediatric glioma
models (Vuurden et al., 2011). More recently, H3K27M-altered DMGs have been shown to
exhibit HR deficiency, rendering these tumors particularly sensitive to combined PARP
inhibition and RT (Guo et al., 2025). Similarly, inhibition of the DNA damage response kinase
ataxia-telangiectasia mutated (ATM) using the brain-penetrant inhibitor AZD1390 increases
radiation sensitivity by disrupting DSB repair and promoting tumor cell apoptosis (Xie et al.,
2023). In addition, dual inhibition of anti-apoptotic B cell ymphoma-2/-extra large (BCL-2/-XL)
proteins using Navitoclax synergizes with irradiation to induce apoptosis in preclinical models
of H3K27M-altered DMGs (Vardon et al., 2025). However, clinical translation has so far been
disappointing. The PARPI Veliparib administered concurrently with RT did not improve survival
outcomes in children with newly diagnosed pHGGs in a phase 2 trial. Notably, tumors
harboring H3K27M mutations were excluded from this study, restricting applicability to DMGs
(Karajannis et al., 2024). Similarly, concomitant treatment with the Wee1 kinase inhibitor

Adavosertib and RT in DIPG patients was feasible and well tolerated but failed to significantly
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improve overall survival compared with historical controls (Mueller et al., 2022). In contrast, a
phase 1/2 study demonstrated that post-RT administration of the CDK4/6 inhibitor Ribociclib
in DIPG patients was pharmacokinetically feasible and biologically active; however, the ftrial

design did not directly assess Ribociclib as a radiosensitizer (DeWire et al., 2020).

Given the prominent role of epigenetic dysregulation in many pHGGs, epigenetic modulators
such as HDACI have also been explored as radiosensitizing agents. Quisinostat has shown
encouraging activity in vitro and in preclinical tumor models (Cascio et al., 2023), while
Panobinostat (Monje et al., 2023) and Valproic Acid (Su et al., 2020) have already advanced
into clinical evaluation in combination with RT, although without demonstrating a significant

clinical benefit.

In addition, targeting oncogenic drivers in conjunction with RT has demonstrated efficacy in
selected molecular subtypes. In MET-driven IHG, the METi Capmatinib has been successfully

validated as a radiosensitizer in preclinical models (Zuckermann et al., 2024).

In adult brain tumors, RT combined with chemotherapeutic agents, particularly TMZ,
represents a standard of care and has been shown to significantly prolong patient survival
(Stupp et al., 2005). In contrast, although TMZ based regimens have been extensively
evaluated in pediatric patients, treatment outcomes remain poor relative to adult benchmarks
(Jakacki et al., 2016).

1.3.6.2. Immunotherapy with RT

lonizing radiation can modulate the tumor microenvironment by promoting the release of
tumor-associated antigens and danger signals, enhancing antigen presentation, and altering
chemokine secretion, and vascular permeability. Together, these effects may improve immune
cell recruitment and convert immunologically cold tumors into a state that is more permissive
to immunotherapeutic interventions (Persson et al., 2022). DMGs are characterized by low
immune cell infiltration and a low tumor mutational burden, resulting in limited neoantigen
presentation at the cell surface and thereby restricting the efficacy of immune checkpoint
inhibitor monotherapy (Messiaen et al., 2023; Price et al., 2021). Nevertheless, a clinical study
conducted in 2018 evaluated RT in combination with the PD-1 inhibitor Nivolumab, and
reported a trend toward improved survival in patients with recurrent DIPG (Kline, Liu, et al.,
2018).
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Preclinical studies in adult glioblastoma multiforme (GBM) further support the potential of
combining RT with immunotherapy. In murine models bearing orthotopic brain tumors, Anti-
PD-1 blockade administered together with RT resulted in long-term survival benefits (Zeng et
al., 2013). In addition, CAR T cell therapies have demonstrated synergistic activity when
combined with RT in GBM models, including GD2-CAR T cells (Murty et al., 2020) and NKG2D-
CAR T cells (Weiss et al., 2018). To date, systematic evaluation of these combination

strategies in pHGGs remains limited.

It is important to note that many targeted therapies have been tested in combination with RT,
often being administered sequentially after irradiation, rather than being formally assessed as
radiosensitizers when given concurrently with RT. Despite encouraging preclinical data,
combination approaches evaluated in clinical studies have thus failed to produce meaningful
improvements in survival or overall clinical outcomes in pHGGs (Metselaar et al., 2021).
Accordingly, no combination strategies involving systemic immunotherapies or targeted agents

in conjunction with RT are currently approved as first line treatments for pHGGs.
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2. Aims and objectives

2.1. Comparing the radiosensitization potential of various compound classes in
pediatric-type diffuse high-grade glioma

pHGGs remain among the most lethal pediatric brain tumors, and current standard therapies,
including RT for DMGs, are largely palliative. Therefore, | aimed to contribute to the
improvement of RT-based treatment strategies for these patients. Despite extensive preclinical
and clinical efforts, combination therapies incorporating RT have not led to meaningful
improvements in clinical outcomes. Moreover, targeted therapies have not been systematically
evaluated as radiosensitizers in pHGGs, and their potential use as first-line combination
partners with RT remains largely unexplored.
The primary aim of this project was to systematically identify, evaluate, and compare targeted
compounds that enhanced the efficacy of RT in pHGGs.
To achieve this aim, | first performed high-throughput combination screening using a curated
library of FDA-approved drugs in combination with RT across a diverse panel of patient-derived
pHGG cell models, alongside non-malignant control cells, to identify potential radiosensitizing
agents.
As a further objective, | validated the identified candidate compounds in vitro using multiple
orthogonal readouts, including cell viability, apoptosis induction, long-term growth suppression,
and DNA damage responses.
Beyond in vitro validation, | aimed to test promising drug+RT combinations in in vivo xenograft
models to assess therapeutic efficacy under physiologically relevant conditions.
In addition, | evaluated the pharmacokinetic properties of selected compounds in vivo to
determine whether limited bioavailability or blood-brain barrier penetration constrained

radiosensitization efficacy despite robust in vitro activity.

2.2. Overcoming ALK inhibitor resistance in ALK-fusion infant-type hemispheric
glioma

Despite inducing robust initial responses, treatment with the ALK inhibitor Lorlatinib has
increasingly been associated with the development of acquired resistance in ALK-driven infant-
type hemispheric gliomas (IHGs).
The overarching aim of this project was to elucidate the mechanisms underlying acquired
resistance to Lorlatinib in ALK-fusion-driven IHG, with the long-term goal of identifying rational
combinatorial treatment strategies that could improve therapeutic durability.

To address this aim, | pursued several specific objectives.
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First, | established and characterized stable in vitro and in vivo models of Lorlatinib resistance
through prolonged drug exposure, thereby enabling the systematic investigation of resistance-
associated phenotypes.

Second, | functionally characterized the resistant state, with a particular focus on the regulation
of proliferation and apoptosis under continued ALK inhibition. This included a comparative
analysis with an additional ALK inhibitor to determine whether resistance mechanisms were
compound-specific or class-wide.

A further objective was to define transcriptional programs associated with acquired resistance
by performing bulk RNA sequencing of resistant tumor models and identifying enriched
signaling pathways that could support tumor survival under ALK inhibition.

Based on these findings, | aimed to identify and functionally validate therapeutic vulnerabilities
of resistant tumor cells through targeted drug testing.

Finally, | sought to prioritize candidate combinatorial treatment strategies for subsequent
evaluation in preclinical pHGG mouse models, thereby providing a translational framework for

overcoming ALK inhibitor resistance in this patient population.

35



3. Materials and Methods

Materials and Methods

3.1. Materials
3.1.1. Cells
Cell cultures Alteration Specie Supplier Culture
conditions
SU-DIPG-XIII H3.3 K27M Human Michelle Monje, TSM, TrypLE
(13) PDX Stanford University,
USA
HSJD-DIPG- H3.3 K27M Human Angel Montero TSM, TrypLE
007 PDX Carcaboso, Sant Joan
de Déu Barcelona
Hospital, Spain
SU-DIPG-XVIlI | H3.3 K27M Human Michelle Monje, TSM, TrypLE
17) PDX Stanford University,
USA
SU-DIPG-XIX | H3.3 K27M Human Michelle Monje, TSM, TrypLE
(19) PDX Stanford University,
USA
SU-DIPG-XXI H3.1 K27M Human Michelle Monje, TSM, TrypLE
(21) PDX Stanford University,
USA
SU-DIPG-IV H3.1 K27M Human Michelle Monje, TSM, TrypLE
(4) PDX Stanford University,
USA
SJ-GBM2 H3WT Human Peter J Houghton, St | TSM, TrypLE
PDX Jude, Memphis, USA
HSJD-GBM- H3WT Human Angel Montero TSM, TrypLE
001 PDX Carcaboso, Sant Joan
de Déu Barcelona
Hospital, Spain
HSJD-GBM- H3 G34R Human Angel Montero TSM, TrypLE
002 PDX Carcaboso, Sant Joan
de Déu Barcelona
Hospital, Spain
NSC Non-malignant | Human, Tuyu Zheng, DKFZ DMEM/F-12,
iPSC- Heidelberg, Germany | Accumax
derived
HEK 293T Non-malignant | Human ATCC, Manassas, DMEM, Trypsin
USA
SJ-DIPGx7 H3.3 K27M Human Suzanne Baker, St TSM, TrypLE
PDX Jude Children’s
Research Hospital,
Memphis, USA
SU-DIPG-VI H3.3 K27M Human Michelle Monje, TSM, TrypLE
(6) PDX Stanford University,
USA
BI#190 PPP1CB::ALK, | Mouse Britta Ismer, DKFZ TSM, Accumax
Trp53 KO (CD1) Heidelberg, Germany
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3.1.2. Cell culture reagents
Product Supplier Catalogue number
Accumayx, Cell Aggregate Life Technologies 00-4666-56
Dissociation
Antibiotic-Antimycotic VWR HYCLSV30079.01
B-27 Supplement Minus Vitamin | Life Technologies 12587001
A (50x)
CHIR-99021 Axon-Medchem 1386
Chroman1 MedChemExpress HY-15392
Deoxyribonuclease I, 100 mg Worthington LS002007
DMEM/F-12 Life Technologies 11320074
Dulbecco's Balanced Salt Gibco 14190250
Solution (DPBS)
Emricasan Selleckchem S7775
FBS Superior Sigma-Aldrich S0615
FGF2 Peprotech 100-18B
GlutaMAX Supplement Life Technologies 35050061
Heparin Solution, 0.2% Sigma-Aldrich H3149-10KU
HEPES Buffer Solution Life Technologies 15630056
L-Glutamine (200 mM) Life Technologies 25030081
MEM Non-Essential Amino Life Technologies 11140035
Acids Solution 10 mM (100x)
MgCI2 (1M), 100 ml Life Technologies AM9530G
Neurobasal-A Medium Life Technologies 10888022
Penicillin-Streptomycin (10.000 | Life Technologies 15140122
U/ml)
Poly-Amine Supplement (1000x) | Sigma P8483
Recombinant Human Epidermal | Peprotech AF-100-15
Growth Factor (hEGF)
Recombinant Human Fibroblast | Peprotech AF-100-18B
Growth Factor (hFGF)
Recombinant Human PDGF-AA | Peprotech 100-13A
SB-525334 Selleckchem S1476
Sodium Pyruvate, 100 mM Life Technologies 11360039
Synth-a-freeze cryopreservation | Thermo Fisher Scientific | A1254201
medium
Trans-ISRIB Tocris 5284
Trypan Blue Dye BioRad 1450013
TrypLE Express Enzyme (1x), Life Technologies 12604013
no phenol red
Trypsin-EDTA Solution Sigma-Aldrich T4049
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Mouse strain

Supplier

Immune status

Crl:CD1 (CD1)

Janvier Labs, France

Immunocompetent

Crl:CD1-Foxn1nu
(CD1 nude)

Charles River, Germany

Immunocompromised

NOD-Prkdcs-IL2rg™'|R] Janvier Labs, France Immunodeficient
(NXG)
NOD-Rag2™-112rg™'/Rj (NRG) | Janvier Labs, France Immunodeficient

3.1.4. Reagents, kits and dyes
Product Supplier Catalogue number
4% PFA in PBS Santa Cruz Sc-281692
ABC kit Vector Laboratories PK-6100
AllPrep DNA/RNA Mini Kit Qiagen 80204
Annexin V binding buffer BioLegend 422201
Annexin V-FITC (90 pg/ml) BioLegend 640906
CellTiter-Glo Promega G7572
Click-iT Plus EdU Alexa Fluor | Invitrogen, Thermo Fischer | C10635

647 Flow Cytometry Kit

Scientific

DAB kit

HIGHDEF® DAB
Chromogen/Substrate Set

ENZ-ACC105-0200

donkey a-rabbit Jackson ImmunoResearch | 711-065-152
Eukitt mounting medium Orsatec GmbH 6.32.01.0001.04.01.2
PE Mouse Anti-H2AX BD Biosciences 562377
(pS139) (50ug/ml)
PE Mouse IgG1 k Isotype BD Biosciences 554680
control (0.2mg/ml)
Propidium lodide Solution, BioLegend B283508
0.5mg/ml
rabbit a-Ki67 Abcam AB15580
RNA ScreenTape Agilent Technologies 5067-5576
RNA ScreenTape Ladder Agilent Technologies 5067-5578
RNA ScreenTape Sample Agilent Technologies 5067-5577
Buffer
Ultrapure Water Invitrogen 10977-049
3.1.5. Consumables
Product Supplier Catalogue number
10 ml Clear Advantage Reagent Integra Biosciences 4332
Reservoir
14 ml Polypropylene Round-Bottom Falcon 352059

Tube
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25cm2 Flask, Ultra-Low Attachment Corning 4616
Surface

384U PrimeSurface® 3D Culture S-Bio MS-9384W
Spheroid White Plates

5 ml Polystyrene Round-Bottom Tube Falcon 352054

5 ml Polystyrene Round-Bottom Tube Falcon 352235
with Cell-Strainer Cap

75 cm2 Flask, Ultra-Low Attachment Corning 3814
Surface

Bacillol AF Bode Hartmann 15062
Bepanthen eye cream Bayer 81552983
Cell Strainer 40 um Falcon 352340

Cellstar 10 ml serological pipette

Greiner Bio-One

607180/10 ml

Cellstar 25 ml serological pipette

Greiner Bio-One

760180/25 ml

Cellstar 5 ml serological pipette Greiner Bio-One 606180/5 ml
Cellstar 50 ml serological pipette Greiner Bio-One 768180/50 ml
Centrifuge tube 15 ml TPP 91015
Centrifuge tube 50 ml TPP 91050
Costar 6 Well Plate, Ultra-Low Corning 3471
Attachment Surface

Costar 96 Well Plate, Round Bottom, Corning 7007
Ultra-Low Attachment Surface

Costar 96 Well Plate, Ultra-Low Corning 3474
Attachment Surface

CRYO.S Greiner Bio-One 122277

Disposable Scalpel No 23 Feather 02.001.30.023
Dual-Chamber Cell Counting Slides BioRad 1450011
Embedding cassettes: Biopsie- Carl Roth XY29.1
Einbettkassetten Swingsette™

Histoacryl (1x) B. Braun 1050044

Inject-F Luer Solo 1m syringe B. Braun 9166017V
Isofluran CP-Pharma AP/DRUGS/220/96
Microlance 3 16G BD Biosciences 300637

Microvette® 500 Lithium Heparin LH,
500 ul

SARSTEDT AG & Co.

2.013.045.100

Nalgene Filtration Products Thermo Fisher 567-0010
Scientific

Omican 100 B. Braun 91511418
PCR SingleCap 8er SoftStrips 0.2 ml Biozym 710971
Petri dish, 10 cm Greiner Bio-One 633180
Petri dish, 15 cm Greiner Bio-One 639161
Petri dish, 6 cm Greiner Bio-One 628102
Safe-Lock Tubes 1.5 ml Eppendorf 12682
Safe-Lock Tubes 2.0 ml Eppendorf 12776
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Stericup Quick Release Merck S2GPUO5RE
Stericup Receiver Flask 500ml Merck S200B0O5RE
Steritop 45 mm Neck Size Merck S2GPTO5RE
Epredia™ SuperFrost Plus™ Thermo Fisher 10149870
microscope slides Scientific

White bottom 96-well plates Greiner Bio-One 655073

3.1.6. Drugs
Drug Supplier Catalogue number
A-1331852 Selleckchem S7801
Alpelisib MedChemtronica AB HY-15244
AZDA4320 MedChemtronica AB HY-112416
Bortezomib BIOZOL DIAGNOSTICA SEL-S1013
Cobimetinib MedChemExpress HY-13064
Crizotinib MedChemtronica AB HY-50878
Entinostat BIOZOL DIAGNOSTICA SEL-S1053
Everolimus MedChemtronica AB HY-10218
Galunisertib MedChemtronica AB HY-13226
Lorlatinib MedKoo Biosciences 406533
LP-118 Newave Pharmaceuticals collaboration
Marizomib MedChemExpress HY-10985
Navitoclax MedChemtronica AB HY-10087
Panobinostat MedChemtronica AB HY-10224
Pelcitoclax (APG-1252-M1) | Ascentage Pharma collaboration
Quisinostat BIOZOL DIAGNOSTICA SEL-S1096
Romidepsin MedChemExpress HY-15149
Silibinin Sigma-Aldrich Chemie S0417
Staurosporine Biomol Cay81590
Trametinib MedChemtronica AB HY-10999
Valproic acid (VPA) MedChemExpress HY-10585

3.1.7. Solvents
Product Supplier Catalogue number
Dimethyl-sulfoxide (DMSO) | Sigma-Aldrich D2653-5X
D-Luciferin, Potassium Salt | Abcam ab143655
Glucose 40% B. Braun 2357742
Hydrochloric acid solution Sigma-Aldrich H9892
(1N)
Hydroxypropyl-- Santa Cruz sc-288158

Cyclodextrin

Metapyrin (Metamizol)

Serumwerk Bernburg AG

3100197.00.00

NaCl 0.9% B. Braun 5/12606228/0315
Polyethylenclycol 300 Carl Roth 2632.1
(PEG300)

40



Materials and Methods

Polyethylenclycol 400 Carl Roth 01441

(PEG400)

Tween80 Fisher BioReagents 152160
3.1.8. Devices and machines

Device or machine Supplier

Automated Cell Counter BioRad

TC20

EclipseTi2 Microscope Nikon

FACSAria Fusion

BD Biosciences

FACSCanto Il

BD Biosciences

GloMax® Discover
Microplate Reader

Promega

Heraeus Multifuge 3 s

Thermo Fisher Scientific

Histoscanner PrimeHisto XE

Pacific Image Electronics

In Vivo Imaging System
(IVIS) Lumina LT Series llI

Caliper Life Sciences, Perkin Elmer

Isofluran Vet. Med. Vapor Dragerwerk AG
IVC Racks and cages Tecniplast
LSRFortessa BD Biosciences
Microtome Leica Biosystems

Mithras LB 940 Multimode
Microplate Reader

Berthold Technologies

MultiRad225 Precision X-Ray

NanoDrop Thermo Fisher Scientific
Spectrophotometer

SmMART+ Precision X-Ray
Stereotactic frame World Precision Instruments
TapeStation 4150 Agilent Technologies
ThermoLux Witte + Sutor GmbH
Warmeunterlagen

UltraMicroPump Il (UMP3)

World Precision Instruments

UMP3 UltraMicroPump

World Precision Instruments

Vacusip

Integra

XGI-8 Gas Anesthesia
System

Caliper Life Sciences

3.1.9. Softwares

Software Version Supplier

Agilent TapeStation 51 Agilent Technologies

Software 5.1

BD FACS Diva 9.9 BD Biosciences, Franklin Lakes,
USA

BioRender 2025 2025 Science Suite Inc., Toronto,
Canada
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ChatGPT GTP-5.2 OpenAl

EndNote 20.0.1 20.0.1 Clarivate Analytics

FlowdJo v10.10.0 v10.10.0 FlowdJo LLC, Ashland, USA

GraphPad Prism 10 GraphPad Software Inc., Boston,
USA

Imaged FIJI 1.54f National Institute of Health,
Bethesda, USA

iTREX 2023 DKFZ, Heidelberg, Germany

Living Image software v4.5.2 Caliper Life Sciences, Perkin

v4.5.2 Elmer

Microsoft Office Standard 2021 Microsoft, Redmond, USA

NIS Elements Imaging 6.10.02 Nikon

Software

Perplexity 2025 Perplexity Al, Inc.

R2 2024 Academic medical center (AMC),
Amsterdam, Netherlands

Smart+ software 1.20.8 Precision X-Ray
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3.2. Methods
3.21. Cell culture

pHGG tumor spheres were cultured in serum-free tumor sphere medium (TSM) supplemented
with B-27, heparin, hEGF, hFGF and hPDGF-AA (working TSM) (Lin & Monje, 2017) in ultra-
low attachment (ULA) vessels (Corning). TSM base (without supplements) was used for

washing. TSM was prepared according to Table 1.

Table 1: Composition of the TSM media

Components of the TSM base End concentration
Neurobasal-A 47.5 %
DMEM/F-12 47.5 %
HEPES Buffer 1%
Sodium Pyruvate 1%
MEM non-essential amino acids 1%
GlutaMAX-I Supplement 1%
Antibiotic-antimycotic 1%
Supplements for working TSM

B-27 2%
Heparin 2 ug/ml
hEGF 20 ng/ml
hFGF 20 ng/ml
hPDGF-AA 10 ng/ml

Cells were splitted once or twice a week (when the sphere center was getting dark) using
eighter Accumax or TrypLE for 5 min at 37 °C, afterwards mechanically dissociated by
pipetting, and washed with TSM base. Cells that did not entirely dissociate, were additionally
incubated with 10 yl/ml DNase | and 1 pl/ml MgCl. for 5 min at room temperature.

HEK293T cells were cultured as spheres in DMEM supplemented with 10 % FBS, 1 %
L-Glutamine, and 1 % penicillin-streptomycin in ULA vessels. Cells were splitted by 5 min
incubation with Accumax at 37 °C, mechanically dissociated by pipetting, and washed with
media.

NSCs were cultured as spheres in NSC media (Table 2) in ULA vessels. Media was changed
every day. Cells were splitted by 5 min incubation with Accumax at 37 °C, mechanically
dissociated by pipetting and washed with media. After each splitting, CEPT was added to the

culture wells to increase viability. CEPT not used during the drug screen.
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Table 2: Composition of the NSC media

Components of NSC media End concentration
DMEM/F-12 Base
B-27 2%
GlutaMAX-I Supplement 1%
MEM non-essential amino acids 0.5 %
CHIR-99021 1.5 uM
SB-525334 2.5 uM
FGF2 40 ng/ml
EGF 40 ng/ml
hLIF 5 ng/ml
Heparin 2 ug/ml
CEPT components

Poly-Amine Supplement 1 pl/ml
CET master mix (2.8 mM Trans- 0.25 pl/ml
ISRIB, 200 yM Chroman1, 6 mM

Emricasan)

Materials and Methods

All cells were counted in a 1:1 dillution in TrypanBlue using the Automated Cell Counter TC20
(BioRad). Cells were centrifuged at 300 xg for 5 min, resuspended in the respective media and
then seeded in cell culture vessels. Media was changed 2-3x per week, if not mentioned
otherwise. Cells were cryopreserved in Synth-a-freeze freezing medium (Thermo Fisher

Scientific), and stored in a liquid nitrogen tank at -196 °C.

3.2.2. Inhibitor treatment
For in vitro experiments, all drugs were diluted in DMSO to a 10 mM concentration and stored
at -20 °C. This stock was then diluted in TSM to the respective concentrations needed in each
assay. Dimethyl sulfoxide (DMSQ) was used as the vehicle control in all assays. Control cells
were treated with an equivalent concentration of DMSO corresponding to the highest drug

concentration used.

3.2.3. Irradiation (in vitro)
Cell were irradiated with X-ray irradiation using the MultiRad 225 (Precision X-Ray). The cells
were irradiated 2 h after drug exposure on shelf 4 of the machine through a 0.5 mm copper
filter at the settings of 200 kV, 17.8 mA and a dose rate of 215.1 cGy/min. The irradiation time

to reach 0.5-30 Gy was chosen according to internal dosimetry results.
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3.2.4. Drug screening
The drug library consisted of 90 FDA-approved drugs (Figure 2) and was designed, and the
drug plates provided by the Translational Drug Screening Unit at the DKFZ (KITZ core library
2022) (Peterziel et al., 2022). The drugs were printed in round-bottom ULA 384-well plates
with opaque walls (S-Bio), and stored in an oxygen- and moisture-free environment at room
temperature. Each drug was tested in 5 increasing concentrations. Cells were seeded into
these plates at a density of 500 cells/well and then irradiated 2 h after drug exposure at two
irradiation doses, according to the radiosensitivity of each cell line. After 72 h incubation at
37 °C, a cell viability assay was performed as readout. To quantify the radiosensitizing effect,

the “Coefficient of Drug Interaction” (CDI) was calculated according to the following formula:

CDI = (DTrugRT)

= —————— CDI values < 1 are considered as synergistic, values ~ 1 are considered
(Drug) x (RT)

as additive and values > 1 are considered as antagonistic (Cao & Zhen, 1989; Chen et al.,
2014; Xu et al., 2007).

Drug classes

4%11% = 129

|

m Conv. Chemo

H Rapalog

B Other

Figure 2: Composition of the drug library used for the drug+RT screening (provided by the Translational Drug
Screening Unit 2022).

3.2.5. Cell viability assays
Cells were treated with the drugs, DMSO (negative control) and Staurosporine (positive
control), and irradiated using the MultiRad 225. After 72 h of incubation at 37 °C, CellTiterGlo-
Reagent (CTG, Promega) was added to the cells in a 1:2 ratio (1 part CTG : 2 parts cell
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suspension). The plates were incubated for 15 min in room temperature protected from light.
The solution was transferred to opaque plates and luminescence was measured at the Mithras
(Berthold Technologies) or the GloMax Discover (Promega) plate reader at 0.3 sec integration

time.

3.2.6. Apoptosis assays
100,000 cells were treated with drugs and irradiation, and incubated for 72 h at 37 °C. The
cells were harvested, dissociated, and incubated with a 1:100 dillution of AnnexinV (Biolegend)
in AnnexinV-binding buffer (Biolegend) for 15 min at room temperature in the dark. Afterwards,
AnnexinV-binding buffer was added to the cells and the cell solution was filtered into FACS
tubes. Propidium iodide (PI, Biolegend) was added in a 1:200 dilution shortly before acquisition

at BD Fortessa. Data was analyzed using FlowJo.

3.2.7. Long-term growth inhibition assays
Cells were seeded into round-bottom ULA 96-well plates (Corning), treated with drugs, and
centrifuged at 100 G for 5 min. 2 h after the drug exposure cells were irradiated and incubated
at 37 °C. The plate was imaged at different time points using the EclipseTi2 microscope

(Nikon). The area of each sphere was determined using ImageJ.

3.2.8. yH2AX staining
200,000 cells were seed into ULA 6-well plates and treated with the drug for 24 h before
irradiation. At different timepoints after irradiation, cells were collected into FACS tubes and
dissociated. To fix the cells, the pellet was resuspended in 4 % PFA in PBS (Santa Cruz) and
incubated at room temperature for 15 min. Cells were washed with PBS, resuspended in
permeabilization buffer (PBS + 2 % FBS + 0.1 % TritonX-100), and incubated at room
temperature for 15 min. Afterwards the antibodies were diluted in permeabilization buffer to a
final concentration 1:100 for Anti-yH2AX and 1:400 for the isotype control, added to the cell
solution, and incubated for 1 h at room temperature protected from light. Cells were washed
twice with permeabilization buffer and resuspended in wash buffer (PBS + 2 % FBS). The

samples were acquired at BD Fortessa and analyzed using FlowJo.

3.2.9. RNA isolation
RNA was isolated from fresh-frozen tumor-tissue, cryo-preserved tumor cells and cell pellets
according to the manufacturer’s instructions of the AllPrep DNA/RNA/Protein Mini Kit (Qiagen).
The quality of the samples was analyzed using the TapeStation 4150 (Agilent Technologies)

according the the manufacturer’s instructions (Agilent Technologies).
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3.2.10. Bulk RNA sequencing
Library preparation and RNA sequencing were performed by the Next Generation Sequencing
Core Facility at the DKFZ. Total RNA libraries were generated using the TruSeq Stranded
mMRNA Library Preparation Kit (lllumina). Sequencing was carried out on an lllumina NovaSeq
6000 platform using 100 bp paired-end reads (S4 flow cell). Downstream data analysis was
performed using the R2: Genomics Analysis and Visualization Platform (Academic Medical

Center, Amsterdam, Netherlands).

3.2.11. EdU assay

200,000 cells were seed into ULA 6-well plates and treated with the drug for 24 h. The staining
was performed according to the manufacturer's instructions of the “Click-iT EdU Flow
Cytometry Cell Proliferation Assay Kit” (Thermo Fisher Scientific).

In short, EAU was added to the cells to a final concentration of 10 uM and incubated at 37 °C
for 45 min. Cells were transferred to FACS tubes and dissociated. To fix the cells, the pellet
was resuspended in 4 % PFA in PBS (Santa Cruz) and incubated at room temperature for
15 min. Cells were washed with PBS, resuspended in saponin buffer (Thermo Fisher
Scientific), and incubated at room temperature for 15 min. The Click-iT reaction cocktail
(Thermo Fisher Scientific) was prepared according to the manufacturer’s instructions, added
to the cell solution, and incubated for 30 min at room temperature protected from light. Cells
were washed with saponin buffer and resuspended in saponin buffer. The samples were

acquired at BD Fortessa and the data analyzed using FlowJo.

3.2.12. Mice and ethical compliance
All animal experiments were conducted in accordance with legal and ethical regulations
approved by the corresponding authorities in Baden-Wurttemberg, Germany
(Regierungsprasidium Karlsruhe). The experiments performed in this dissertation were
approved in the following animal protocols: G293/20, G138/21, and G167/23. Animals were
housed in individually-ventilated cages (IVC) in a temperature-controlled facility with a
12 h : 12 h light-dark cycle, and water and food ad libitum. Mice were monitored daily for their
health status, tumor-related, and treatment-related symptoms. When the mice showed
symptoms listed in the termination criteria of the corresponding animal protocol, the mice were

euthanized.

3.2.13. Intracranial transplantation
7-9-week-old, female mice were orthotopically transplanted with 200,000-500,000 luciferase-
GFP-labelled pHGG cells. 24 h before surgery, the mice received metamizole (800 mg/kg)
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analgesia via the drinking water. Perioperative metamizole (200 mg/kg) analgesia was
administered subcutaneously. During the whole surgery, the mice were anesthetized by
inhalation anesthesia of 1.5-2.5 % isoflurane. Eye cream (Bepanthen) was applied to eyes to
prevent corneal drying and mice were fixed in a stereotactic frame on a heating pad. After a
negative toe reflex test, a small incision (~5 mm) was cut on the midline scalp to expose the
skull. Using a 16 G cannula, a small hole was drilled at the designated coordinates (Table 3,
Figure 3). A Hamilton needle was inserted into through the hole at the designated depth (Table
3) and the cell suspension (4 pl) was slowly injected into the brain (1400-1800 MDN). After
carefully removing the needle, the incision was closed using tissue adhesive (Histoacryl,
B.Braun). Mice were placed into clean IVC for recovery and received metamizole (800 mg/kg)
analgesia via the drinking water for additional two days. Mice were marked by ear punches.

The health status of the mice was monitored daily.

Table 3: Injection coordinates for the intracranial transplantation of pHGG cells.

Injection Starting Coordinates on the | Injection Injection pace
location point skull depth
Brainstem Lambda 1 mm posterior 4-4.5 mm deep | 1400 MDN
Thalamus Bregma 2 mm posterior, 2.5 mm deep 1800 MDN
1 mm mediolateral
E N
.
| I
@i ]
-
g

Thalamus

Brainstem

Figure 3: Injection coordinates for the intracranial transplantation of pHGG cells.

Mice were fixed in a stereotactic frame and a small incision was cut to expose the skull. The injection sites on the

skull are schematically indicated with an “X”.
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3.2.14. Bioluminescence imaging (IVIS)
Tumor engraftment and progression were monitored by bioluminescence signal of the
luciferase activity of the transplanted pHGG cells. Mice were anesthetized by inhalation
anesthesia of 1.5-2.5 % isoflurane and eyes covered with eye cream (Bepanthen). Mice were
intraperitoneally (i.p.) injected with with 150 mg/kg D-Luciferin solution, and after 10 min of
incubation time, the mice were imaged for 5 min in the In Vivo Imaging System Lumina LT
Series Il (Perkin EImer) machine. For the imaging of brains ex vivo, the brains were placed in
a 12-well cell culture plate containing 1 ml PBS. 100 pl D-Luciferin was added shortly before
acquisition to the PBS. Brains were imaged for 15-30 seconds. Data were analyzed using the

Living Image software (Perkin Elmer).

3.2.15. Irradiation (in vivo)
Mice were treated with whole brain X-ray irradiation using the SmART+ irradiation device
(Precision oncology) in collaboration with Ina Kurth, Mareike Roscher, and Rosemarie Euler-
Lange (Morszeck Pre-Clinical-Trial Unit, DKFZ). Mice were anesthetized by inhalation
anesthesia of 1.5-2.5 % isoflurane and eyes covered with eye cream (Bepanthen). Mice were
placed in the instrument and a CT scan was used to position the mouse correctly to the
treatment plan, which was prepared beforehand according to the mouse strain and age. Two
radiation beams were positioned at 90° and 270° around the head (Figure 4 A) with the
isocenter of the radiation beam positioned above the head to cover the whole brain and spare
ventral head and neck tissue (Figure 4 B). Using a circular collimator of 25 mm diameter, mice
were irradiated at daily (only on weekdays) fractions (fx) of 0.5 Gy/day or 2 Gy/day until the

cumulative total dose was achieved.
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Figure 4: Positioning of the two irradiation beams for the whole-brain irradiation with the SmART+ machine.
Dark blue and turquoise display the two irradiation beams (A), in light blue the overlapping area of the two beams
is shown (A, B). Only the overlapping area is receiving the complete dose of 2 Gy/fx/day, as shown in red (C, D).

3.2.16. Drug treatment
The mice were treated with the drugs daily (only on weekdays) by oral gavage (oral),
intraperitoneal (i.p.) or intravenous (i.v.) injection according to the following Table 4. Drugs
were prepared for one week and stored at 4 °C for this time period. Drug formulations and
concentrations were selected based on prior reports demonstrating efficacy and acceptable

tolerability (referenced in Table 4).

Table 4: Formulation and application of the drugs used in the in vivo experiments.

Drug Drug Dose Vehicle Applic | Applic | Reference
class ation ation
route freque
ncy

Proteas | Marizomib 150 ug/kg 1% DMSO in |i.p. 2x (Manton et
omei PBS week al., 2016;

Vlashi et

al., 2010)
Proteas | Marizomib 150 ug/kg 1% DMSO in |i.v. 2x (Lin et al.,
omei PBS week 2019)
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MEKi Cobimetinib 15 mg/kg 5 % DMSO, oral 2x (Kawakami
30% PEG300, week et al., 2016)
5 % Tween80,
60 % water

MEKIi Cobimetinib 10 mg/kg 5 % DMSO, oral 5x (Han et al.,
30 % PEG300, week 2020)
5 % Tween80,
60 % water

MEKIi Trametinib 1 mg/kg 5 % DMSO, oral 5x (Izquierdo
10 % week et al., 2022)
Hydroxypropyl-
B-Cyclodextrin,
85 % PBS

HDACi | Romidepsin 1 mg/kg 2 % DMSO, i.p. 5x (Noll et al.,
2 % Tween80, week 2023)
48 % PEG300,
48 % water

HDACi | Valproic acid | 200 mg/kg PBS i.p. 5x (Enshaeieh

(VPA) week et al., 2021)

HDACi | Panobinostat | 5 mg/kg 2.5 % DMSO, |i.p. 5x (Hennika et
5 % PEG400, week al., 2017)
5 % Tween80,
87.5 % saline

BCLi AZD-4320 10 mg/kg 10 % DMSO, iv. 1x (Balachand
40 % PEG300, week eretal.,
5 % Tween80, 2020)
45 % saline

ALKi Lorlatinib 10 mg/kg 0.14 % HCL in | oral 5x (Zou et al.,
water week 2015)

3.2.17. Processing of endpoint samples

When the mice reached endpoint criteria symptoms, as listed in the according animal protocol,

the mice were euthanized with increasing CO» concentrations and subsequently decapitated.

The brain was isolated and cut sagittally into two halves. For histological analysis, the brain

halves were fixed in formalin and, after 24 h incubation at 4 °C, dehydrated, and embedded in

paraffin (FFPE). For cryopreservation of the tumor cells, the tumor region was isolated from

the brain, mechanically dissociated in TSM with a pipette, filtered through a 40 um filter

(Falcon), and frozen in Synth-a-freeze freezing media (Thermo Fisher Scientific). To generate

fresh frozen samples, the tumor region was isolated, immediately frozen in liquid nitrogen and
stored at -80 °C.
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3.2.18. Pharmacokinetic analysis

For the pharmacokinetic analysis the mice were treated once with the drugs (Table 4) and
sacrificed at different time points (30 min - 24 h) after drug administration. Blood samples were
collected by heart puncture of the left ventricle using an insulin syringe Omican 100 (B. Braun).
Blood was collected in Lithium-Heparin capillary blood tubes (Microvette 500 ul, Sarstedt),
centrifuged at 1600 xg for 10 min at 4 °C, and plasma was isolated and immediately frozen in
liquid nitrogen. The mouse was subsequently perfused manually by injecting PBS with a 20 ml
syringe through the left ventricle through the whole vascular system of the mouse. Afterwards,
the perfused brain was collected, sagittally cut in halves, and frozen in liquid nitrogen. Samples
were stored at -80 °C until analysis.

The mass spectrometry analysis was performed in collaboration with Jirgen Burhenne and
Kevin Steimel (Department of Clinical Pharmacology and Pharmacoepidemiology, Heidelberg
University Hospital). The plasma and brain tissue samples were subjected to protein
precipitation with 38 % acetonitrile in methanol to deplete proteins present in the samples. The
protein-depleted extracts were subsequently injected into the UPLCMS/MS system (Waters)
consisting of an Acquity UPLC I-Class® System, a Xevo TQS triple-stage quadrupole mass
spectrometer, and a Z-spray heated electrosprayionization source. The eluent A consisted of
5 % acetonitrile in water with 0.1 % formic acid and eluent B consisted of acetonitrile with 0.1 %

formic acid. The separation column Acquity UPLC Peptide BEH C18 was used.

3.2.19. Immunohistochemistry and Hematoxylin-Eosin staining
The brains were cut sagitally and fixed with formalin at 4 °C for 24 h up to a week. The brains

were then transferred into an embedding cassette and dehydrated according to the following

protocol:
Solution Time Speed (rpm)
10% Formalin 30 min 60
70% Ethanol 30 min 70
80% Ethanol 4 h 70
90% Ethanol 10 h 70
100% Ethanol 7h 70
100% Ethanol 7h 70
100% Ethanol 4 h 70
100% Ethanol 6 h 70
Xylene 6h 70
Xylene 6h 60
Paraffin 4 h 60
Paraffin 4 h 60
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The dehydrated samples were embedded in paraffin and cut into 5 um thick sections using a
microtome (Leica Biosystems). The sections were mounted on SuperFrost Plus microscope

slides (Epredia) and dried overnight at 37°C. The next day, FFPE samples were deparaffinized

using the following protocol:

Solution Time x Repeats
Xylene 10 min x 2
100% Ethanol 5minx2

95% Ethanol 5 min

70% Ethanol 5 min

Water or PBS 5 min

For the H&E staining the deparaffinized samples were stained with Hematoxylin and Eosin

(H&E) according to the following protocol:

Solution Time
Hematoxylin 7 min
Tap water 2 min
Eosin 3 min
Tap water Rinse

For the Ki67 staining, the deparaffinized samples were incubated with citrate buffer at 100 °C
for 20 min for antigen retrieval. Then, the samples were washed, and the sections blocked with
10 % donkey serum for 1 h, followed by incubation with the primary antibody (rabbit anti-Ki67
1:1000) overnight at 4 °C. After washing, the sections were incubated with the secondary
antibody (donkey anti-rabbit 1:400) for 1 h at room temperature. After washing, samples were
incubated with ABC kit (Vector Laboratories) according to manufacturer’s instructions for
30 min. Sections were rinsed with PBS and incubated with the DAB kit (HIGHDEF® DAB
Chromogen/Substrate Set) according to manufacturer’s instructions for 10 min. After washing
with tap water, the sections were counterstained with Hematoxylin (1:10 dilution) for 1-2 min

and rinsed with tap water.

After the staining, the sections were dehydrated again according to the following protocol:

Solution Time x Repeats
70 % Ethanol 1 min

95 % Ethanol 1 min

100 % Ethanol 1 minx 2
Xylene 2 min x 2

The stained sections were mounted with 200-300 yL Eukitt mounting medium (Orsatec) and

dried overnight. The sections were imaged with a Histoscanner (Pacific Image Electronics).
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3.2.20. Graphs and statistical analysis

All graphs were plotted and statistical analysis performed using GraphPad Prism 10. Data are
represented by mean * standard deviation (SD). For comparisons between two independent
groups, an unpaired two-tailed Student’s t-test was used. For experiments involving two
independent variables, a two-way analysis of variance (ANOVA) was applied to assess main
effects and interactions between factors. When significant effects were detected, post-hoc
Sidak’s or Tukey’s multiple-comparison tests were performed. For dose-response analysis, a
non-linear regression with a variable slope (four parameters) was performed. For survival
analyses, survival curves were generated using the Kaplan-Meier method, and differences
between groups were assessed using the log-rank (Mantel-Cox) test. The survival graphs in
this thesis show symptom free survival, not overall survival.

P-values below 0.05 were considered as statistically significant. Statistical significance is
indicated in the figures as following: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001
(****). If not indicated otherwise, only statistically significant comparisons are shown in the

figures. All experiments were performed with at least 3 independent replicates (n).

3.2.21. lllustrations and figure design

All illustrations were generated using BioRender (https://app.biorender.com/) and figures

assembled with Microsoft PowerPoint.

3.2.22. Use of artificial intelligence
To improve the language and readability of this thesis | used ChatGPT (GPT-5.2) and
Periplexity. | reviewed every text after the usage of these tools and take full responsibility for

the content of this thesis.
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Results

4. Results

4.1. Comparing the radiosensitization potential of various compound classes in
pediatric-type diffuse high-grade glioma
4.1.1. Heterogeneous intrinsic radiosensitivity across PDX-derived pHGG cell
models

To assess the intrinsic radiosensitivity of patient-derived xenograft (PDX)-derived pHGG cells,
| measured cell viability following exposure to increasing doses of X-ray irradiation. The tested
pHGG models exhibited substantial heterogeneity in their response to radiotherapy, with some
exhibiting marked reductions in cell viability, indicative of increased radiosensitivity (Figure 5
A), whereas others showed little (less than 50 %) to no decrease in viability even at doses up

to 30 Gy, consistent with a more radioresistant phenotype (Figure 5 B).
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Figure 5: Radiosensitivity of PDX-derived pHGG cell cultures.

Cell viability was assessed 3 days after treatment with increasing doses of X-ray RT. According to their response
to up to 30 Gy, cells were grouped into A) ‘Sensitive’ (more than 50 % cell viability reduction over the tested RT
doses) and B) ‘Resistant’ cells (less than 50 % cell viability reduction over the tested RT doses). Mean + SD, n=3.

41.2. Comprehensive drug+RT screening identifies potential radiosensitizers
for pHGG cells

Based on the individual radiosensitivity profiles of the pHGG cells (Figure 5), | evaluated the
radiosensitizing potential of approximately 90 FDA-approved compounds across nine pHGG
cell cultures representing distinct histone alteration subtypes (WT, H3K27M, H3G34R), as well
as two non-malignant control cell types (NSC and HEK). For each condition, the Best CDI
(defined as the lowest CDI across all tested drug concentrations) was calculated and visualized
as heatmap (Figure 6), where darker colors indicate lower CDI values and stronger

radiosensitizing effects. Overall, marked differences in treatment sensitivity were observed
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between cell models, with some cultures showing generally higher sensitivity to
radiosensitization (e.g. DIPG-21), whereas others exhibited limited responses (e.g. NSCs at
1 Gy).

To identify compounds with consistent radiosensitizing activity across models, | summed the
Best CDI values across all tested cells (Best CDI Sum) and ranked them in ascending order
(Table 5). The top-performing compounds predominantly belonged to the following classes:
BCL-2 family inhibitors (BCLi), MEK inhibitors (MEKi), HDAC inhibitors (HDACI), and
proteasome inhibitors (Proteasomei). These compounds are indicated by red arrows in Figure
6. Staurosporine, a broad-spectrum protein kinase inhibitor, exhibited the strongest overall
effect, consistent with its widespread use as a positive control for apoptosis and general cell
death induction (Lawrie et al., 1997; Malsy et al., 2019; Xue et al., 2003).

To assess selectivity for pHGG cells, | compared the ranking of most efficient drugs from pHGG
cultures with those from control cells. Several shared top hits were observed in NSCs
(Navitoclax, A-1331852, Trametinib, Entinostat), whereas only one shared top hit was
identified in HEK cells (Bortezomib) (Table 6), indicating that the majority of compounds

exerted stronger radiosensitizing effects in pHGG cells than in non-malignant controls.

In the subsequent experiments, | primarily focused on H3K27M-driven DMGs, as this pHGG
entity is associated with the most limited therapeutic options, largely restricted to RT, although
the initial screening was performed across a collection of H3K27M, H3G34R, and H3WT
tumors. Notably, the top scoring drug candidates were largely consistent across all pHGG
entities. Based on this, all subsequent in vitro and in vivo validation experiments were

conducted exclusively in H3K27M-driven models.
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Figure 6: Heatmap of the Best CDI of all tested cells in the drug+RT screens.

Cells were irradiated with two RT doses 2 h after being in contact with the drug. After 3 days of incubation, the cell
viability was assessed and the Best CDI (lowest CDI among all tested drug concentrations) was calculated. Cells
were grouped according to their histone alteration (X-axis), and drugs grouped according to their mechanism of
action (Y-axis). Drug candidates showing low Best CDIs among all tested cells are highlighted with a red arrow.
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Table 5: Ranking of the drug candidates according to the Best CDI Sum in pHGG cells.
The Best CDI Sum was normalized to the number of tested cells. Drugs that | selected for further testing are

displayed in bold.

Results

Rank Best CDI Sum Drugs Drug class

1 0,49 Staurosporine Unselective kinase inhibitor
2 0,50 Navitoclax BCL-2/-XL inhibitor

3 0,62 Entinostat HDAC inhibitor

4 0,64 Cobimetinib MEK1/2 inhibitor

5 0,66 Trametinib MEK1/2 inhibitor

6 0,67 Crizotinib ALK/MET/ROS inhibitor

7 0,67 A-1331852 BCL-XL inhibitor

8 0,69 Romidepsin HDAC inhibitor

9 0,69 Erdafitinib FGFR inhibitor

10 0,70 Bortezomib Proteasome inhibitor

11 0,71 A-1155463 BCL-XL inhibitor

12 0,72 Vorinostat HDAC inhibitor

13 0,73 Erlotinib EGFR inhibitor

14 0,73 Daunorubicin Anthracycline, chemotherapy
15 0,73 Panobinostat HDAC inhibitor

Table 6: Ranking of the drug candidates according to the Best CDI Sum in non-malignant control cells.

The Best CDI Sum was normalized to the number of tested cells. Drugs that are also identified in pHGGs are

displayed in bold.

Rank | Best CDI Best CDI

Sum HEK Drugs HEK Sum NSC Drugs NSC
1 0,20 Ceritinib 0,16 Idasanutlin
2 0,49 Alpelisib 0,21 Alpelisib
3 0,51 Carboplatin 0,35 Navitoclax
4 0,51 Cabozantinib 0,35 A-1331852
5 0,56 Staurosporine 0,44 Entinostat
6 0,59 Ruxolitinib 0,46 Trametinib
7 0,60 Crizotinib 0,46 A-1155463
8 0,62 Idasanutlin 0,57 Selumetinib
9 0,62 Pralsetinib 0,59 Erdafitinib
10 0,65 Sunitinib 0,64 Everolimus
11 0,65 Imatinib 0,66 Temsirolimus
12 0,69 Vismodegib 0,67 Dabrafenib
13 0,69 Bortezomib 0,67 Irinotecan
14 0,69 Venetoclax 0,68 Olaparib
15 0,69 Tazemetostat 0,69 Rapamycin
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4.1.3. Selected compounds exhibit nanomolar potency in pHGG cells

To validate the most effective compounds identified in the drug screen, | assessed the effects
of single-agent treatment in two H3K27M pHGG cell cultures (Figure 7 and Supplementary
figure 1). Most compounds exhibited IC50 values in the nanomolar range, whereas BCLi
showed IC50 values above 10 pM.

Given that BBB penetration of several compounds from the primary screen, namely Entinostat
(Hooker et al., 2010), Navitoclax (Greenberg et al., 2024; Riessland et al., 2024), A-1331852
(Wang et al., 2020), Romidepsin (Belayet et al., 2022), Trametinib (Vaidhyanathan et al.,
2014), Cobimetinib (Choo et al., 2014), and Bortezomib (Huehnchen et al., 2020) is limited or
insufficiently characterized, | included additional compounds from the corresponding drug
classes in subsequent experiments, namely Marizomib (Proteasomei) (Lin et al., 2019),
Quisinostat (HDACI) (Cascio et al., 2023), Pimasertib (MEKi) (de Gooijer et al., 2018),
Panobinostat (HDACIi) (Hennika et al., 2017) that have demonstrated improved BBB
penetrance.

At present, no BBB penetrant BCLi has been described. In addition, BCLis, particularly dual
BCL-2/-XL inhibitors such as Navitoclax, have been associated with severe dose limiting
toxicities, including thrombocytopenia, which is attributed to BCL-XL inhibition in platelets
(Wilson 2010, Gandhi 2011). To mitigate this limitation, | included alternative BCLis with
improved systemic tolerability, specifically Pelcitoclax (Lakhani et al., 2024), LP-118
(Ravikrishnan et al., 2025), and AZD4320 (Balachander et al.,, 2020), in subsequent

experiments.
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Figure 7: Drug response curves of selected drug candidates in DIPG-19 (H3K27M).

The cell viability of the pHGG cells was assessed 3 days after incubation with increasing drug concentrations, and
a non-linear regression curved was fitted to the data to determine the IC50. The respective IC50 are displayed in
brackets after the drug name. A) MEK inhibitors (MEKI), B) HDAC inhibitors (HDACi), C) Proteasome inhibitors

(Proteaseomei), and D) BCL-2 family inhibitors (BCLi). Mean + SD, n=3.
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41.4. Selected compounds induce radiosensitization in pHGG cells as
determined by cell viability assays

| evaluated radiosensitization by the selected compounds in cell viability assays using
concentrations around their respective IC50 values (< IC50, ~ IC50, > IC50) in three H3K27M-
driven pHGG cell cultures (DIPG-007, DIPG-19 and DIPG-21). Combination treatment at
concentrations around the IC50 (comparisons shown in Figure 8 - Figure 11) resulted in a
significant reduction in cell viability in DIPG-007 cells for nearly all tested compounds when
compared with either drug or RT alone. In contrast, Pimasertib, A-1331852, and Bortezomib
did not show a significant combinatorial efficacy compared with RT alone in DIPG-007 cells,
but demonstrated radiosensitization in DIPG-19 (Supplementary figure 2 - Supplementary
figure 5) and DIPG-21 (Supplementary figure 6 - Supplementary figure 8).
As the IC50 values of BCL inhibitors exceeded clinically achievable plasma concentrations in
patients (4-6 uM; Wilson 2010, Roberts 2015), and thus surpassed levels predicted to be
achievable within the brain (Greenberg et al., 2024), lower concentrations ranging from 50 to
1000 nM were tested instead, with AZD-4320 showing radiosensitization at 500 nM (Figure
10). In contrast, LP-118 did not affect cell viability either as a single agent or in combination
with RT in any of the tested cell cultures (Figure 10 and Supplementary figure 4).
Most of these findings were consistent across all tested cell lines (Supplementary figure 2 -
Supplementary figure 8).
As a metric for combinatorial efficacy, | calculated the Best CDIs for each drug+RT combination
and visualized them in a heatmap (Figure 12). Consistent with earlier results (Figure 6),
DIPG-21 cells exhibited the highest overall sensitivity to combination treatments. Among
HDAC inhibitors, Panobinostat and Romidepsin yielded the lowest Best CDI values, while
Cobimetinib and Trametinib performed best among MEK inhibitors. Both proteasome
inhibitors, Bortezomib and Marizomib, showed comparable radiosensitization, and AZD-4320
was the most effective BCL-2 family inhibitor based on Best CDI. Notably, no antagonistic
effects were observed for any of the tested drug+RT combinations, which revalidated the

findings of the drug screen.
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Figure 8: Cell viability assays after HDACi and RT combination treatment in DIPG-007 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Figure 9: Cell viability assays after MEKi and RT combination treatment in DIPG-007 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< I1C50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Figure 10: Cell viability assays after BCLi and RT combination treatment in DIPG-007 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean = SD, n=3.
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Figure 11: Cell viability assays after Proteasomei and RT combination treatment in DIPG-007 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
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Figure 12: Heatmap comparing the Best CDIs of the tested drug+RT combinations of the cell viability assays in
different pHGG cell cultures (X-axis).

Drugs are grouped according to their mechanism of action (Y-Axis). Low Best CDls (dark red) indicate a synergistic
drug+RT effect, Best CDIs around 1 (white) indicate an additive drug+RT effect while Best CDIs above 1 (blue)
indicate an antagonistic effect.
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4.1.5. Drug+RT combination treatment enhances apoptosis in pHGG cells
A limitation of cell viability assays is that they quantify total cellular adenosine triphosphate
(ATP) levels and therefore cannot distinguish between cell death and growth arrest. To
address this limitation, | assessed induction of cell death by flow cytometry (Figure 13).
Significantly increased proportions of apoptotic cells were observed upon combination
treatment with 4 Gy irradiation and 500 nM AZD-4320, 25 nM Trametinib, or 1 nM Romidepsin,
respectively, compared with both RT alone and drug-only treatment. In contrast, treatment with
10 nM Marizomib or 100 nM Cobimetinib in combination with 4 Gy did not result in a significant
increase in apoptotic cells compared to RT alone.
Combinatorial efficacy was further quantified by calculating the Best CDI for each drug+RT
condition (Figure 14). Romidepsin, Trametinib, and Marizomib exhibited the lowest Best CD/
values, indicating the strongest effects on apoptosis induction in DIPG-007 and DIPG-19 cells.
These results indicate, that the selected drug+RT combination treatments not only reduce cell

viability, but also induce cell death in pHGG cells.
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Figure 13: Apoptosis induction after drug+RT combination treatment in DIPG-007 cells.
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Cells were treated with drug+RT combinations for 3 days, stained with AnnexinV/+Pl and acquired by flow cytometry.
A) Proteasomei Marizomib (n=3), B) BCLi AZD4320 (n=3), C) MEKi Cobimetinib (n=3), D) MEKi Trametinib (n=3),
E) HDACi Romidepsin (n=3), and F) HDACi Panobinostat (n=2). All AnnexinV positive cells were identified as
apoptotic cells. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as
well as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are
shown. Mean + SD.
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Figure 14: Heatmap comparing the Best CDI of the tested drug+RT combinations of the apoptosis assays of
different pHGG cell cultures (X-axis).

Drugs are grouped according to their mechanism of action (Y-Axis). Low Best CDIs (dark red) indicate a synergistic
drug+RT effect, Best CDIs around 1 (white) indicate an additive drug+RT effect while Best CDIs above 1 (blue)
indicate an antagonistic effect.
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4.1.6. Drug+RT combination treatment leads to long-term growth inhibition in
pHGG cells

Clonogenic assays are commonly used in radiobiology to assess whether a cell retains the
ability to undergo unlimited rounds, thereby forming a macroscopic colony (typically over one
to three weeks), which defines clonogenic capacity (Franken et al., 2006; Munshi et al., 2005).
| attempted to establish this assay for pHGG cell cultures but was unsuccessful. Clonogenic
assays are typically performed using adherent cells that are fixed and stained at the
experimental endpoint. However, pHGG cultures do not grow robustly under adherent
conditions. When cells were seeded sparsely as single cells in matrigel to allow separation of
colonies for counting, the cells failed to survive and did not form colonies even under untreated
conditions (data not shown).
To nevertheless assess long-term effects of the combination treatment in pHGG cells, |
analyzed long-term growth inhibition by monitoring single tumor spheres over a 14-day period,
with sphere size measured at four defined time points. Although this approach does not directly
measure clonogenic capacity, as single cells were not seeded and tested for colony formation,
it allowed monitoring of reproductive cell death over a period of 14 days following treatment
(Figure 15 and Figure 16).

As shown for DIPG-007 in Figure 15 and Figure 16, Cobimetinib monotherapy already resulted
in a significant inhibition of sphere growth compared with DMSO-treated controls, whereas
Marizomib showed a modest, non-significant trend toward reduced sphere size. Consistent

with previous findings (Figure 10 A), Pelcitoclax alone (at 500 nM) did not affect sphere growth.

Irradiation with 4 Gy alone significantly reduced sphere size, while the addition of Marizomib,
Cobimetinib, or Pelcitoclax to RT showed a trend toward further growth inhibition, although
these effects did not reach statistical significance in DIPG-007. In contrast, in DIPG-19 cells,
Pelcitoclax combined with radiotherapy led to a significant reduction in sphere size compared
with radiotherapy and drug monotherapy (Supplementary figure 9 and Supplementary figure
10). Similarly, in DIPG-17 cells, Cobimetinib combined with radiotherapy induced a significant
reduction in sphere growth relative to both single treatments (Supplementary figure 11 and
Supplementary figure 12).

These results show, that the selected drug+RT combinations affect the long-term growth of
pHGG cells.
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Figure 15: Representative pictures of the long-term growth inhibition assay in DIPG-007 spheres at day 14.
Pictures were taken at brightfield 10x magnification using the Nikon EclipseTi2 microscope. The scale bar
represents 1mm. Three independent technical replicates are shown. DMSQO served as negative control and
Staurosporine as positive control.
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The area of each sphere was assessed on day 3, 7, 11, and 14 after drug+RT treatment. The area under the curve
(AUC) was then calculated for each biological replicate. Sphere size over time (left) and respective AUC (right) after
A) Marizomib+RT treatment (n=5), B) Cobimetinib+RT treatment (n=5), and C) Pelcitoclax+RT treatment (n=2).
Mean * SD.

4.1.7. Candidate compounds differentially influence radiotherapy-induced DNA
double-strand breaks

Some radiosensitizers have been shown to amplify RT-induced DNA double-strand breaks
(DSBs) or to prolong their persistence in cancer cells (Geng et al., 2006; Léser et al., 2010;
Zuckermann et al., 2024).
To determine whether the selected drug candidates enhance RT-induced DNA DSBs in pHGG
cells, DNA DSB formation was quantified by yH2AX staining using flow cytometry following
combination treatment. In the absence of irradiation (0 Gy), low proportions of yH2AX-positive
cells were observed across all treatment conditions. In contrast, 90 min after irradiation with
2 Gy, the proportion of yH2AX-positive cells increased to approximately 40 % in DMSO-treated
controls. The addition of Marizomib, Cobimetinib, Pelcitoclax, or Romidepsin to RT did not
result in a significant further increase in yH2AX formation at the 90 min time point in the tested
cells (Figure 17 A).

To determine whether combination treatment affected DNA DSB persistence, | analyzed
yH2AX levels at multiple time points following irradiation (Figure 17 B-E). Marizomib and
Pelcitoclax did not alter the proportion of yH2AX-positive cells at any assessed time point.
Cobimetinib showed a trend toward reduced yH2AX positivity at 1 h and 4 h after RT, whereas
Romidepsin appeared to increase the persistence of yH2AX-positive cells from 4 h to 24 h
post-irradiation. Statistical analysis was not performed for these experiments, as they were
conducted only once.

Together, these results suggest that the observed radiosensitizing effect may involve

mechanisms downstream of the immediate DNA damage response.
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Figure 17: Effects of drug+RT treatment on RT-induced DNA double-strand breaks (DSB).
The amount of RT-induced DNA DSBs were assessed A) 90 min (n=3) and B)-E) 1 h-24 h (n=1) after RT by yH2AX
staining via flow cytometry. Mean + SD.
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4.1.8. NXG mice are unable to tolerate fractionated whole-brain irradiation

In preparation for the preclinical evaluation of the selected drug+RT combinations, | aimed to
establish orthotopic pHGG xenograft models. To prevent immune mediated rejection of PDX-
derived human tumor cells after transplantation, the use of immunodeficient or
immunocompromised mouse strains is required. NSG mice are most commonly used for this
purpose, as they are profoundly immunodeficient and therefore provide optimal conditions for
human tumor cell engraftment. However, NSG mice harbor the Prkdcs® mutation, which
disrupts the catalytic subunit of the DNA-PK and impairs DNA repair via the NHEJ pathway
(Jeggo, 1998). As a consequence, these mice are markedly more radiosensitive than other
mouse strains (Pearson et al., 2008; Saki et al., 2019).

A previous study demonstrated that NSG mice tolerate 10 Gy RT delivered in five daily
fractions of 2 Gy without histological signs of brain toxicity; however, animals were only
monitored for up to 72 h after RT (Saki et al., 2019). To assess tolerance to fractionated whole-
brain RT at higher doses, | exposed NXG mice, an alternative to NSG mice with identical
genetic characteristics (Finesso et al., 2023), to fractionated irradiation regimens of 10, 20, or
30 Gy delivered at 2 Gy per fraction (fx) per day, as well as 10 Gy delivered at 0.5 Gy/fx per
day. During the irradiation period, mice receiving 2 Gy/fx exhibited significant weight loss
exceeding 20 % of body weight across all dose groups. Consequently, irradiation was
discontinued at 18 Gy in the cohorts intended to receive 20 Gy and 30 Gy total dose, and the
animals were sacrificed. Mice treated with 0.5 Gy/fx (10 Gy total) tolerated the irradiation phase
without apparent adverse events. However, during the subsequent observation period, animals
developed acute weight loss exceeding 20 % body weight and were therefore sacrificed as
well (Figure 18).

Given that effective RT doses for treating pHGG xenografts in vivo typically range between 10
and 20 Gy (Husband et al., 2021), NSG or NXG mice were considered unsuitable for

subsequent experiments.
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Figure 18. Fractionated whole-brain RT causes severe toxicities in immunodeficient NXG mice.
NXG mice were exposed to fractionated whole-brain irradiation as indicated and afterwards the A) weight and B)
survival monitored. Fx: fraction. RT dose in brackets represents the received RT dose at endpoint. n=3 mice per

group.

4.1.9. Orthotopic pHGG xenografts exhibit model-dependent engraftment and
growth behavior

Based on the results shown in Figure 18, alternative mouse strains with greater tolerance to
irradiation were required. | selected CD1 nude and NRG mice for the subsequent in vivo
experiments, as both strains lack an intact immune system but also exhibit higher irradiation
tolerance than NSG or NXG mice.
CD1 nude mice carry a mutation in the Foxn1 gene, resulting in thymic aplasia and T cell
deficiency (Corbeaux et al., 2010). Importantly, these mice retain intact DNA repair pathways
and display radiosensitivity profiles comparable to wild type mice. Previous studies have
shown that CD1 nude mice tolerate RT doses of up to 54 Gy (Husband et al., 2021). However,
because they lack only T cells, their degree of immunodeficiency is limited, and they are
therefore classified as immunocompromised rather than fully immunodeficient (Chen et al.,
2022).
As an alternative, NRG mice harbor a Rag? knockout, which prevents V(D)J recombination
and eliminates mature B and T cells, rendering these animals fully immunodeficient.
Importantly, this mutation does not affect core DNA repair mechanisms in non-hematopoietic
tissues, resulting in greater radioresistance compared with NSG or NXG mice (Pearson et al.,
2008). Previous studies have shown that NRG mice tolerate RT doses of up to 24 Gy (Maeda
et al., 2017; Pearson et al., 2008). As CD1 nude mice generally demonstrate higher irradiation
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tolerance than NRG mice, | prioritized CD1 nude mice for the establishment of pHGG xenograft

models and used NRG mice only in cases where tumor engraftment failed in CD1 nude mice.

| transplanted DIPG-007, DIPG-19, DIPG-17, and DIPGXx7 cells into the brainstem of CD1 nude
mice, where gradual tumor growth was observed in all models, with latencies ranging from 60
to 300 days, as assessed by bioluminescence imaging (IVIS) (Figure 19). Since DIPG-21 cells
failed to engraft in CD1 nude mice and DIPG-19 tumors exhibited comparatively long latencies

(~300 days), | transplanted these cells additionally into immunodeficient NRG mice.

To assess potential effects of anatomic location on tumor growth, | transplanted DIPG-19 and
DIPG-21 cells into the brainstem and the thalamus of NRG mice. DIPG-19 tumors transplanted
into the brainstem showed growth dynamics comparable to those observed in CD1 nude mice
(latency ~300 days), whereas thalamic implantation resulted in an apparent tumor growth delay
(latency ~330 days). DIPG-21 cells did not engraft in the brainstem of NRG mice, and only one
animal with thalamic implantation displayed a detectable tumor signal by the end of the

observation period of 365 days.

Representative images of pHGG tumors in the brainstem of CD1 nude mice are shown in
Figure 20. Tumors were identified by GFP and luciferase signals, which was possible due to
stable labeling of the transplanted cells (Figure 20 A and B). In addition, fixed brain sections
were stained with hematoxylin and eosin (H&E) and Ki67 to visualize tumor morphology and

proliferating tumor cells, respectively (Figure 20 C and D).
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Figure 19: pHGG xenograft model establishment in CD1 nude and NRG mice.

PHGG cells (H3K27M) were intracranially transplanted into A)-D) CD1 nude mice or E)-F) NRG mice and their
tumor signals were monitored by bioluminescence imaging (IVIS) over time. Each curve represents an individual
mouse (n=3-5). The DIPGx7 experiment is still ongoing and all animals are still alive (day 170).
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Figure 20: Representative pictures of pHGG tumors in the brainstem of CD1 nude mice.

A) Brightfield and GFP fluorescence images from a freshly dissected brain acquired using a 0.63x objective at 1x
zoom at a fluorescence microscope. B) Luciferase signal of a freshly dissected brain captured by bioluminescence
imaging (IVIS). C) H&E staining of a fixed brain sample. D) Ki67 staining of a fixed brain sample.

4.1.10. Fractionated radiotherapy delays tumor progression in the DIPG-007
xenograft model

To evaluate the intrinsic radiosensitivity of the DIPG-007 mouse model, | treated tumor-bearing
mice with fractionated whole-brain irradiation using cumulative doses of 4, 8, or 12 Gy
administered in 2 Gy fractions (reflecting the clinical use of ~1.8 Gyl/fraction), followed by
monitoring of tumor growth and latency (Figure 21). Mice receiving a total dose of 4 Gy showed
tumor progression and latency comparable to non-irradiated controls, with a median latency of
approximately 60 days (Figure 19 A). In contrast, irradiation with total doses of 8 Gy and 12 Gy
resulted in slower tumor progression and prolonged survival, with median latencies of
approximately 76 and 84 days, respectively.
The planned group size was three mice per treatment arm; however, | needed to exclude
several animals from the experiment due to adverse events. None of the applied RT doses
resulted in tumor regression or clearance, thereby defining a treatment window that allows for

the addition of drug treatment and the evaluation of potential synergistic effects.
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Figure 21: Radiosensitivity of the DIPG-007 mouse model in CD1 nude mice.

Mice harboring DIPG-007-induced brain tumors were irradiated with fractionated X-ray RT at 2 Gy/fraction/day up
to total doses of A) 4 Gy, B) 8 Gy, and C) 12 Gy using the SmART+ machine. Tumor signals were monitored over
time using bioluminescence imaging (IVIS). Each curve represents an individual animal. D) Survival of all the
irradiated mice compared to the non-irradiated control animals from Figure 19 A.

4.1.11. Preclinical evaluation of the radiosensitizing potential of identified

compounds in the DIPG-007 model

41.11.1. Preclinical investigation of Marizomib, Cobimetinib, and
Romidepsin reveals no improvement of radiotherapy efficacy

Based on the previous in vitro and in vivo data, a preclinical study was conducted to evaluate
the radiosensitizing effects of Marizomib (Mari), Cobimetinib (Cobi), and Romidepsin (Romi)
in vivo. DIPG-007 cells were transplanted into the brainstem of CD1 nude mice, which were
randomized on day 42 based on tumor burden into eight treatment groups. Drug and RT
treatment was initiated on day 43 (Figure 22 A). Mice received fractionated whole-brain X-ray
irradiation with a total dose of 12 Gy delivered over six days at 2 Gy/day, with a treatment
break over the weekend. Drug administration was performed as outlined in Table 4 and
continued until predefined endpoint criteria were reached.
Fractionated RT (12 Gy) significantly reduced tumor growth and prolonged survival (Marizomib

vs. Marizomib+RT, p = **; Cobimetinib vs. Cobimetinib+RT, p = *) compared with the
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corresponding drug-only treatment groups (Figure 22 B, C, E). In contrast, Marizomib and
Cobimetinib monotherapy did not significantly affect tumor growth (Figure 22 B, C) or survival
(Figure 22 E) compared with vehicle-treated controls. Furthermore, within the irradiated
cohorts, no significant differences were observed between the combination treatments and

vehicle+RT.

Romidepsin treatment, both as monotherapy and in combination with RT, resulted in significant
toxicity in mice (Supplementary figure 13 D), despite the applied dose having been previously

reported as well tolerated (Noll et al., 2023).

In the remaining treatment groups, individual mice were occasionally removed from the study
due to body weight loss exceeding 20 %, in accordance with predefined endpoint criteria. Apart
from these cases, no obvious treatment-associated body weight loss or signs of systemic

toxicity were detected at the group level (Supplementary figure 13).

The absence of both single-agent activity and the drug+RT effects previously observed in vitro
may indicate that the compounds failed to achieve adequate concentrations in the mouse

brain, suggesting that the dosing regimens require further optimization.
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Figure 22: Preclinical evaluation of Marizomib (Mari, Proteasemei), Cobimetinib (Cobi, MEKi), and Romidepsin
(Romi, HDACI) in combination with 12 Gy RT in the DIPG-007 mouse model.

A) Schematic illustration of the study. IVIS tumor signal of B) Marizomib-treated (150 ug/kg, i.p., 2x week),
C) Cobimetinib-treated (15 mg/kg, oral, 2x week), and D) Romidepsin-treated (1 mg/kg, i.p., 5x week) mice in
comparison to vehicle-treated mice. Vehicle of Romidepsin (i.p., 5x week) was used for all vehicle-treated animals.
E) Survival of all the treatment groups within this study. The area between the dashed lines represents the RT
treatment frame.
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4.1.11.2. Optimized dosing strategies of Marizomib and Cobimetinib fail to
enhance radiotherapy response in vivo

Given that Marizomib has been reported to be BBB penetrant in monkeys and rats (Di et al.,
2016), and to reduce tumor growth as monotherapy in other DIPG (Lin et al., 2019) and GBM
(Manton et al., 2016) models at comparable doses, | considered whether the intraperitoneal
(i.p.) administration route used in this study (Manton et al., 2016; Vlashi et al., 2010) may have
been suboptimal for intracranial tumor models. Intravenous (i.v.) administration could
potentially improve brain drug exposure, which has been successfully applied by (Lin et al.,
2019). Cobimetinib, although described as having limited BBB penetration (Choo et al., 2014),
is currently under clinical investigation for the treatment of pLGG, where it has shown limited
single agent activity (Trippett et al., 2022). In this context, | hypothesized that increasing the
treatment frequency to daily dosing (Rosen et al., 2016) could enhance overall drug exposure
and availability.
Given that mice treated with Romidepsin exhibited treatment-related toxicity, | sought an
alternative HDACI with improved BBB penetration. The HDACI valproic acid, also referred to
as valproate or VPA, has been detected in the cerebrospinal fluid of non-human primates
(Stapleton et al., 2008) and in children with epilepsy (Léscher et al., 1988), thereby making it
a suitable candidate for the subsequent experiments. Based on these considerations, |
modified the drug administration regimens of Marizomib and Cobimetinib, and included VPA

in a second preclinical trial (Figure 23).

The overall study design was comparable to the previous experiment (Figure 22), with the
exception that treatment was initiated one week earlier, on day 36, to extend the post-treatment
observation period. Tumor burden in this model was already approaching endpoint VIS signal
levels by day 43 and was associated with early mortality. As shown in Figure 23, none of the
combination treatments resulted in delayed tumor progression or prolonged survival compared
with vehicle+RT treatment. In both the vehicle- and VPA-treated groups, RT significantly
extended survival (vehicle vs. vehicle+RT, p = *; VPA vs. VPA+RT, p = **). In the Marizomib
and VPA treatment groups, individual mice were occasionally removed from the study due to
body weight loss exceeding 20 %, in accordance with predefined endpoint criteria. Apart from
these cases, no obvious treatment-associated body weight loss or signs of systemic toxicity
were detected (Supplementary figure 14).

Given that the optimized dosing strategies did not improve study outcomes and still failed to
demonstrate single-agent or combinatorial efficacy, these findings further support the
hypothesis that limited BBB penetration of the selected compounds represents a major limiting

factor.
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Figure 23: Preclinical evaluation of Marizomib (Mari, Proteasemei), Cobimetinib (Cobi, MEKI), and Valproic acid
(VPA, HDACI) in combination with 12 Gy RT in the DIPG-007 mouse model.

A) Schematic illustration of the study. IVIS tumor signal of B) Marizomib-treated (150 ug/kg, i.v., 2x week),
C) Cobimetinib-treated (10 mg/kg, oral, 5x week), and D) VPA-treated (200 mg/kg, i.p., 5x week) mice in comparison
to vehicle-treated mice. Vehicle of Cobimetinib (oral, 5 x week) was used for all vehicle-treated animals. E) Survival
of all the treatment groups within this study. The area between the dashed lines represents the RT treatment frame.
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4.1.11.3. Limited brain exposure of candidate compounds correlates with

lack of in vivo efficacy
Based on results observed in the preclinical studies (Figure 22 and Figure 23), | hypothesized
that insufficient BBB penetration of the tested compounds contributed to the lack of efficacy.
To assess brain exposure, | performed a pharmacokinetic analysis of Romidepsin and
Cobimetinib. Each compound was administered once, and blood plasma and perfused brain
tissue were collected at multiple time points post-administration. Drug concentrations were

subsequently quantified by mass spectrometry.

For Romidepsin, the highest plasma concentrations were detected 30 min after administration,
followed by a time-dependent decline (Figure 24 A). Romidepsin was not detectable in any of
the analyzed brain samples. In contrast, Cobimetinib plasma concentrations remained
relatively stable for up to 8 h and gradually decreased thereafter (Figure 24 B). Brain
concentrations of Cobimetinib increased within the first 4 h after administration and remained
stable up to 24 h, with peak levels observed at 8 h post-treatment. At peak brain

concentrations, Cobimetinib reached approximately 30 % of the corresponding plasma levels.

The IC50 of Cobimetinib in DIPG-007 cells is approximately 100 nM, corresponding to a brain
tissue concentration of ~563 ng/g. Cobimetinib concentrations in the brain remained slightly
below this threshold, which may account for the lack of therapeutic efficacy observed in the

first two preclinical studies (Figure 22 and Figure 23).
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Figure 24: Pharmacokinetic (PK) analysis of Romidepsin and Cobimetinib in CD1 nude mice.

The concentration of A) Romidepsin (1 mg/kg, i.p.) and B) Cobimetinib (15 mg/kg, oral) was assessed in the blood
plasma and brain tissue at different time points after drug administration to CD1 nude mice by mass spectrometry.
Mean + SD, n=3.
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4.1.11.4. Preclinical evaluation of alternative MEKi and HDACi fail to improve
radiotherapy efficacy in vivo

As a final attempt to validate the selected compound classes in intracranial pHGG models, |
selected the BCLi AZD4320, the MEKi Trametinib, and the HDACi Panobinostat.
AZDA4320 is a dual BCL-2/-XL inhibitor with high efficacy in hematological malignancies.
Although AZD4320 exhibits a similar inhibition profile to Navitoclax, preclinical studies suggest
a lower incidence of dose limiting thrombocytopenia compared with Navitoclax (Balachander
et al., 2020).
Trametinib, similar to Cobimetinib, is a MEKIi that showed high efficacy in the initial drug+RT
screen as well as in subsequent in vitro validation experiments. Trametinib is currently under
clinical investigation for pLGG and MAPK-driven pHGGs (Bouffet et al., 2023; Perreault et al.,
2019), making it an attractive candidate for potential clinical translation.
Panobinostat, also known as LBH589, is a pan-HDACi that has demonstrated antitumor
activity in preclinical pHGG models (Hennika et al., 2017) and is currently being evaluated in
clinical trials for DIPG (Monje et al., 2023; Mueller et al., 2023). Although radiosensitizing
effects of Panobinostat have been suggested in glioblastoma (Pont et al., 2015), prostate
cancer (Xiao et al., 2013), and bladder cancer (Groselj et al.,, 2013), clinical evidence

supporting a radiosensitizing effect in pHGGs remains limited.

In this study, | followed the treatment scheme shown in Figure 25 A, which was comparable to
that used in the second preclinical trial (Figure 23).

Consistent with the previous two studies (Figure 22 and Figure 23), RT significantly prolonged
survival across all treatment groups (vehicle vs. vehicle+RT, p = **; AZD vs. AZD+RT, p = *;
Trametinib vs. Trametinib+RT, p = **; Panobinostat vs. Panobinostat+RT, p = **). Beyond the
effect of RT, no additional reduction in tumor growth or improvement in survival was observed
for any drug+RT combination compared with vehicle+RT (Figure 25 B-E).

In all treatment groups, individual mice were occasionally removed from the study due to body
weight loss exceeding 20 %, in accordance with predefined endpoint criteria. Apart from these
cases, no obvious treatment-associated body weight loss or signs of systemic toxicity were

detected at the group level (Supplementary figure 15).

Despite strong in vitro activity, the absence of both single-agent and combinatorial efficacy
across all three preclinical trials suggests that limited BBB penetration, and the resulting
insufficient intratumoral drug exposure, represent a principal barrier when evaluating

radiosensitizers in orthotopic pHGG models.
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Figure 25: Preclinical evaluation of AZD4320 (AZD, BCLi), Trametinib (MEKi), and Panobinostat (Pano, HDACI) in
combination with 12 Gy RT in the DIPG-007 mouse model.

A) Schematic illustration of the study. IVIS tumor signal of B) AZD4320-treated (10 mg/kg, i.v., 1x week),
C) Trametinib-treated (1 mg/kg, oral, 5 x week), and D) Panobinostat-treated (6 mg/kg, i.p., 5x week) mice in
comparison to vehicle-treated mice. Vehicle of Trametinib (oral, 5 x week) was used for all vehicle-treated animals.
E) Survival of all the treatment groups within this study. The area between the dashed lines represents the RT
treatment frame.
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4.2. Overcoming ALK inhibitor resistance in ALK-fusion infant-type hemispheric
glioma
4.2.1. Chronic Lorlatinib treatment induces stable Lorlatinib-resistance in
PPP1CB::ALK-driven pHGG cells
To generate Lorlatinib-resistant cells, | continuously cultured PPP1CB::ALK-driven pHGG cells
(BI#190) with either 10 nM Lorlatinib or DMSO as a vehicle control. After 10 weeks, | assessed
the cell viability of both cell cultures to increasing concentrations of Lorlatinib (Figure 26 A).
Cells maintained under continuous DMSO treatment (DMSO cells) showed a dose-dependent
reduction in viability in response to Lorlatinib teatment. In contrast, cells continuously cultured
with Lorlatinib (Lorlatinib-resistant cells) displayed minimal changes in viability across the
tested concentration range, indicating the development of drug resistance (Figure 26 B).
| repeated this procedure independently to establish three additional Lorlatinib-resistant cell

populations (Res. cells 2, 3, and 5; Supplementary figure 16).

To evaluate the stability of resistance, | subsequently cultured each resistant cell population
for 6 weeks in the absence of Lorlatinib under continuous DMSO treatment. Following this drug
withdrawal period, | assessed cell viability of the cell cultures to either DMSO or 10 nM
Lorlatinib treatment (Figure 27 A).

Treatment with 10 nM Lorlatinib reduced the viability of DMSO cells to approximately 50 %
(Figure 27 B), consistent with earlier observations (Figure 26). In contrast, Lorlatinib-resistant
cells that had been cultured under DMSO conditions did not show a reduction in viability upon
Lorlatinib exposure (Figure 27 C-E), indicating that the resistant phenotype remained stable
even in the absence of continued drug selection.

Interestingly, Lorlatinib-resistant cells maintained under continuous Lorlatinib treatment
exhibited significantly higher viability upon exposure to 10 nM Lorlatinib compared to DMSO
(Figure 27 C-E). These findings suggest that Lorlatinib treatment may confer a survival
advantage to resistant cells.

Comparable results were observed after 3 (Supplementary figure 17) and 8 weeks

(Supplementary figure 18) of continuous DMSO or Lorlatinib treatment.
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Figure 26: Generation of Lorlatinib-resistant cells in vitro.

A) Experimental workflow. BI#190 cells were seeded into two wells and continuously cultured with either DMSO
(DMSO cells) or 10 nM Lorlatinib (Lorlatinib-resistant cells). After 10 weeks, both cell cultures were seeded into 96-
well plates and treated with either DMSO or increasing concentrations of Lorlatinib. After 3 days, the cell viability of
both cell cultures was assessed by CellTiterGlo (CTG). B) Cell viability of DMSO cells and Lorlatinib-resistant cells
in response to increasing concentrations of Lorlatinib. Mean + SD, n=3.
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Figure 27: Lorlatinib resistance is stable even after Lorlatinib withdrawal.

A) Experimental workflow. Lorlatinib-resistant cells were seeded into two wells and continuously cultured with either
DMSO or 10nM Lorlatinib. After 6 weeks, both cell cultures were seeded into 96-well plates and treated with either
DMSO or 10 nM Lorlatinib. After 3 days, the cell viability of both cell cultures was assessed by CellTiterGlo (CTG).
B) Cell viability of DMSO cells in response to DMSO and 10 nM Lorlatinib treatment. C-E) Cell viability of Lorlatinib-
resistant cells 2, 3, and 5 continuously cultured with DMSO or Lorlatinib for 6 weeks (X-axis), in response to DMSO
and 10 nM Lorlatinib treatment after 3 days (grey and red respectively). Mean + SD, n=3.
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4.2.2. ALK-inhibition enhances proliferation and inhibits apoptosis in Lorlatinib-
resistant cells

Since Lorlatinib-resistant cells exhibited a higher cell viability upon treatment with 10 nM

Lorlatinib compared with DMSO (Figure 27 C-E), | sought to investigate the underlying basis

of this phenotype. | performed an EdU proliferation assay to assess DNA synthesis and found

that Lorlatinib-resistant cells (Res.cells 2, 3, and 5) proliferated significantly more when treated

with 10 nM Lorlatinib than with DMSO, as indicated by significantly increased EdU

incorporation within 45 min (Figure 28 A).

In addition, | assessed cell death induction in response to 10 nM Lorlatinib treatment in
resistant and non-resistant cells. In DMSO cells, exposure to 10 nM Lorlatinib significantly
reduced the proportion of viable cells and increased the fraction of apoptotic cells compared
with DMSO treatment (Figure 28 B). In contrast, in Lorlatinib-resistant cells (Res.cells 2, 3, and
5), no significant differences were detected in viable, apoptotic, or necrotic cell populations
between Lorlatinib and DMSO treatment (Figure 28 C-E). These findings suggest that
Lorlatinib treatment in resistant cells is associated with both increased proliferation and

reduced cell death.

To determine whether this effect was specific to Lorlatinib, 1 exposed DMSO cells and
Lorlatinib-resistant cells (Res.cells 2) to increasing concentrations of Crizotinib, an alternative
ALK inhibitor. Crizotinib treatment resulted in a dose-dependent reduction in cell viability in
DMSO cells (Figure 29). In contrast, Crizotinib significantly increased the viability of Res.cells 2
compared with DMSO cells over a concentration range of 1-400 nM, whereas higher Crizotinib
concentrations appeared to be toxic to Res.cells 2 (Figure 29). These findings indicate that the
increase in cell proliferation following ALK inhibition may reflect a class-wide mechanism rather

than a Lorlatinib-specific effect.
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Figure 28: Lorlatinib treatment enhances proliferation and inhibits apoptosis in Lorlatinib-resistant cells.

A) EdU incorporation (within 45 min) into the DNA of DMSO cells and Lorlatinib-resistant cells (Res.cells 2, 3, 5)
after 10 nM Lorlatinib and DMSO treatment was assessed by flow cytometry. B)-E) Cell death induction after 10 nM
Lorlatinib and DMSO treatment in DMSO cells and Res.cells 2, 3, 5 was assessed by AnnexinV+PI staining using
flow cytometry. Staurosporine (Stauro) served as positive control for cell death induction. Mean + SD, n=3.
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Figure 29: Effects of Crizotinib treatment on DMSO cells and Lorlatinib-resistant cells (Res.cells 2).
Cell viability of DMSQO cells and Res.cells 2 in response to increasing Crizotinib concentrations. Mean + SD, n=3.

4.2.3. Continuous Lorlatinib treatment suppresses tumor growth but does not
induce stable resistance in vivo

To generate Lorlatinib-resistant tumors in vivo, | intracranially transplanted PPP1CB::ALK-
driven pHGG cells (BI#190) into the thalamus of CD1 mice and randomized the animals into
two treatment groups based on tumor burden. Beginning on day 7 post-transplantation, |
initiated daily treatment (weekdays only) with 10 mg/kg Lorlatinib or vehicle. Treatment was
continued until tumor signals remained below 1 x 108 p/s for five consecutive weeks, to assess
whether resistance would emerge under continuous drug exposure, even in the absence of

detectable tumor burden by bioluminescence imaging (IVIS) (Figure 30 A).

All vehicle-treated mice reached endpoint criteria within 17-21 days after transplantation and
were sacrificed, whereas tumor signals in all Lorlatinib-treated animals declined below the
detection threshold of 1 x 10° p/s (Supplementary figure 19 A). As no resistant tumors emerged
during continuous treatment, | paused Lorlatinib administration for two weeks to assess
potential tumor regrowth. Tumor recurrence was detected in four of eight Lorlatinib-treated
animals, and | resumed Lorlatinib treatment in signal-dependent cycles. Treatment was
reinitiated when tumor signals exceeded 2 x 10° p/s and paused when signals fell below 1 x

108 p/s. This treatment strategy has previously been shown to induce resistance to the
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smoothened inhibitor Sonidegib in a preclinical model of sonic hedgehog medulloblastoma
(Krausert et al., 2022).

Tumor signals fluctuated during these treatment cycles; however, resistant tumors could not
be established within the permitted treatment period of up to 140 days (Figure 30 B-E). Tumor
cells from three animals (AC008, AC009, ACO010; Figure 30 B-D) were cryopreserved at
endpoint, whereas one mouse (AC012) showed complete tumor clearance by the end of the
observation period (Figure 30 E). Throughout the treatment period, no significant weight loss

or other signs of toxicity were observed (Supplementary figure 19 B).
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Figure 30: PPP1CB::ALK-driven pHGG cell-derived tumors are responsive to Lorlatinib treatment in vivo.

A) Experimental layout. PPP1CB::ALK-driven pHGG cells were intracranially transplanted into the thalamus of CD1
mice. Mice were randomized according to their tumor signal on day 4 and were continuously treated with 10 mg/kg
Lorlatinib or vehicle starting at day 7 until the tumor signal stayed below 1x10° p/s for 5 consecutive weeks. After 2
weeks of treatment pause, Lorlatinib-treatment resumed in treatment cycles. Treatment was started when the tumor
signal reached 2x10° p/s and stopped when the tumor signal fell below 1x10° p/s. B)-E) Tumor signal over time for
each individual mouse (AC008, AC009, AC010, AC012).
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4.2.4. Re-transplantation of Lorlatinib-pretreated tumors induces stable disease

in Lorlatinib-treated mice
To assess whether Lorlatinib pre-treated tumor cells could still give rise to Lorlatinib-resistant
tumors in vivo, | retransplanted tumor cells obtained from the previous experiment (Figure 30)
into the thalamus of CD1 mice and reinitiated daily Lorlatinib treatment (10 mg/kg) on day 7
post-transplantation. Lorlatinib was administered continuously on weekdays until mice reached

predefined endpoint criteria (Figure 31 A).

As shown in Figure 31 B-E, Lorlatinib treatment resulted in stable disease in all four mice, with
tumor signals remaining above 1 x 107 p/s despite ongoing treatment. Mice AC026 and AC027
(Figure 31 A, B) reached endpoint criteria during weekend treatment pauses, whereas the
tumor in AC028 exhibited rapid growth during a one-week interruption of Lorlatinib
administration (Figure 31 C). AC032 was the only mouse to reach endpoint criteria during
active Lorlatinib treatment (Figure 31 E). Throughout the experiment, no significant weight loss

or other signs of treatment-related toxicity were observed (Supplementary figure 20).
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Figure 31: Lorlatinib-treatment induces stable disease in mice harboring tumors deriving from Lorlatinib pre-treated
tumor cells.

A) Lorlatinib pre-treated tumor cells were re-transplanted into the thalamus of CD1 mice and were randomized on
day 4. Daily Lorlatinib treatment (10 mg/kg) started on day 7 and was continuously administered every weekday
until the mice developed endpoint criteria symptoms. B)-E) Tumor signal over time of each individual mouse
(AC026, AC027, AC028, AC032).
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4.2.5. Tumor-derived cells retain partial Lorlatinib sensitivity despite prior in

vivo exposure
As the tumors did not appear to be fully resistant to Lorlatinib in vivo, | established cultures
from these tumors and assessed their response to Lorlatinib in vitro using a cell viability assay.
As shown in Figure 32, all tested tumor-derived cells exhibited a significant reduction in viability

following Lorlatinib treatment compared with DMSO-treated controls.

Notably, all tumor-derived cells displayed significantly higher viability in response to Lorlatinib
compared with the initially transplanted, Lorlatinib-naive BI#190 cells. In this experiment,
vehicle treated samples, rather than BI#190, would have represented the appropriate controls;

however, no cryopreserved cells from these animals were available.

In addition, although not statistically significant, a trend toward reduced sensitivity to 10 nM
Lorlatinib was observed in tumor cells derived from the second transplantation compared with
those derived from the first transplantation.

Taken together, these data suggest that, while complete resistance did not emerge, in vivo
Lorlatinib exposure may be associated with a partial decrease in drug sensitivity in ALK-driven

tumor cells.

in vivo tumors
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Figure 32: Lorlatinib pre-treated tumors respond less to Lorlatinib treatment in vitro compared to Lorlatinib-naive
cells.

Tumors derived from the mice of the previous two in vivo experiments (Figure 30 and Figure 31) and the initially
transplanted, Lorlatinib-naive cells (BI#190) were taken into culture and tested for their response to 10 nM Lorlatinib
in vitro in a cell viability assay. Mean + SD, n=3.
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4.2.6. Bulk RNA sequencing reveals targetable vulnerabilities of Lorlatinib-
resistant tumor cells
To characterize transcriptional changes associated with Lorlatinib resistance, | submitted RNA
from all Lorlatinib-resistant cells generated in vitro and from all Lorlatinib-treated tumors for
bulk RNA sequencing. Differential gene expression was observed when comparing vehicle-
treated tumors (vehicle) with Lorlatinib-treated tumors, derived from the first and second
transplantation (Lorl_1st Generation and Lorl_2nd Generation respectively), as well as DMSO
cells (non res) with Lorlatinib-resistant cells (Lorl res cells).
In Lorlatinib-treated tumors upregulated gene signatures associated with TGFp-driven
epithelial-to-mesenchymal transition (EMT) and ALK bypass signaling pathways were
identified (Figure 33 A, B). In contrast, analysis of the in vitro samples revealed upregulation
of genes involved in PI3K-AKT-mTOR signaling alongside downregulation of pro-apoptotic
gene expression (Figure 33 C, D).
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Figure 33: Bulk RNA sequencing analysis from Lorlatinib resistant cells and in vivo tumors.

A) Upregulation of genes involved in TGFB-driven EMT (Taube et al., 2010) in Lorlatinib-treated tumors compared
to vehicle-treated tumors in vivo. B) Upregulation of genes involved in ALK bypass signaling pathways (Wilson et
al., 2015) in Lorlatinib-treated tumors compared to vehicle-treated tumors in vivo. 15t Generation represents the
samples of the first transplantation and 2" Generations represents the samples from the second transplantation.
Vehicle represents samples from vehicle-treated animals. C) Upregulation of genes involved in PISK-AKT-mTOR
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signaling (Glaviano et al., 2023) in Lorlatinib-resistant cells (Lorl res cells) compared to non-resistant cells (non res).
D) Down-regulation of pro-apoptotic genes (Elmore, 2007) in Lorlatinib-resistant cells (Lorl res cells) compared to
non-resistant cells (non res). Selected representative genes for each pathway are shown.

4.2.7. Lorlatinib-resistant cells show selective vulnerability to BCL-2/-XL
inhibition

To assess whether Lorlatinib-resistant cells display selective vulnerabilities to inhibition of

pathways identified by RNA sequencing (Figure 33), | measured cell viability of Res.cells 2 and

DMSO cells following exposure to increasing concentrations of selected inhibitors. In addition,

| included 10 nM Lorlatinib in the treatments to evaluate whether resistant cells could be

resensitized to Lorlatinib.

Treatment with Galunisertib, a TGFf receptor inhibitor (TGFBRIi), or Capmatinib, a MET
inhibitor (METi), did not substantially affect cell viability in either Res.cells 2 or DMSO cells.
Combination treatment with Galunisertib+Lorlatinib or Capmatinib+Lorlatinib resulted in
viability levels in Res.cells 2 that were comparable to those observed with Lorlatinib treatment
alone (Figure 34 A, B).

Treatment with the PI3Ka inhibitor (PI3Ki) Alpelisib did not differentially affect the viability of
Res.cells 2 compared with DMSO cells (Figure 34 C). Although Everolimus, an mTOR inhibitor
(mTORI), did not affect cell viability as a single agent, co-treatment with Everolimus and
Lorlatinib reduced the Lorlatinib-associated increase in viability observed in Res.cells 2,
restoring viability to baseline levels (Figure 34 D).

In contrast, Res.cells 2 exhibited increased sensitivity to AZD4320 and Navitoclax, both
BCL-2/-XL inhibitors, at concentrations above 100 nM compared with DMSO cells (Figure 34
E, F). A similar trend was observed when AZD4320 was combined with Lorlatinib in Res.cells 2
(Figure 34 E), whereas this effect was not evident for the combination of Navitoclax and
Lorlatinib (Figure 34 F).

These findings suggest that inhibition of BCL-2/-XL proteins represents a potential targetable

vulnerability in Lorlatinib-resistant cells.
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Figure 34: Combination treatment identified vulnerabilities of Lorlatinib-resistant cells (Res.cells 2).

Cell viability assays after treating DMSO cells and Res.cells 2 with increasing concentrations of A) Galunisertib
(TGFBRI), B) Capmatinib (METI), C) Alpelisib (PI3Ki), D) Everolimus (mTORI), E) AZD4320 (BCLi), and F)
Navitoclax (BCLi). Staurosporine (Stauro) served as positive control for cell death. Mean + SD, n=3.
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5. Discussion

5.1. Comparing the radiosensitization potential of various compound classes in
pediatric-type diffuse high-grade glioma

In DMG patients, RT constitutes the only available therapeutic option, yet its effects are

restricted to palliation (Bartels et al., 2011; Jansen et al., 2012). This therapeutic limitation

underscores the high interest in improving RT efficacy for these tumors. Accordingly, in this

study, | aimed to assess which compounds or compound classes have the potential to function

as radiosensitizers in this context.

| initiated this project with a comprehensive drug screen in combination with X-ray RT, testing
a custom library of approximately 90 FDA-approved drugs for their radiosensitizing potential in
nine different PDX-derived pHGG cell cultures and two non-cancer control cell lines. Through
this approach, | identified four compound classes with high efficacy in combination with RT,
namely MEKIi, HDACI, BCLi, and Proteasomei. Drugs belonging to these classes consistently
demonstrated the lowest CDls, indicative of strong synergistic effects, across all tested cell
models and showed higher efficacy in pHGG cells compared to control cells.

Interestingly, chemotherapeutic agents were generally less effective in inducing RT synergies
than targeted agents. Given that chemotherapeutics, most prominently TMZ, but also CCNU
and Vincristine, are commonly administered concomitantly with or following RT in the clinical
setting (Jakacki et al., 2016; Mallick et al., 2015; Perwein et al., 2023), this observation was
unexpected. However, as combinations of chemotherapy and RT have not led to significant
improvements in clinical outcomes for pHGGs to date (Jakacki et al., 2016; Vanan & Eisenstat,
2014), these results are consistent with current clinical experience. Importantly, many
chemotherapeutic agents used in pediatric pHGGs have not been systematically evaluated or
specifically selected for this patient population, but are largely derived from adult treatment

regimens (Chatwin et al., 2021).

Within these experiments, | was able to validate findings from previous studies identifying the
BCL-2/-XL inhibitor Navitoclax (Vardon et al., 2025) as well as the HDACi Quisinostat (Cascio
et al., 2023), and Panobinostat (Monje et al., 2023) as radiosensitizers in pHGGs. In contrast,
despite promising results reported in earlier studies, the PARPi Olaparib (Guo et al., 2025;
Vuurden et al., 2011) did not rank among the most effective compounds in my combined
drug+RT screen (Figure 6, Table 5).

Guo et al. reported that H3K27M models exhibit deficiencies in the homologous recombination
(HR) DNA repair pathway, rendering them sensitive to PARP inhibition and subsequent

radiosensitization (Guo et al., 2025). As there is currently no evidence that all DMGs display

101



Discussion

HR deficiencies, and as my drug+RT screen encompassed multiple pHGG entities,

heterogeneity in DNA repair capacity may explain the observed discrepancy.

To investigate whether DNA repair mechanisms might be directly involved in mediating
radiosensitization of the selected compounds, | assessed yH2AX levels, a marker of DNA
DSBs, at multiple time points following combination treatment (Figure 17). | observed a trend
toward increased and decreased DSB persistence after treatment with Romidepsin and
Cobimetinib, respectively.

Romidepsin is an HDACi and is therefore involved in chromatin remodeling and epigenetic
regulation. HDACi have previously been associated with increased DSB persistence (Geng et
al., 2006). In contrast, the reduction in DSB persistence observed in Cobimetinib treated cells
remains unclear. One possible explanation is that MEK inhibition frequently induces G1 arrest,
which can reduce replication associated DNA damage signaling and alter yH2AX kinetics, as
reported previously (Grabenbauer et al., 2018). In addition, inhibition of extracellular signal-
related kinase (ERK) has been linked to enhanced DNA dependent protein kinase (DNA-PK)
activation, which could accelerate DSB end joining and thereby reduce yH2AX persistence
(Wei et al., 2013).

Although | did not observe major effects of the combination treatments on RT induced DNA
DSB levels, this does not contradict the hypothesis that these drugs may act as effective
radiosensitizers in pHGGs. Synergistic effects between drugs and RT can also arise from
pathways downstream of direct DNA repair mechanisms, including apoptosis, cell cycle
regulation, and growth factor signaling pathways such as MAPK signaling (Carrassa & Damia,
2017; Metselaar et al., 2021; Sriramulu et al., 2023), all of which are directly targeted by the

drug candidates evaluated in this study.

For the in vivo validation of selected compounds, | have established three orthotopic pHGG
mouse models in CD1 nude mice that are suitable for preclinical testing, namely DIPG-007
with a latency of approximately 60 days, DIPG-19 with a latency of approximately 300 days,
and DIPG-17 with a latency of approximately 150 days (Figure 19).

DIPG-007 cells are widely used in pHGG models and have been shown to reliably engraft
across multiple immunodeficient and immunocompromised mouse strains ('t Hart et al., 2023;
Khan et al., 2021; Xu et al., 2021). In addition, DIPG-17 has been successfully transplanted
into NSG mice (Ishida et al., 2021), and DIPGx7 has been engrafted in CD1 nude mice (Patel
et al., 2019). In contrast, no published reports are currently available describing successful
transplantation of DIPG-19 or DIPG-21.
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Using the DIPG-007 model, | conducted the first preclinical trial applying a total RT dose of
12 Gy with concomitant treatment with Marizomib (Proteasomei), Cobimetinib (MEKi), and
Romidepsin (HDACI). As all three inhibitors showed promising results in the in vitro validation
experiments and have previously been evaluated in clinical studies for brain tumors (lwamoto
et al., 2011; Roth et al., 2024; Trippett et al., 2022), | selected them for initial in vivo testing.

Unfortunately, none of the tested drugs showed a significant effect either as monotherapy or
in combination with RT on tumor growth or survival when compared with vehicle or vehicle+RT
treated animals, respectively (Figure 22). Based on the hypothesis that limited BBB penetration
of the selected compounds contributed to the lack of efficacy, | performed a second preclinical
trial using an adjusted treatment schedule for Marizomib and Cobimetinib, and included an
alternative BBB penetrant HDACi (VPA). Despite these modifications, none of the tested drugs
showed a significant effect either as monotherapy or in combination with RT when compared

with vehicle or vehicle+RT treated animals, respectively (Figure 23).

It remained unclear whether drug concentrations were still insufficient and/or whether BBB
penetration was inadequate to affect DIPG cells in vivo. To address this, | performed a
pharmacokinetic study measuring Cobimetinib and Romidepsin concentrations in blood
plasma and brain tissue of CD1 nude mice at multiple time points after drug administration.

The plasma concentration time profile of Cobimetinib in CD1 nude mice closely recapitulated
the pharmacokinetic profile reported in humans, reaching peak levels at approximately 2 h
after administration, maintaining relatively stable concentrations up to 8 h, and subsequently
declining over time (Rosen et al., 2016). Similarly, the plasma concentration profile of
Romidepsin in CD1 nude mice resembled that observed in humans, with peak concentrations
shortly after administration followed by a rapid decrease in plasma levels (Connolly et al.,
2020). Together with the Cobimetinib brain and plasma exposure data, these findings suggest

that both drugs exhibit broadly comparable pharmacokinetic patterns in mice and humans.

Cobimetinib reached a maximum of approximately 30 % of its plasma concentration in the
brain. However, these Cobimetinib concentrations appeared insufficient to effectively target
DIPG-007 tumor cells in vivo, as Cobimetinib levels in the brain remained below the IC50

threshold of ~53 ng/g for most of the observation period (Figure 24).

Romidepsin was detectable only in blood plasma and was absent from brain samples. This
may be explained by the combination of a relatively low administered dose of Romidepsin at
1 mg/kg and its high molecular weight exceeding 500 Da, both of which likely limit sufficient

BBB penetration. Most small molecules cross the BBB via passive lipid mediated
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transmembrane diffusion (Oldendorf, 1974). Thus, drug molecular weight is inversely
correlated with BBB penetration. Compounds with molecular weights above 400 Da are
generally considered to have poor BBB penetrance, although compounds exceeding 600 Da
have been reported to cross the BBB in sufficient amounts to affect CNS function (Pan &
Kastin, 2001). This highlights that BBB penetration is influenced by additional factors, including
lipid solubility, charge, tertiary structure, protein binding, efflux transporter interactions such as
P-glycoprotein (P-gp), and active carrier or receptor mediated transport mechanisms (Banks,
2009; Pardridge, 2005).

While Marizomib has not been reported to be a substrate of the efflux transporter P-gp,
encoded by the ABCB1 gene (or historically MDR1) (Obaidat et al., 2011), both Cobimetinib
(Choo et al.,, 2014) and Romidepsin (Xiao et al., 2005) have been described as P-gp
substrates. P-gp is an ATP-dependent efflux transporter enriched at the luminal membrane of
brain microvascular endothelial cells constituting the BBB (Erickson et al., 2018). By actively
exporting a broad range of lipophilic and amphipathic substrates back into the circulation, P-gp
limits CNS exposure to many therapeutic compounds (Chai et al., 2022; Paul et al., 2025).
This may further explain why Cobimetinib and Romidepsin do not reach substantial
concentrations in the brain and suggests that modulating P-gp activity could represent a
strategy to enhance BBB exposure of these drugs.

Pharmacological inhibition of P-gp has been shown to substantially increase brain exposure
of P-gp substrate drugs in preclinical models (Kemper et al., 2003; Lemaire et al., 1996). In
humans, third generation P-gp inhibitors such as Tariquidar have been shown to inhibit P-gp
at the BBB and increase brain uptake of model substrates (Abraham et al., 2009; Wagner et
al., 2009). However, the magnitude and duration of BBB inhibition appear more limited than in
rodents (Bauer et al., 2012), and clinical co-administration to enhance CNS drug delivery has
not become routine practice.

An additional factor influencing in vivo efficacy and BBB penetration is the ratio of free unbound
drug to protein- or lipid-bound drug. In most cases, only the free unbound fraction is
pharmacologically active, capable of interacting with molecular targets, and diffusing across
biological membranes (Smith et al., 2010). As | did not assess free drug fractions in this study,
it is possible that a substantial proportion of the administered compounds was protein bound,

thereby limiting effective BBB penetration and single agent activity.

Considering its promising results in multiple preclinical and early clinical studies (Boccellato et
al., 2021; Bota et al., 2021; Di et al., 2016; Lin et al., 2019; Mason et al., 2019), Marizomib
advanced to a phase 3 clinical trial in which it was evaluated in combination with RT+TMZ

followed by TMZ maintenance therapy in patients with newly diagnosed glioblastoma (Roth et
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al., 2024). In this trial, the addition of Marizomib to RT+TMZ did not improve overall survival
compared with standard RT+TMZ treatment and was associated with increased toxicity. It is
important to note that this study was conducted in adult patients and that Marizomib was not
evaluated in combination with RT alone, which was the treatment strategy pursued in my study.
Based on the current literature, | do not have a definitive explanation for the lack of efficacy of
Marizomib either as monotherapy or in combination with RT in my experiments. Given that
Marizomib has previously been shown to reduce tumor growth and prolong survival in other
DIPG models when administered as monotherapy at comparable doses, formulations, and
administration routes (Lin et al., 2019), it is possible that the DIPG-007 model exhibits
differential responses to treatment in vivo compared with in vitro conditions and relative to the

DIPG models used in earlier studies.

Beyond proteasome inhibition, modulation of apoptotic signaling has also been proposed as a
strategy to enhance radiation responses. BCLi have previously been proposed as
radiosensitizers in several tumor entities (Lee et al., 2022; O'Steen et al., 2017; Pesch et al.,
2022), based on their ability to lower the apoptotic threshold following RT-induced DNA
damage (Delbridge et al., 2016). In the context of DMG, Navitoclax has recently been
evaluated in combination with RT in a preclinical model (Vardon et al., 2025). In this study, RT
was shown to induce a senescent phenotype in DMG cells, and Navitoclax exerted senolytic
activity in these RT-induced senescent cells. However, despite this mechanistic rationale, the
authors did not observe a robust radiosensitizing effect of Navitoclax in vivo, suggesting that
induction of senolysis alone may be insufficient to confer a meaningful therapeutic benefit in
DMG (Vardon et al., 2025).

Given the well-documented dose-limiting systemic toxicities of Navitoclax, particularly
thrombocytopenia (Wilson et al., 2010), AZD4320 was selected as an alternative dual BCL-2/-
XL inhibitor in this study. While AZD4320 itself has not entered clinical trials, a dendrimer-
conjugated formulation, AZD0466, consisting of AZD4320 linked to a PEGylated dendrimer,
has been clinically evaluated in hematological malignancies (NCT04865419) (Arslan et al.,
2023). However, this study was terminated due to insufficient clinical benefit, and AZD0466 is
currently not commercially available for research purposes.

As already discussed for the other compounds, a plausible explanation for the absence of
radiosensitization in my experiment with AZD4320, might be insufficient intratumoral drug
exposure resulting from limited BBB penetration. Consistent with this hypothesis, Navitoclax
has been reported to achieve only low concentrations in rodent brain tissue (~42 nM total brain
concentration), indicating restricted CNS delivery (Greenberg et al., 2024). Because BCLis

generally have relatively high molecular weights and are substrates of efflux transporters
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(Vogler et al., 2011), it is likely that effective target engagement within brainstem tumors may

not have been achieved under the dosing conditions used.

In addition to apoptotic pathway modulation, epigenetic therapies have also been investigated
as radiosensitizers. The pan-HDAC inhibitor Panobinostat has demonstrated radiosensitizing
activity in several tumor entities, primarily through enhancement of radiation-induced DNA
damage and impaired DNA repair (Chinnaiyan et al., 2005; Groselj et al., 2013). However,
comparable evidence in pHGGs, including DMGs, remains limited. Although Panobinostat
showed strong anti-tumor activity in vitro and was identified as a promising therapeutic
candidate in large-scale functional screening studies of DIPG (Grasso et al., 2015), it did not
elicit meaningful single-agent activity in vivo in preclinical DIPG models (Hennika et al., 2017).
Consistent with these preclinical observations, clinical evaluation of Panobinostat in children
with progressive DMG did not demonstrate significant therapeutic benefit, although treatment
was generally tolerable (Monje et al., 2023). Only isolated case reports describing concomitant
use in progressive disease have been published, suggesting that the combination is feasible
and can be administered without unexpected acute toxicity, although no clear evidence of
efficacy has been observed (Wang et al., 2017).

Similarly, the HDAC inhibitor valproic acid (VPA) has been explored as a potential
radiosensitizer. In the DMG model tested here, | did not observe combinatorial efficacy
between VPA and RT, indicating limited radiosensitizing activity under the tested conditions.
This finding is consistent with clinical evidence, which has not demonstrated a clear therapeutic
benefit of VPA as a radiosensitizer in DMGs. Although a systematic review and meta-analysis
in HGG reported an association between concomitant VPA use during radiotherapy and
improved overall survival (Sullivan et al., 2023), a phase 2 clinical trial in children with newly
diagnosed DIPG or HGG demonstrated that VPA administered during RT was feasible and

well tolerated, but did not improve survival outcomes (Su et al., 2020).

Additionally, inhibition of oncogenic signaling pathways such as MAPK has also been explored
as a radiosensitization strategy. Even though the MEK inhibitors Cobimetinib and Trametinib
have not been systematically evaluated as radiosensitizers in pHGGs, preclinical evidence
from non-CNS tumor models suggests that MEK pathway inhibition can enhance radiation
responses. Radiosensitizing effects have been reported in pancreatic cancer (Estrada-Bernal
et al., 2015), melanoma (Schick et al., 2015), and non-small cell lung cancer (Kim et al., 2021),
where MEK inhibition was shown to augment radiation-induced DNA damage, impair repair
signaling and increase apoptotic cell death. In adult glioblastoma, however, results have been

inconsistent, with several studies suggesting that radiosensitization by MEK inhibition is highly
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context-dependent and influenced by tumor genotype and MAPK pathway activation status
(Essien et al., 2022; Houweling et al., 2023).

More recently, the MEK inhibitor Mirdametinib has been shown to act as a radiosensitizer in
NF1-deficient glioblastoma models, where combined treatment enhanced RT-induced
cytotoxicity and impaired DNA damage repair signaling (loannou et al., 2024). However,
whether these findings can be extrapolated to DMG or other pHGG subtypes remains unclear,

as MAPK pathway dependency and NF1 alterations are not uniformly present in these tumors.

Overall, this study demonstrates that several targeted compound classes exhibit strong
radiosensitizing effects in pHGG models in vitro, yet these effects do not translate in vivo,
primarily due to inadequate CNS drug exposure. Taken together, limited BBB penetration likely
represents a major constraint in these orthotopic models, although this hypothesis will require
confirmation through dedicated pharmacokinetic analyses. These findings indicate that
effective radiosensitization strategies for DMG will require not only biologically potent agents

but also optimization of drug delivery to achieve sufficient intratumoral concentrations.

5.1.1. Outlook and future directions
Building on the preclinical insights generated in this study, future efforts aim to advance the
translational potential of radiosensitization strategies for pHGGs, as outlined in the following

section.

So far, the in vivo studies have been conducted in a single pHGG model, primarily due to the
long tumor latencies associated with orthotopic pHGG xenografts. To strengthen the
generalizability of my findings, it would be valuable to evaluate the tested combination
therapies in additional models that | have established, such as DIPG-19, which appears
sensitive to combination treatment in vitro. | am currently assessing the inherent

radiosensitivity of this model as a prerequisite for future preclinical studies.

An additional limitation is that the PDX-derived cell cultures used in this study have been
extensively passaged in vitro and may no longer fully recapitulate the original intratumoral
heterogeneity of the patient tumors. The use of freshly derived PDX-tumor material would
therefore be advantageous, although the availability of such samples is generally limited.
Moreover, testing combination therapies in immunocompetent models would better capture
the contribution of the immune system to treatment response. While autochthonous H3-mutant
models are available, these models frequently harbor additional alterations such as PDGFRA

amplification or mutation, which substantially influence tumor biology and complicate
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interpretation (Pathania et al., 2017). My laboratory is actively involved in the generation of
autochthonous and syngeneic pHGG models using in utero electroporation, some of which
have recently been published (Schoof et al., 2026). However, despite extensive efforts, a

model in which H3K27M alone is sufficient to drive tumorigenesis has not yet been established.

Given that limited BBB permeability appears to be a major constraint in the in vivo studies,
future work will focus on establishing subcutaneous pHGG models to test the identified
combination therapies as a proof of principle. This approach would allow assessment of
treatment efficacy in an in vivo setting independent of BBB-related limitations. In addition,
intranasal drug delivery could be explored, as it enables direct nose-to-brain transport while
bypassing the BBB. In rodent models, drug delivery via the olfactory pathway primarily targets
frontal brain regions, whereas the trigeminal nerve pathway allows access to the brainstem,
pons, and cerebellum (Crowe et al.,, 2018; Dhuria et al., 2010), as demonstrated for
nanoliposomal SN-38 (Sasaki et al., 2022).

Even if efficacy were observed using these approaches, direct clinical translation would remain
challenging. However, several strategies exist to enhance drug delivery to the brain in patients,
including CED and Ommaya reservoirs. Both approaches have been applied in pediatric brain
tumor patients (Blaney et al., 2013; Monje et al., 2025; Mueller et al., 2025; Mueller et al., 2023;
Narsinh et al., 2025; Peyrl et al., 2014). Another promising strategy is FUS-mediated BBB
opening, which enables localized and transient increases in BBB permeability, and has
recently been evaluated clinically in combination with Panobinostat (Wu et al., 2025). In
addition, encapsulation of drugs into liposomal formulations, potentially combined with surface
modifications to enhance BBB extravasation and tumor specificity, represents another avenue

that could be exploited in the future.

Beyond conventional X-ray RT, particle therapies have increasingly been implemented in
pediatric oncology over recent years. These modalities are currently available only at
specialized centers, including the Heidelberg lon Beam Therapy Center (HIT), where particle
therapy is routinely applied and studied in patients (Rieken et al., 2012). At present, there was
no strong rationale to incorporate particle therapy into this project. While particle therapies
reduce off target toxicities and induce more complex DNA damage compared with X-ray RT,
the drug screen identified compound classes that primarily affect downstream pathways such
as apoptosis, cell cycle regulation, proliferation, and proteasome function rather than direct
DNA repair. As these processes are similarly engaged following particle therapy, differential

radiosensitization was not expected. Nevertheless, if future evidence suggests modality-
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specific differences, the experimental pipeline established in this thesis could be readily

adapted to proton or carbon ion irradiation.

Finally, a key future goal is to mechanistically understand why certain compounds or
compound classes exhibit superior radiosensitizing activity in pHGGs. Transcriptomic profiling
by RNA sequencing of treated in vitro or in vivo tumors could provide insights into treatment

induced transcriptional changes and identify affected molecular pathways.

5.1.2. Conclusion
Within this project, | established a comprehensive preclinical pipeline for the identification and
evaluation of novel radiosensitizers for pHGGs, with a particular focus on DMGs. Through
extensive in vitro drug screening, | identified several compounds and compound classes with
strong radiosensitizing potential. In parallel, | established novel immunodeficient pHGG mouse
models, thereby providing a foundation for future preclinical studies beyond the scope of this
project. Furthermore, | systematically evaluated a total of seven drugs across three preclinical
studies and identified limited BBB penetration as the primary barrier to successful in vivo
validation. Importantly, multiple clinically applicable strategies to enhance BBB permeability

are available and represent promising avenues for future investigation.

Taken together, this work represents the first comparative approach to systematically identify
and evaluate radiosensitizers, across in vitro and in vivo models, for these still incurable
pediatric brain tumors. Although limited BBB penetration and model availability prevented
successful validation of the selected drug candidates thus far, the strategy of repurposing FDA-

approved drugs holds substantial potential to improve RT outcomes for patients with pHGGs.

5.2. Overcoming ALK inhibitor resistance in ALK-fusion infant-type hemispheric
glioma

ALK-driven IHGs are commonly treated with ALKIi, such as Lorlatinib, which often induce robust
initial clinical responses. However, acquired treatment resistance frequently emerges, limiting
long-term therapeutic efficacy. Evidence for this comes both from pre-clinical and clinical
observations. Lorlatinib resistance has been described in preclinical models in which Lorlatinib
was initially highly effective in eliminating PPP1CB::ALK-driven tumor cells, but tumors rapidly
recurred after treatment cessation (Clarke et al., 2020). In addition, a recent clinical case report
described disease progression during Lorlatinib treatment following an initial response, with

the patient ultimately succumbing to the disease within 15 months after diagnosis (Wilson et
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al., 2025). Together, these findings underscore the urgent need to understand the mechanisms

underlying Lorlatinib resistance in order to improve therapeutic options for affected children.

To investigate this, | generated Lorlatinib-resistant tumor cells in vitro that maintained stable
resistance even after drug withdrawal (Figure 27). Acquired drug resistance is often transient
and can be lost upon treatment cessation (Sale et al., 2019), which does not appear to be the
case in this model. Notably, | observed a paradoxical phenotype in which Lorlatinib-resistant
cells not only failed to undergo apoptosis upon Lorlatinib treatment, but instead displayed
increased proliferation compared with DMSO-treated controls (Figure 28).

This observation suggests that, following acquisition of resistance, Lorlatinib exposure may
create a selective fitness advantage in this cellular state. This phenotype resembles the
concept of ‘drug addiction’ in which resistant cells exhibit enhanced fitness in the presence of
the inhibitor, whereas drug withdrawal reduces cellular fithess and/or induces cell death. This
phenotype has been described in ALK-driven anaplastic large-cell lymphoma (ALCL) models
with acquired resistance to ALK TKIs, where withdrawal triggered a detrimental signaling
program rather than restoring baseline growth. This TKIl-addiction was attributed to STAT1
overactivation upon withdrawal, switching on a tumor-suppressive transcriptional program and
attenuating oncogenic STAT3 signaling (Rajan et al., 2020). Further, drug addiction has been
documented in BRAF-mutant melanoma after acquired resistance to Vemurafenib, where drug
withdrawal led to toxic MAPK-ERK pathway hyperactivation (Das Thakur et al., 2013). A
related shift from dependence on oncogenic signaling to dependence on continued inhibitor
exposure has also been reported in EGFR-mutant lung cancer under intensive EGFR and MET
inhibition (Suda et al., 2012).

Mechanistically, resistant cells seem to become adapted to an ‘optimal’ signaling window such
that excessive pathway output upon drug withdrawal becomes deleterious (Sale et al., 2019).
More broadly, chronic kinase inhibition can rewire feedback regulation and pathway cross-talk,
enabling compensatory activation across MAPK, PI3K-AKT, and JAK-STAT pathways
(Yesilkanal et al., 2021). To the best of my knowledge, a comparable ‘drug addiction’

phenotype has not been reported in IHGs yet.

To investigate transcriptional changes induced by chronic Lorlatinib treatment, | performed
bulk RNA sequencing on all in vitro and in vivo Lorlatinib-resistant samples, including their
respective non-resistant control counterparts.

According to the literature, common ‘on target’ resistance mechanisms to Lorlatinib include
mutations within the ALK RTK domain, primarily described in NSCLC. These mutations have
been systematically summarized by Poei et al. and include L1198F, G2032R, D1203N,
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G1123D, C1156Y plus L1198F, G1202R plus L1196M, and 11171N plus D1203N (Poei et al.,
2024). In addition, a study from 2021 demonstrated that Gilteritinib can overcome Lorlatinib
resistance mediated by the double mutant 11171N and F1174l in ALK (Liang et al., 2021).
None of these mutations were detected in the RNA sequencing data of the resistant samples
based on read alignment to the reference genome (data not shown). However, as variant
calling is more robust and established using whole-genome sequencing (WGS) data, the
presence of stable genomic alterations will be assessed by WGS. Moreover, while ALK
amplification has been reported as a resistance mechanism following acquired resistance to
Crizotinib (Katayama et al., 2012), it has not been identified as a mechanism of acquired
resistance to second- or third-generation ALKi (Gainor et al., 2016). Taken together, these
findings suggest that ‘off target’ resistance mechanisms are likely the predominant drivers of

Lorlatinib resistance in ALK-driven IHGs, but still have to be further investigated.

RNA sequencing analysis revealed differential regulation of genes associated with TGFf3-
driven epithelial-to-mesenchymal transition (EMT), RTK signaling including MET, EGFR, and
HER2/3, PISK-AKT-mTOR signaling, and apoptosis regulation (Figure 33). These findings are
consistent with a previous study demonstrating that TGFB-driven EMT mediates ALKi
resistance in NSCLC and can be reversed by inhibition of the TGFf receptor (TGFBR) using
Silibinin (Verdura et al., 2022).

EMT is a biological process in which epithelial cells progressively lose epithelial characteristics
such as stable cell-cell adhesion, apical-basal polarity, and expression of epithelial markers,
while acquiring mesenchymal traits including increased migratory capacity, invasiveness, and
mesenchymal marker expression (Allgayer et al., 2025; Yang et al., 2020). Although classical
EMT does not occur in brain tumors due to their non epithelial origin (Iser et al., 2019; Laurenge
et al,, 2023), brain tumors can adopt mesenchymal-like transcriptional programs and
upregulate mesenchymal markers such as N cadherin, fibronectin, vimentin, Snail, Twist, and
Zeb (Figure 33).

In NSCLC, ALKi resistance has been linked to activation of bypass signaling pathways
involving multiple RTKs including IGF1R, EGFR, KIT, MET, and HER2/3. In line with this, |
observed upregulation of several RTKs in my Lorlatinib-resistant samples. Notably, MET
amplification is a frequent resistance mechanism in patients relapsing on Lorlatinib (Dagogo-
Jack et al., 2020), and combined inhibition of ALK and MET has demonstrated moderate
antitumor activity in ALK rearranged NSCLC with acquired MET amplification (Dagogo-Jack et
al., 2023). In addition, dependency on RAS-MAPK signaling has been identified as a hallmark

of EML4::ALK-driven lung adenocarcinoma (Hrustanovic et al., 2015), providing a rationale for
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combined ALKi and MEKIi treatment strategies that are currently under clinical investigation
(NCT04005144, NCT03202940).

| further identified upregulation of components of the PI3K-AKT-mTOR signaling pathway in
Lorlatinib resistant cells compared with non-resistant controls (Figure 33 C). In EML::ALK-
driven NSCLC, EGFR-PI3KB mediated reactivation of MAPK and PI3K-AKT signaling under
ALK inhibition has been described as a mechanism conferring ALKi resistance, and combined
inhibition of ALKi and PI3KBi was shown to overcome this effect (Talwelkar et al., 2023). These
findings are supported by earlier work identifying sustained PI3K-AKT signaling as a mediator
of ALKi resistance in NSCLC and demonstrating efficacy of combined ALKi and PI3K inhibitor
treatment in vitro and in vivo (Yang et al., 2014). Moreover, reactivation of MAPK and PI3K-
AKT signaling under ALK inhibition has been linked to insufficient accumulation of the pro-
apoptotic protein BIM (BCL2L11) and impaired apoptosis induction in ALK-driven NSCLC
models. In this context, combined inhibition of ALKi and MCL-1 inhibitor restored apoptosis
(Martin et al., 2025). Consistent with these findings, | observed downregulation of pro-apoptotic
genes in Lorlatinib-resistant compared with non-resistant cells, supporting the hypothesis that
apoptosis suppression contributes to ALKi resistance in ALK-driven brain tumors and may

represent a therapeutically exploitable vulnerability.

As combinatorial treatment strategies have already been explored to overcome ALKi
resistance in NSCLC, | applied a similar approach to my Lorlatinib-resistant ALK-driven IHG
models in vitro. | assessed whether targeting the identified vulnerabilities, including TGFBR-
mediated mesenchymal programs, RTK bypass signaling via MET, apoptosis regulation, and
PIBK-AKT signaling, was sufficient to selectively reduce viability of Lorlatinib-resistant cells
compared with non-resistant DMSO cells. In addition, | tested whether inhibition of these
pathways could resensitize resistant cells to Lorlatinib by combining pathway specific inhibitors
with ALK inhibition.

So far, | did not observe a differential response between resistant cells (Res.cells 2) and DMSO
cells following treatment with the TGFBR inhibitor (TGFBRi) Galunisertib, the METi Capmatinib,
the PI3Ki Alpelisib, and the mTORi Everolimus (Figure 34), suggesting that these pathways
are unlikely to represent dominant resistance liabilities in this model. A possible explanation
for the lack of efficacy of Galunisertib and Capmatinib is that the corresponding pathways were
primarily identified in the in vivo resistant samples rather than in the in vitro resistant cells in
which these inhibitors have been tested so far. Bulk RNA sequencing of whole tumors can
capture additional transcriptional programs arising from the tumor microenvironment and

cellular heterogeneity, and may therefore yield more complex signatures than RNA sequencing
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of a cell culture model with a comparatively homogeneous genetic background. Therefore,

subsequent drug testing was prioritized based on the in vitro findings.

In contrast, Res.cells 2 appeared more susceptible to BCL-2/-XL inhibition using AZD4320 and
Navitoclax compared with non-resistant cells (Figure 34), revealing a potential vulnerability of
Lorlatinib-resistant cells. This is consistent with previous reports in NSCLC indicating that
resistance to ALK inhibition can involve adaptive rewiring of apoptotic signaling. In Lorlatinib-
resistant NSCLC models, activation of EGFR signaling has been shown to promote survival
through modulation of the anti-apoptotic protein BCL-XL (Katayama et al., 2023). Similarly,
Alectinib resistance in ALK-rearranged NSCLC has been associated with activation of
yes-associated protein 1 (YAP1), which transcriptionally upregulates anti-apoptotic proteins
including MCL-1 and BCL-XL (Tsuji et al., 2020). Notably, both studies demonstrated
therapeutic efficacy of combination strategies targeting upstream survival pathways (EGFR
inhibition + Lorlatinib, or YAP1 inhibition + Alectinib), rather than directly inhibiting BCL-2 family
proteins.

However, it is important to note that much of the mechanistic insight discussed here is derived
from studies in NSCLC, as although ALKi resistance has been reported in pediatric brain
tumors, the underlying resistance mechanisms in this context remain largely unexplored. To
the best of my knowledge, there is no direct evidence demonstrating dependence on BCL-2
family anti-apoptotic signaling in Lorlatinib-resistant pHGG models. Therefore, the increased
sensitivity of Res.cells 2 to combined BCL-2/-XL inhibition may represent a previously

unrecognized therapeutic vulnerability that warrants mechanistic validation.

5.2.1. Outlook and future directions
In the future, | aim to mechanistically dissect why Lorlatinib treatment exerts a tumor promoting
effect in Lorlatinib-resistant cells. As a first step, | plan to perform ALK knock-down using siRNA
to determine whether this phenotype is ALK-dependent or reflects an intrinsically uncoupled
mechanism. Depending on the outcome, | will further investigate which downstream pathways
mediate this effect and whether they reveal targetable vulnerabilities that could overcome the

resistant state.

In parallel, WGS represents a complementary approach to elucidate the molecular basis of the
stable Lorlatinib resistance observed in these ALK-driven pHGG cells. While transcriptome
analysis did not reveal consistent resistance-associated changes, WGS would enable

unbiased detection of genomic alterations, including ALK kinase domain mutations and copy
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number changes, that may contribute to resistance and cannot be comprehensively or reliably

characterized using RNA-sequencing data alone.

To validate these observations in vivo, | plan to transplant the in vitro Lorlatinib-resistant cells
into mice to generate an in vivo Lorlatinib-resistant model. Using this model would enable
evaluation of combination strategies identified in vitro, for example BCL-2/-XL inhibition, to
determine whether these approaches can restore therapeutic responses in vivo. In addition, it
would be informative to test whether early combination treatment compared with Lorlatinib

monotherapy can prevent or delay the emergence of Lorlatinib resistance in vivo.

To strengthen the functional validation of candidate combinations, | will extend the analysis
beyond cell viability by assessing proliferation and apoptosis to confirm the underlying cellular
response phenotypes. Mechanistically, bulk RNA sequencing, western blot analyses of key
pathway components, and rescue experiments could be used to elucidate the molecular

mechanism underlying the tumor promoting response to ALK inhibition.

Finally, as RTKi resistance has also been reported in other RTK-driven IHG entities, including
NTRK-driven IHG (Cocco et al., 2018; Drilon et al., 2018), | will consider applying this

experimental pipeline to additional preclinical IHG models.

5.2.2. Conclusion
Lorlatinib treatment, despite inducing robust initial responses, has increasingly been
associated with acquired resistance in ALK-driven IHGs. In this study, | generated Lorlatinib-
resistant IHG models in vitro and in vivo and comprehensively characterized the resulting ALKi
resistance phenotype. | identified a previously undescribed tumor promoting effect of Lorlatinib
treatment in Lorlatinib-resistant , which may have important implications for the clinical use of
ALKIi. In addition, | explored potential combination treatment strategies, thereby providing a

foundation for future efforts to overcome ALKIi resistance in patients with IHG.
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Supplementary figure 1: Drug response curves of selected drug candidates in DIPG-007 (H3K27M).

The cell viability of the pHGG cells was assessed 3 days after incubation with increasing drug concentrations and
a non-linear regression curved was fitted to the data to determine the IC50. The respective IC50 are displayed in
brackets after drug name. A) MEK inhibitors (MEKi), B) HDAC inhibitors (HDACi), C) Proteasome inhibitors
(Proteaseomei), and D) BCL inhibitors (BCLi). Mean + SD, n=3.
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Supplementary figure 2: Cell viability assays after HDACi and RT combination treatment in DIPG-19 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< I1C50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 3: Cell viability assays after MEKi and RT combination treatment in DIPG-19 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 4: Cell viability assays after BCLi and RT combination treatment in DIPG-19 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~60 % viability and ~40 % viability after RT), as well as
in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.

Mean + SD, n=3.
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Supplementary figure 5: Cell viability assays after Proteasomei and RT combination treatment in DIPG-19 cells.
Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 6: Cell viability assays after HDACi and RT combination treatment in DIPG-21 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 7: Cell viability assays after MEKi and RT combination treatment in DIPG-21 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 8: Cell viability assays after A-B) Proteasomei and C) BCLi and RT combination treatment in
DIPG-21 cells.

Cells were irradiated 2 h after being in contact with the drugs and their cell viability was assessed after 3 days of
incubation. Cells were tested at 0 Gy and at two RT doses (~ 60 % viability and ~ 40 % viability after RT), as well
as in three drug concentrations (< IC50, ~ IC50, > IC50). Statistics of only selected comparisons at IC50 are shown.
Mean + SD, n=3.
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Supplementary figure 9: Representative pictures of the long-term growth inhibition assay in DIPG-19 spheres at
day 14.

Pictures were taken at brightfield 10x magnification using the Nikon EclipseTi2 microscope. The scale bar
represents 1mm. Three independent technical replicates are shown. DMSO served as negative control and
Staurosporine as positive control.
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Supplementary figure 10: Quantification of the sphere size of the long-term growth inhibition assays in DIPG-19
cells.
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The area of each sphere was assessed on day 3, 7, 11 and 14 after drug+RT treatment. The area under the curve
(AUC) was then calculated for each biological replicate. Sphere size over time (left) and respective AUC (right) after
A) Marizomib+RT treatment, B) Cobimetinib+RT treatment, and C) Pelcitoclax+RT treatment. Mean + SD, n=2.
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Supplementary figure 11: Representative pictures of the long-term growth inhibition assay in DIPG-17 spheres at
day 14.

Pictures were taken at brightfield 10x magnification using the Nikon EclipseTi2 microscope. The scale bar
represents 1mm. Three independent technical replicates are shown. DMSO served as negative control and
Staurosporine as positive control.
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Supplementary figure 12: Quantification of the sphere size of the long-term growth inhibition assays in DIPG-17

cells.
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The area of each sphere was assessed on day 3, 7, 11 and 14 after drug+RT treatment. The area under the curve
(AUC) was then calculated for each biological replicate. Sphere size over time (left) and respective AUC (right) after

A) Marizomib+RT treatment (n=3), B) Cobimetinib+RT treatment (n=3), and C) Pelcitoclax+RT treatment (n=2).
Mean + SD.
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Supplementary figure 13: Body weight of the animals from the first preclinical trial (Figure 22).
Mice treated with A) Vehicle (Veh), B) Marizomib (Mari), C) Cobimetinib (Cobi), and D) Romidepsin (Romi) alone
and in combination with 12 Gy RT during the preclinical study in the DIPG-007 mouse model.
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Supplementary figure 14: Body weight of the animals from the second preclinical trial (Figure 23).
Mice treated with A) Vehicle (Veh), B) Marizomib (Mari), C) Cobimetinib (Cobi), and D) Valproic acid (VPA) alone
and in combination with 12 Gy RT during the preclinical study in the DIPG-007 mouse model.
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Supplementary figure 15: Body weight of the animals from the third preclinical trial (Figure 25).
Mice treated with A) Vehicle (Veh), B) AZD4320 (AZD), C) Trametinib, and D) Panobinostat (Pano) alone and in
combination with 12 Gy RT during the preclinical study in the DIPG-007 mouse model.
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Supplementary figure 16: Generation of Lorlatinib-resistant cell replicates in vitro.
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BI#190 cells were seeded into four wells and continuously cultured with either DMSO (DMSO cells) or 10 nM
Lorlatinib (Lorlatinib-resistant cells). After 10 weeks, all cell cultures were seeded into 96-well plates and treated
with either DMSO or 10 nM Lorlatinib (Lorl.). After 3 days, the cell viability of all cell cultures was assessed by
CellTiterGlo (CTG). Cell viability of A) DMSO cells, B) Res.cells 2, C) Res.cells 3, and D) Res.cells 5 in response
to DMSO and 10 nM Lorlatinib (Lorl.) treatment at the start (left panel) versus at the end (right panel) of the
experiment. Mean + SD, n=3.
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Supplementary figure 17: Lorlatinib resistance is stable even after Lorlatinib withdrawal for 3 weeks.
Lorlatinib-resistant cells were seeded into two wells and continuously cultured with either DMSO or 10nM Lorlatinib.
After 3 weeks, both cell cultures were seeded into 96-well plates and treated with either DMSO or 10 nM Lorlatinib.
After 3 days, the cell viability of both cell cultures was assessed by CellTiterGlo (CTG). A) Cell viability of DMSO
cells in response to DMSO and 10 nM Lorlatinib treatment. B-D) Cell viability of Lorlatinib-resistant cells 2, 3 and 5
continuously cultured with DMSQO or Lorlatinib for 3 weeks (X-axis), in response to DMSO and 10 nM Lorlatinib
treatment after 3 days (grey and red respectively). Mean + SD, n=3.

158



Supplementary data

A DMSO cells B Lorlatinib-resistant cells 2
150 200
* %k % * ok % %
ye) T O 450
=3 =g 150
>= 100 >=
£5 £3
59 3 2 100
8" 8"
2 g 50 ZE
Se 32 s0-
0- 0-
DMSO DMSO Lorlatinib
Continous treatment Continous treatment
C D
Lorlatinib-resistant cells 3 Lorlatinib-resistant cells 5
* %k %
150— 150- ‘ ]
<O <0
o [t
—= 100+ =2 100+
=0 b=
o) -
8" 8"
=2 E so0- 2 E s0-
o O o O
oL oL
0- 0-
DMSO Lorlatinib DMSO Lorlatinib
Continous treatment Continous treatment

B DMSO  mE 10nM Lorlatinib

Supplementary figure 18: Lorlatinib resistance is stable even after Lorlatinib withdrawal for 8 weeks.
Lorlatinib-resistant cells were seeded into two wells and continuously cultured with either DMSO or 10nM Lorlatinib.
After 8 weeks, both cell cultures were seeded into 96-well plates and treated with either DMSO or 10 nM Lorlatinib.
After 3 days, the cell viability of both cell cultures was assessed by CellTiterGlo (CTG). A) Cell viability of DMSO
cells in response to DMSO and 10 nM Lorlatinib treatment. B-D) Cell viability of Lorlatinib-resistant cells 2, 3 and 5
continuously cultured with DMSQO or Lorlatinib for 8 weeks (X-axis), in response to DMSO and 10 nM Lorlatinib
treatment after 3 days (grey and red respectively). Mean + SD, n=3.
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Supplementary figure 19: A) IVIS signal and B) body weight of the animals treated with vehicle and Lorlatinib
during the first transplantation experiment (Figure 30).
Lorlatinib-treated animals were subdivided into two groups: Lorlatinib-treated animals that stayed tumor-free after
the initial continuous treatment (green) and Lorlatinib-treated animals with tumor remission (red). In these mice
Lorlatinib-treatment was resumed in treatment cycles. Grey areas demonstrate the Lorlatinib treatment frame.
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Supplementary figure 20: A) IVIS signal and B) body weight of the animals treated with Lorlatinib during the
second transplantation experiment (Figure 31).
Grey areas demonstrate the Lorlatinib treatment frame.

160



Acknowledgments

8. Acknowledgments

It's incredible how fast four years can pass. It feels like only yesterday that | was putting
together the first outline of this project, unsure of where it would eventually lead. At that time,
finishing it within a couple of years seemed almost impossible to imagine. Looking back now,
I can see how much this journey has shaped me through persistence, challenges and constant
learning. Reaching this point feels both humbling and deeply rewarding.

Because doing a PhD (and science in general) is rarely an immediately rewarding path, but
instead involves a great deal of frustration, | would like to express my sincere gratitude to all
the people who supported, encouraged, and guided me through this challenging chapter of my

life.

First and foremost, | would like to thank my direct supervisor, Marc Zuckermann, for all the
help, support, and guidance over the past years. | truly appreciated (and still appreciate) your
‘strong opinions’ and honest feedback, which helped me grow not only as a scientist, but also
on a personal level. Thank you for trusting me with leading these two remarkable projects,

which | genuinely enjoyed working on.

| would also like to thank Stefan Pfister for warmly welcoming me into the ‘Division of Pediatric
Neurooncology’ and for serving as my formal supervisor, TAC member, and defense examiner.
| have always valued your scientific input and deeply appreciated the inspiring scientific

environment you created within your division and the KiTZ.

Furthermore, | would like to thank Peter Angel for being my faculty supervisor, TAC member,
and defense examiner. | truly appreciated your genuine interest in my projects and your
valuable scientific feedback and advice. | am also grateful to Gert Fricker and Ana Banito for

taking the time and effort to be part of my defense committee.

Both of my projects were supported by outstanding collaborations that | would like to sincerely
acknowledge.

A big thank you to Ina Kurth, Mareike Rocher, and Rosemarie Euler-Lange for all the help,
support and time spent on animal irradiation. None of this was taken for granted, and | always
genuinely enjoyed working with you.

Further | wish to acknowledge Jurgen Burhenne and Kevin Steimel for their help with the mass
spectrometry analysis.

Many thanks to Olaf Witt for his constant help with drug selection and for always supporting

whenever possible. In addition, | would like to thank Ina Oehme, Heike Peterziel, and Aileen

161



Acknowledgments

Friedenauer for their help with the drug screens and for providing the drug plates. A big thank
you also goes to Florian Selt and Simon Zeuner for their willingness to help and for sharing

reagents.

I would especially like to express my deepest gratitude to those who supported me on a daily
basis - scientifically, technically, and emotionally - and without whom my PhD experience

would not have been the same.

| honestly don’t know if | can fully express how grateful | am to Nina Hofmann for ALWAYS
being by my side during these four years. Thank you for everything one could possibly think
of: teaching, organizing, helping, motivating, troubleshooting, and, of course, for all the fun we
had together. There is a reason you are called the ‘lab mom’, and you truly deserve it. | always
admired your professional, reliable, and ambitious way of working while also being one of the

funniest people | have ever met. Long live the ‘Hofmann’sche Randomisierung’!

I would also like to thank Chun Ho Chan and Laura von Soosten, who contributed substantially
to getting both of my projects started. Without their expertise, time, effort, and genuine
motivation to help whenever possible, | would not have been able to master many scientific

and personal challenges as well as | did.

One of my deepest thanks go to my ‘lab buddies’ Lena Parzer and Michelle Arnet - simply for
existing. | cannot imagine my PhD time without you. Thank you for all the support, discussions,
feedback, help, and for all the fun we had both inside and outside the lab. Thank you for
broadening my horizons regarding Swiss German and South Franconian dialects. Honestly,

my life would have been much more boring without you two!

| would also like to genuinely thank the two students | supervised during my PhD, Szymon
Lipiec and Sofia Kasapidou. Thank you for all your efforts, contributions, and help with the

projects - | truly appreciated the time we spent working together.

At this point, | would like to thank all current and former members of ‘AG Zuckermann’,
‘AG Kutscher’, and ‘AG Jones’ for their support, discussions, and feedback. | highly appreciate
all the time we shared in the lab, during retreats and conferences, and at Christmas and
summer parties. In particular, | would like to acknowledge Frederik Arnskétter, Jan Vaillant,
Franziska Schelb, Jana Nolle, Diego Yair Grinman, Nathalie Wilke, Tuyu Zheng, Chiara

Lukasch, Lena Kutscher, and David Jones for their contributions to these projects.

162



Acknowledgments

A special thank you also goes to Clara Gade, who started her project at the same time as | did

and has stayed in contact ever since.

| would further like to thank the Mouse Open Lab - Norman Mack, Benjamin Schwalm, Calvin
Hug, and Eric Konrath - for their help and expertise with animal experiments, drug formulations,

and health monitoring.

| am also very grateful to Michael Hain and Torben Wagner for supporting me with all my

(sometimes silly) IT problems over the years.

Many thanks as well to all the wonderful BioContact members of the 2023/2024 and 2024/2025

seasons for the amazing time we spent planning the CONTACT job fairs together.

An extraordinary thank you goes to Klopsi for always brightening my days - and those of many

others!

Last but by no means least, my most special thanks go to my parents, who have supported
me unconditionally throughout my entire life. Without you, none of this would have been
possible. Thank you for always being there for me in both good and difficult times. | cannot put

into words how grateful | am to you!

Infine, ma non certo per importanza, il mio ringraziamento piu speciale va ai miei genitori, che
mi hanno sostenuta incondizionatamente per tutta la vita. Senza di voi, nulla di tutto questo
sarebbe stato possibile. Grazie per esserci stati sempre, nei momenti belli come in quelli

difficili. Non riesco a esprimere a parole quanto vi sono grata!

163



