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Abstract:

Central nervous system (CNS) tumors are the second most common pediatric malig-
nancy in Germany after leukaemia and the leading cause of cancer-related death in
childhood. Diffuse midline glioma (DMG) is a highly malignant glioma that accounts for
only 15-20% of all CNS tumors in children, yet is responsible for the highest mortality

rate in this patient population.

The poor prognosis of 9-15 months after diagnosis and the only marginal survival bene-

fits of current treatment options highlight the need for new therapeutic approaches.

The aim of this thesis is to identify promising novel therapies against DMG using robust,

preclinical, animal-free cell models to provide a basis for planning clinical trials.

A single-agent sensitivity drug screen against DMG and a neurotoxicity assessment of
thirty novel chemotherapeutic agents identified HSP90 inhibitors HSP990 and SNX2112
and NAMPT inhibitor daporinad as promising anti-DMG candidates with a wide thera-

peutic window.

In this thesis, no animal-based experiments were conducted, as they are not only time-
consuming, ethically controversial, and expensive, but also have limited translatability to
humans. Five patient-derived DMG cell lines were used for sensitivity drug screening,
whereas neurons for neurotoxicity screening were differentiated from human pluripotent
cells. By using customized patient-specific tumor cells and iPSCs, it is possible to de-

velop personalized therapies for patients using the same methods as in this work.

Our in vitro drug screening provides insights into neurotoxicity and efficacy against vari-
ous DMG cell lines but does not account for other treatment challenges such as BBB
penetration, drug resistance, and cell-environment interaction. Given the complexity of

treating DMG, further, more in-depth drug validation experiments are needed.



Zusammenfassung:

Tumore des zentralen Nervensystems (ZNS) sind nach Leukamien die zweithaufigste
padiatrische Tumorerkrankung in Deutschland und die fihrende Ursache flr krebsbe-
dingte Todesfalle im Kindesalter. Diffuse Mittelliniengliome (DMG) sind hochmaligne pa-
diatrische ZNS-Tumore, die zwar nur 15-20 % aller Hirntumoren im Kindesalter ausma-

chen aber flr die hochste Mortalitat in dieser Patientengruppe verantwortlich sind.

Die ungunstige Prognose der DMG mit einem Gesamtiberleben von 9 - 15 Monate nach
Diagnosestellung und die bis dato nur marginalen Uberlebensvorteile der bisherigen Be-

handlungsmoglichkeiten verdeutlichen den Bedarf an neuen therapeutischen Ansatzen.

Das Ziel dieser Arbeit ist es, durch den Einsatz robuster praklinischer tierfreier Zellmo-
delle neue therapeutische Optionen gegen DMG zu identifizieren und eine Grundlage

fur die Planung klinischer Studien zu bieten.

Durch ein in vitro Screening der zytotoxischen Wirkung von dreilRig Chemotherapeutika
gegen DMG-Tumorzellen und gesundes Nervengewebe konnten wir die HSP90-Inhibi-
toren HSP990 und SNX2112 sowie den NAMPT-Inhibitor Daporinad als vielverspre-

chende Kandidaten mit einem breiten therapeutischen Fenster identifizieren.

In dieser Arbeit wurden keine tiergestitzten Experimente durchgefihrt, da sie nicht nur
zeitaufwandig, ethisch umstritten und teuer sind, sondern die auch nur begrenzt auf den
Menschen Ubertragbar sind. Fur das Zytotoxizitat-Screening gegen DMG-Tumorzellen
wurden die Zellen von finf DMG-Patienten gewonnen, wahrend die Neuronen fir das
Neurotoxizitats-Screening aus humanen pluripotenten Zellen differenziert wurden. Durch
Verwendung von patientenspezifischen Tumorzellen und iPSCs ist es mdglich mit den-
selben Methoden wie in dieser Arbeit personalisierte Therapien fir Patienten zu entwi-

ckeln.

In Anbetracht der Herausforderungen bei der Behandlung von DMG, wie der Blut-Hirn-
Schranke, der Entwicklung von Arzneimittelresistenzen oder der Mikroumgebung des
Tumors, sind weitere, tiefergehende Experimente zur Arzneimittelvalidierung erforder-
lich.
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1.  Introduction

1.1 Diffuse midline glioma

1.1.1 Background

Central nervous system (CNS) tumors are the second most common pediatric
malignancy after leukaemia and the leading cause of cancer - related death in
childhood (1, 2). Diffuse midline gliomas (DMG) account for 15 —20% of all CNS
tumors in children. They contribute significantly to tumor-related mortality in this

population by being the leading cause of death in children with brain tumors (3).

DMG is a highly malignant glioma (HGG) occurring almost exclusively in children
with a mean overall survival (OS) of 9 - 15 months after diagnosis (4). This tumor
entity has been recently redefined by the World Health Organization (WHO-2021)
and includes malignancies previously referred to as diffuse intrinsic pontine gli-
oma (DIPG) (5).

On the molecular level diffuse midline glioma is H3K27M-mutant with alterations
in one of the two main histone variants, H3.3 or, less frequently, H3.1, encoded
by the genes H3F3A and HIST1H3B respectively (6, 7). Phenotypically, the tu-
mor is characterized by a diffuse growth pattern, and a midline location (e.g. thal-
amus, brain stem, and spinal cord) and accounts for 80% of all pediatric brain
stem tumors (3, 5). The histological phenotype of the tumor varies widely and
shares features with its adult counterparts, anaplastic astrocytoma (WHO grade
[Il) or glioblastoma (GBM) (WHO grade IV) (5, 8).

1.1.2 Diagnostics

The clinical presentation and the characteristic magnet resonance (MR) findings
are decisive for the diagnosis of DMG, while the histological and molecular char-
acterization of the tumor still play a subordinate role in many countries (9, 10).
The neuropathological diagnosis of the tumor has changed over the past 20
years. Histological grading has altered neither the therapy nor the outcome of the
patients, so that routine biopsy was discontinued as the standard of care in many

countries in the early 1990s and MRI was introduced as a standard diagnostic
4



method (11, 12). As a result, these tumors were rarely biopsied, making their true
incidence difficult to assess from cancer registry datasets and limiting the availa-
bility of tumor tissue for molecular studies (3, 13, 14). This approach has pre-
vailed until recently. The safety of biopsy through minimally invasive techniques,
greater knowledge of the tumor biology, and improved clinical trials when char-
acterizing the tumor, make biopsy a low-risk asset in the diagnostic and investi-
gation of novel therapies for diffuse midline glioma (15).

1.1.3 Diagnostic considerations

Differentiating between diseases with similar clinical presentation and overlap in
imaging features through further appropriate diagnostic is fundamental and it fur-
ther accentuates the diagnostic utility of biopsy. Tumorous lesions including low-
grade gliomas (LGG), astrocytoma, glioblastoma and primitive neuroectodermal
tumors of the central nervous system (CNS-PNET); and non-tumorous lesions
including vascular malformations, cysts, demyelinating diseases, and inflamma-
tory/infectious processes should be considered in the differential diagnosis of dif-
fuse midline glioma (8, 16-18).

1.1.4 Clinical presentation
Diffuse midline glioma progresses rapidly, resulting in children typically having
symptoms for a month or less before they are diagnosed (14). Affected patients
may present a variety of neurological symptoms depending on the anatomical
location of the lesion (8). The compression or infiltration of structures on and near
the ventral pons, where the tumor typically originates, leads to one or more cranial
nerve (CN) deficits (diplopia and facial asymmetry), pyramidal tracts signs (hy-
perrefflexia, upward Babinski, and extremity weakness) or cerebellar signs
(ataxia, dysmetria, and dysarthria) (14, 19, 20). Together, these three frequently
occurring neurological symptoms are referred to as the “classic triad” of diffuse
midline glioma presentation and must always be clarified through proper diagnos-
tics (8). Nonetheless half of patients may not demonstrate such typical findings,
making diffuse midline glioma difficult to diagnose (9). Abducens palsy (cranial
nerve VI), which usually manifests as dysconjugate gaze and horizontal un-
crossed diplopia, is a highly sensitive clinical prodromal feature of diffuse midline
5



glioma, that can arouse suspicion of this diagnosis (20). Signs of increased in-
tracranial pressure are not typical and only present in less than 10% of patients
at the time of diagnosis. This symptom is caused by the dorsal tumor expansion
and the resulting obstructive hydrocephalus and is more likely to occur in the end-
stage of the disease (9, 21).

1.1.5 Magnet resonance imaging features

Some classical MR imaging features are a poorly circumscribed abnormal
T2-elongation that typically involves more than 50% of the pons and a diffusely-
enlarged, gadolinium-nonenhancing pontine mass, that commonly engulfs the
basilary artery (10). These imagining features reflect the diffuse infiltrative nature
of the tumor, intermixing with healthy tissue, and distinguish diffuse midline gli-
oma from the less aggressive focal brainstem neoplasms (14).

Further MR imaging features of diffuse midline gliomas can be heterogeneous.
Hemorrhage, necrosis, and visible diffusion restriction are frequently present fea-
tures of the tumor, and their presentation alone should not preclude the diagnosis
of diffuse midline glioma (22). In addition, some radiological features were ob-
served more frequently depending on the anatomical location of the tumor (23,
24). A previous study demonstrated that diffuse midline gliomas located in the
cervical spine are more likely to show cerebrospinal fluid (CSF)-based metastatic
spread and tend to have a uniform enhancing (23). Thalamic and pontine gliomas
are more likely to show a variety of progressive patterns, most commonly local
recurrence, demonstrate contrast enhancement to a variable degree and are

more likely to be solid or infiltrative and have infrequent necrosis (23).

MR imaging not only plays an essential role in diagnosing diffuse midline gliomas
but can also be useful in assessing the response of diffuse midline gliomas to
therapy and predicting patient survival (25, 26). Extrapontine extension, greater
size, enhancement, necrosis, diffusion restriction, and distant metastases are sig-
nificantly correlated with a poorer prognosis (22). Furthermore, a recent, retro-
spective study indicated that MR image texture analysis (MRTA) has a predictive
value regarding the survival of patients with diffuse midline gliomas of the pons



and that homogenous tumor texture is significantly associated with poorer overall

survival (26).

The World Health Organization Classification of Tumors of the Central Nervous
System (WHO-2016) defines diffuse midline glioma as a new tumor entity based
on its genetic alterations in H3K27M in addition to histopathologic and phenotypic
features (5). Studies have been conducted to determine radiological distinctive
features between H3K27M-mutant and wild type (WT) diffuse glioma tumors, that
will allow a non-invasive distinction without the need for biopsy (23, 24).

An overlap of MR imaging features has been observed for the H3K27M-mutant
and the wild type diffuse midline glioma when investigating characteristics such
as size, contrast enhancement pattern, edema, radiomics properties, infiltrative
patterns and T1WI, T2WI, and CeT1WI features (23, 24). Only the cystic for-
mation demonstrated significant differences between mutant and WT diffuse gli-
oma and may be useful for differentiating between these two groups (24).

A few other studies have evaluated distinctive features of diffuse midline glioma
with histone mutation in H3.3 vs in H3.1. Studies found more necrosis, edema,
ring enhancement and more restricted diffusion in H3.1 vs. H3.3 mutant tumors,

but the correlations lack in strength and significance. (22, 27).

The poor correlation between imaging features and histone mutation status (H3
vs. WT or H3.3 vs. H3.1) makes a clinical differentiation of the different histone
status based solely on the image features insufficient and underlines the im-
portance of the biopsy for tumor characterization and the need for more advanced
radiological approaches (22).

1.1.6 Histopathological features

The histological phenotype of diffuse midline glioma varies widely and shares
features with its adult counterparts, anaplastic astrocytoma (WHO-grade IIl) or
glioblastoma multiforme (WHO-grade V). Less commonly, lesions exhibit char-
acteristic features of a well-differentiated astrocytoma (WHO-grade Il). (5, 8, 11,
21).



Increased mitotic activity, microvascular proliferation, and/or necrosis are present
in most cases (8). Nonetheless, as mentioned, a fraction of cases shows lower
grade histology, with an overall bland cytology and absence of the traditional high-
grade features (8). Interestingly all lesions behave equally aggressively, despite
the histological grading, underlining the significance of additional integration of
molecular features (11).

Diffuse midline glioma stains positive for glioma-typical immunohistochemistry
markers such as GFAP, ATRX, p53, neurofilament and ki-67. H3K27M-positive
staining is characteristic for the tumor. Meanwhile BRAFV600E and IDH1 stains

are typically negative (8).

1.1.1 Molecular features

Studies using various molecular approaches have identified a heterozygous
missense mutation in the genes H3F3A or, less frequently, in HIST1H3B,
encoding histone protein H3.3 and H3.1, respectively (6, 7, 27). The mutation
results in the substitution of lysine for methionine at amino acid 27 (K27M) in one
of the H3.1 or H3.3 isoforms, leading to an nearly global loss of histone
trimethylation that ultimately induces epigenetic silencing (6, 8). Paradoxically, in
addition to the loss of trimethylation, a dramatic increase in methylation at specific
gene loci has also been described, particularly at promoters that alter the expres-
sion of genes implicated in various cancer pathways (28, 29).

Substitution of methionine for K27 also impairs the ability to acetylate at this site,
with acetylated K27 associated with upregulation of genes (6). In addition to the
extensive epigenetic regulation described above, H3 histone could potentially
play a role in selective regulation of developmental genes and telomere length or
stability (6).

Since alterations in H3K27M appear to be one of the founding event in diffuse
midline glioma oncogenesis, they have been included by the World Health Or-
ganization (WHO-2016) as a criterion for defining the tumor (5, 27). Compared
with wild-type cases, H3K27M-mutated tumors are associated with significantly
worse outcomes, regardless of the isoform involved.

Tumours harbouring a K27M mutation in HIST1H3B (H3.1) are associated with
less aggressive behaviour, fewer metastases and better response to



radiotherapy than their H3F3A (H3.3) counterpart. This discrepances in the tumor
behavior suggests, that mutation in H3.3 and H3.1 drive two separate oncogenic
programmes with potentialy distinct therapeutic targets (27).

Studies pointed out frequent up-regulation of receptor tyrosine kinases (RTKSs)
involved in RTK-RAS-PI3K-Akt signaling pathway, suggesting that targeted inhi-
bition of RTKs may be useful in the therapy for diffuse midline glioma. In partic-
ular PDGFR-alpha, MET, IGF1R, PIK3R1 and PIK3CA are implicated (7, 30-33).
Interestingly, PDGFA gain or amplification exclusively co-occur with H3F3A mu-
tation, suggesting that it is a subsequent alteration or together with H3F3A (H3.3)
co-segregated and is associated with an aggressive tumor behavior (7, 8).
TP53 mutation is another alteration commonly present in conjunction with PDG-
FRA gain or amplification and is present in approximately 40% of diffuse midline
glioma cases (8, 33).

Furthermore low level gains in Poly (ADP-ribose) polymerase (PARP) have been
identified in some tumor cases, suggesting PARP inhibitions as a promising novel
therapeutic target for some pediatric DIPGs (34).

Lastly, clonal missense in the ACVR gene has been observed exclusively in
H3.1-mutant diffuse midline glioma and is associated with a younger patient age
and a better overall survival (35). Additionally MYC/PVT1 amplification, SETD2
alterations and loss-of-function mutations in ATRX are also frequently present (7,
35). Detecting and better understanding driving mutations in diffuse midline

glioma could lead to promising targeted therapies.

1.1.8 Tumor metastasis

Diffuse midline gliomas rarely metastasize beyond the central nervous system
but can spread along fiber tracts to other areas of the brain or spinal cord. (9).
Due to the infiltrative and diffuse growth pattern of the tumor, particularly nearby
structures such as cerebellum and thalamus are invaded by the tumor, while dis-
tant sites of the CNS are rarely affected (8). Metastases within the neuraxis have
been reported in 5-30% of patients in the course of their disease (36). The prog-

nosis for affected patients remains dismal regardless of the presence of metas-



tases, since local failure in the primary site is the leading cause of death in pa-
tients with diffuse midline glioma (36, 37). Nevertheless, metastases can affect
the quality of life as they may cause symptoms such as neck pain, lower limb
weakness and hydrocephalus (36). In addition, metastases are of interest for
possible future curative treatments of diffuse midline glioma.

1.1.9 Current treatment and prognosis

To date, the standard treatment remains fractionated, focal, intensity-modulated
radiation therapy (IMRT) with a total radiation dose of 54—60 Gy, spread over a
period of 6 weeks (38). Due to the eloquent location and infiltrative nature of the
tumor, diffuse midline glioma is not surgically resectable (39). Furthermore, many
chemotherapy regimens have so far not provided significant benefit (8).

Despite numerous clinical studies, the prognosis of affected children has hardly
changed in the past three decades (3). Diffuse midline glioma is almost inevitably
fatal with a mean OS of 8-14 months from the time of diagnosis (38). Radiation
therapy leads to transient improvements and extends the progression-free sur-
vival by an average of 3 to 6 months but is still viewed as an aggressive palliative
therapy (38, 39). This insufficient treatment emphasizes the need for novel ther-

apeutic strategies.

1.1.10 Novel therapeutic strategies

Several potential therapeutic approaches for DMG are currently in pre-clinical or
clinical investigation. These include among others epigenetic targeted thera-
pies, growth factor targeted therapies and immunotherapy.

1.1.10.1 Epigenetic targeted therapies

A better understanding of the H3K27M mutation and subsequent loss of histone
trimethylation and acetylation as driving events in diffuse midline glioma onco-
genesis gives rise to promising targeted therapies (40). Studies indicate promis-
ing effects of histone deacetylase (HDAC) inhibitors (Panobinostat, Fimepinostat)
and demethylase inhibitors (GSKJ1 and its prodrug GSKJ4) as monotherapies

and in combination with additive beneficial effects (41-44).
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In parallel with the nearly global loss of histone trimethylation, studies have found
dramatic increases in methylation at hundreds of gene loci, particularly at tumor
suppressor genes, which are thereby silenced (28, 29). Polycomb repressor com-
plex 2 (PRC2) has been found to play a key role in the locally increased trimethyl-
ation of H3K27 (29). Inhibition of its catalytic subunit, enhancer of zeste 2
(EZH2), as a strategy to restore trimethylation of H3K27 appears to be effective
in vitro and in vivo in preclinical studies (42, 45). Paradoxically, one study
showed no significant beneficial effect of EZHZ2 inhibition, raising doubts about its
efficacy and indicating that further studies are needed (46).

1.1.10.2 Growth factors targeted therapies

Studies indicated frequent up-regulation of growth-factor associated receptor ty-
rosine kinases (RTKSs) involved in RTK-RAS-PI3K-Akt signaling pathway, sug-
gesting that targeted inhibition of RTKs may be useful in the therapy for diffuse
midline glioma. In particular PDGFR-alpha, MET, IGF1R, PIK3R1 and PIK3CA
are implicated (7, 30-33).

Agents targeting PDGFR, such as imatinib and dasatinib, have shown only mod-
est antitumor activity in clinical trials (47). Other trials have investigated PARP1
inhibitors (olaparib, niraparib, veliparib), CDK4/CDKG6 inhibitors (PD-0332991),
WEE1 kinase inhibitor (MK1775), and the angiogenesis inhibitor (bevacizumab)
all of which failed to show significant efficacy in diffuse midline glioma (8). Overall,
the greatest cytotoxic activity was observed with multikinase inhibitors (40).

1.1.10.3 Immunotherapy

Chimeric antigen receptor (CAR) T-cell therapy, involving ex vivo genetic modifi-
cation of T cells to target surface antigens on tumor cells, demonstrated potent
anti-tumor efficacy in H3K27M+ diffuse midline gliomas. However, it is important
to note that, administration of these GD2-CARs resulted in fatal hypercephalus in
a subset of animals, so caution should be taken when developing clinical trials
(48). In another study, disruption of the CD47 antiphagocytic SIRPa axis by a
humanized anti-CD47 antibody yielded promising results against DMG in vivo
models. However, the lack of immunocompetent mouse models in this study

makes translation into clinical trials rather challenging (49).
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To date, current treatment options have either proven insufficient or require ad-
ditional investigation prior to implementation in clinical trials, underscoring the

need for further assessment of novel therapeutic agents.

1.2 Assessment of novel therapeutic agents against DMG

The initial step in any drug screening is determining whether a therapeutic agent
displays direct cytotoxic effects or impacts cell proliferation through a cytotoxi-
city/viability assay (50). There are a variety of methods for measuring cytotoxic
and cytostatic effects based on different cell functions such as enzyme activity,
cell membrane permeability, cell adherence, adenosine triphosphate (ATP) pro-
duction, co-enzyme production, and nucleotide uptake activity (50). In this study,
we assessed the cytotoxic effects in vitro by quantifying ATP - an indicator of
metabolically active cells - in the presence or absence of various novel therapeu-
tic candidates against DMG (51).

To predict therapeutic efficacy against DMG, we compared half maximal inhibitory
concentrations (IC50) and potency ratios of the therapeutic agents in our panel.

1.2.1 1C50 and potency ratio for predicting therapeutic efficacy

IC50 is defined as the concentration of an agent required to inhibit a given bio-
logical activity by half, in our instance, to reduce viability of DMG tumor cells by
50% (52). Hence high therapeutic potential leads to low IC50 values (53). An
important limitation in implementing IC50 results from nonclinical experimental
designs in clinical trials is the use of concentrations far greater than those that
could be realistically achieved in patients (54). To attain therapeutic efficacy in
clinical setting the 1C50 should be far below the peak concentration (Cmax) —
highest concentration reached in the bloodstream after systemic administration
(55). Accordingly, we calculated the ICCmax/IC50 ratio (potency ratio) with high
therapeutic potential resulting in large potency ratios.

Given the challenges in treating DMG, further drug validation experiments are
required to identify drugs that not only effectively target the tumor but also sur-
pass obstacles faced in the clinical setting.
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1.2.2 Treatment challenges and progress barriers

Diffuse midline glioma has proved challenging to treat. Owing to its eloquent
location and infiltrative nature, DMG is inoperable (39).

Previously, diffuse midline glioma was rarely biopsied, limiting the availability of
tumor tissue for molecular studies (3, 13, 14). Given the increasing acquirement
of post-mortem tissue and biopsies, multiple molecular studies can now be per-
formed, leading to a better understanding of the tumor biology and investigation
of novel therapies (8). Nowadays, some of the main treatment challenges facing
us in clinical setting are outlined in the following.

1.2.2.1 Drug-induced neurotoxicity

Drug safety issues remain one of the leading sources of clinical trial discontinua-
tion (56). In particular, neurotoxic effects caused by chemotherapy or radiation
administered during treatment can cause fatal damage with long-term disabling
effects, limiting treatment options (57). In this thesis, we addressed the risk as-
sessment of drug induced neurotoxicity of various novel therapeutic candidates.
Because conventional animal-based toxicity assays are not only time-consuming
and costly, but also require a large number of animals, and the results are only
ambiguously transferable to humans, we used pluripotent stem cells (iPSC) to

induce human neurons, which we then used for neurotoxicity screening.

1.2.2.2 Blood brain barrier (BBB) permeability

Like most primary brain tumors, diffuse midline glioma is protected by the blood-
brain barrier (BBB)- a system of tight junctions and transport proteins that acts as
a diffusion barrier to shield sensitive neural tissue from potentially harmful sub-
stances in the bloodstream (58). A substantial hindrance between clinical appli-
cation and tumor targets identification is the lack of efficient drug delivery across
an intact BBB, limiting the central distribution of drugs that are beneficial to treat
DMG (59, 60).
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1.2.2.3 Acquisition of drug and radiation resistance.

The transient effects of radiotherapy in DMG patients are attributed to radiation
resistance mediated by TP53 mutation (61). Furthermore, acquisition of drug re-
sistance via altered mechanisms of cell biology is another complex challenge that
is best addressed with combination therapy and requires further, more in-depth

experiments (62).

1.2.2.4 Diffuse midline glioma microenvironment

Another aspect that should be given greater consideration when deciding on
treatment for DMG is the microenvironment. Studies have concluded that DMG
has neither a highly immunosuppressive nor inflammatory microenvironment,
thus displaying a distinct tumor microenvironment that differs strikingly from that
of adult GMB (63, 64).
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2. Material and Methods

2.1 Cytotoxicity-Assay

2.1.1 In vitro cultivation of DMG-cell lines

We tested on five patient-derived DIPG suspension cell lines. Of these, four cell
lines (DIPGXIII, DIPG007, DIPGXIIP *, BT869) harbor a K27M mutation in H3.3
and one cell line (DIPG SUIV) in H3.1. All DIPG cell lines were grown in a tumour
stem cell media consisting of a 1:1 solution of Dulbecco’s Modified Eagles Me-
dium: Nutrient Mixture F12 (DMEM/F12) and Neurobasal-A Medium, supple-
mented with 1 M HEPES solution, 100 nM sodium pyruvate solution, 10 mM non-
essential amino acids solution, 1x Glutamax-I Supplement and 1x Antibiotic- An-

timycotic solution. Tumour stem cell medium solution was additionally supple-
mented with 1X B-27 Supplement minus Vitamin A and 20 ng-mL'1 Human-EGF
(AF-100-15), 20 ng-mL'1 Human-FGF-basic, 20 ng-mL'1 Human-PDGF-AA, 20

ng-mL'1 Human-PDGF-BB and 2 pg-mL"I Heparin solution. (65) Cells were cul-
tured at 37°C in a humidified 5% atmosphere.

2.1.2 Seeding DMG-cells

Tumor cells were transferred to a 50 ml Falcon tube and centrifuged at 300 g for
5 min at room temperature. The cell sediment was than dissociated into single
cells using 1 ml of enzymatically active TrypLE for 3 min at room temperature.
After resuspending the sediment in DMEM / F12, large debris and non-separated
cell clumps were removed with a 70 ym cell strainer. The remaining suspension
was centrifuged for 5 min at room temperature at 300 g to pellet the separated
cells. The cell sediment was resuspended in the tumour stem cell medium and
the cells were counted with the help of tryptan blue 0.4% solution. The cells were
seeded in 384 well plates using the ASSIST pipetting robot in the following den-
sities: DIPGXIII — 1000cpw; BT869— 1000 cpw; DIPG007 — 1000cpw, DIPGXIIIP*
- 1000 cpw and DIPG-SUIV 1000 cpw. Cells were than incubated overnight at 37
°C in 5% CO2.
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2.1.3 DMG-cell treatment

Twenty-four hours after cell seeding, DMG cells were exposed to the selected
chemotherapeutic agents. Initially, the investigated agents were manually diluted
in DMEM/F12 in a 96-well V-bottom plate at the highest concentration required
for the assay. Each of these master plates included a negative control (treatment
with 99.9% DMSO), to which the treated cells were compared. A ten-fold serial
dilution was then performed using the ASSIST pipetting robot, resulting in six
different concentrations of each chemotherapeutic agent. Using the ASSIST pi-
petting robot, each quadrant of each 384-well plate containing DMG cells was
treated with one master plate, resulting in simultaneous treatment of every cell
line with 28 agents at six concentrations per experiment. Treated cells were in-
cubated for 72 hours at 37°C in a humidified 5% atmosphere.

Thirty agents were screened using this approach, including five HSP90 inhibitors,
five microtubule targeting agents, three proteasome inhibitors, two alkylating
agents, two CDK-Inhibitors, two dual inhibitors of PI3K and mTOR, two NAMPT
inhibitors, two DRD2 antagonist and ClpP agonist and seven HDAC inhibitors,
one of which, CUCD 907, also acts as a PI3K inhibitor.

2.1.4 Cell Titer-Glo luminescent cell viability assay

At 72 hours after treatment, the viability of DMG cells and thus the cytotoxicity of
the tested agents was assessed using the Cell Titer-Glo luminescence cell via-
bility assay. 20yl of the Cell Titer-Glo reagent was added to each well, and lumi-
nescence was measured using the microplate reader Varioskan LUX Multimode
and the Skanlt Microplate Reader Software. Tumor cell viability was expressed
relative to DMSO control.

2.1.5 Curve fitting of the IC50 data
Curve fitting to determine IC50 values was performed with GraphPad Prism via
a nonlinear regression of "log(inhibitor) vs. response - variable slope (four

parameters)".
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2.2 Human Induced Pluripotent Stem Cells (iPSC) Culture

Human Induced Pluripotent Stem Cell (iPSC) handling was performed under
sterile conditions according to the manufacturer's instructions with minor modifi-

cations (66).

2.2.1 Human iPSCs Maintenance

Human Induced Pluripotent Stem Cells (iPSCs) were cultured under sterile con-
ditions on Matrigel-coated 6-well culture vessels in stabilized, feeder-free mTeSR
Plus medium. mTeSR Plus medium consists of a 1:4 solution of mTeSR Plus
supplement and mTeSRTM Plus basal medium, both thawed overnight at 4 °C
prior to mixing. Medium changes were performed every other day according to
the manufacturer’'s instruction. Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO2.

2.2.2 Coat culture vessels with Matrigel

To mimic the in vivo environment for our cell culture, we coated our culture ves-

sels with Matrigel.

Vials containing Corning Matrigel hESC-qualified, LDEV-free matrix were thawed
overnight at 2-8 °C, sterile aliquoted, and stored at -20 °C. Prior to coating, Mat-
rigel aliquots were thawed and diluted 1:100 with cold advanced DMEM/F12 on
ice. The surface of each culture vessel was quickly covered with the diluted Mat-
rigel solution and subsequently incubated at 37 °C and 5% CO2 for at least 1
hour. The required volume of the matrigel solution was adjusted for each culture
vessel according to the manufacturer's recommendations. For overnight storage,
the culture vessels were sealed with Parafilm laboratory film to prevent drying.
Prior to use, the Matrigel solution was aspirated from the culture vessels where-
upon the cells were plated directly onto the coated culture vessels without rinsing.
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2.2.3 Freezing human iPSCs

Human iPSCs were frozen only once they reached 60 — 80 % confluency. Spent
media was aspirated from each well containing iPSCs. Wells were afterwards
rinsed with pre-warmed PBS to eliminate any dead cells or debris. Next, 1mL of
enzyme-free ReLeSR reagent was added to dissolve the iPSC colonies into
clumps of cells without the need for manual selection or scraping. Following an
incubation period of 5 - 7 minutes at 37°C, 2 mL of DMEM/F12 with HEPES were
added to each well, whereupon the iPSCs were cautiously washed using a 5 ml
serological pipette. By gently tapping the side of the plate for approximately 30-
60 seconds, colonies were further detached and then transferred to a 15-mL con-
ical tube. Cells were centrifuged at 300xg for 5 min, after which the supernatant
was aspirated and discharged. The cell pellet was then resuspended very gently
in cold Bambanker Freezing Solution. One ml of cell suspension was dispensed
to each cryotube and cells were frozen overnight at -80 °C in corning cool cell
containers. Afterwards the tubes were transferred into a - 80 °C freezer for long-

term storage.

2.2.4 Thawing cryopreserved iPSCs

Initially, 1.5 mL of mTeSR plus supplemented with 10 yM of ROCK inhibitor
Y27632 was added to a Matrigel-coated 6-well culture vessel, which was subse-
quently incubated at 37 °C in a humidified atmosphere containing 5% CO2. Cry-
ovials containing frozen iPSCs were thawed in a 37 °C water bath for approxi-
mately 1-2 minutes and transferred to pre-warmed Advanced DMEM/F12 me-
dium. The resulting suspension was centrifuged at 300xg for 5 minutes. The su-
pernatant was aspirated and discarded whereas the pellet was resuspended in
mTeSR Plus. Lastly, 500yl of the cell suspension was added to each well, result-
ing in a final volume of 2 mL per well. After twenty-four hours, a complete medium
change was performed to remove the ROCK inhibitor Y27632. For more information
on the further handling of iPSCs, refer to “Human iPSCs Maintenance”.
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2.3 Human iPSC- derived neural cultures

2.3.1 Induction of Neural Stem Cells from Human Pluripotent Stem Cells

The induction of Neural Stem Cells (NSCs) from human iPSCs was performed
according to the manufacturer’s instructions with minor modifications (67). All
steps were performed under sterile conditions.

2.3.1.1 IPSC subculturing

When the confluency of iPSCs reached approximately 70-80%, medium was re-
moved from each well and 1mL of ReLeSR was added to dislodge the iPSC col-
onies into clumps of cells. After an incubation period of 5 - 7 minutes at 37°C, 1
mL of mTeSR was added to each well. By gently tapping the side of the plate for
approximately 30-60 seconds, colonies were detached and subsequently trans-
ferred to a 15-mL conical tube. The cell aggregate mixture was plated at about
15 — 25% confluency onto a coated 6-well plate containing 1 mL mTeSR plus
supplemented with 10 uM of ROCK inhibitor Y27632. The plate was moved in
several rapid, short back-and-forth and sideways movements to uniformly distrib-
ute the cell aggregates. The cell culture plate was incubated at 37°C in a humid-

ified 5% atmosphere for twenty-four hours before being inducted in NSCs.
2.3.1.2 NSC derivation from PSC

On day one of iPSC splitting, the spent medium was aspirated to remove non-
adherent cells and eliminate the ROCK inhibitor. 2.5 ml of pre-warmed PSC Neu-
ral Induction medium consisting of Neurobasal Medium mixed with 2x Neural In-
duction Supplement was added to each well. 48 hours later, we repeted the com-
plete medium change as on day one of iPSC splitting. On the fourth and sixth
days of neural induction, the spent medium was aspirated from each well and 5
ml of pre-warmed PSC Neural Induction Medium was added per well as the cell
density in the culture was very high with cells reaching confluency from day 4

onwards.
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2.3.1.3 NSC harvesting and expansion prior to cryopreservation

On day 7 of neural induction, the NPCs (P0O) were passaged prior to expansion
(P1). The spent PSC neural induction medium was aspirated from the 6-well plate
to be passaged, and the cells were carefully rinsed with Dulbecco's phosphate-
buffered saline (DPBS) without CaCl,and MgCl,. To detach the cells from the sur-
face of the culture vessel, 1 ml of pre-warmed StemPro Accutase Cell Dissocia-
tion Reagent was added to each well of the 6-well plates and incubated at 37°C
for 5 - 8 minutes. The resulting cell suspension was transferred to a 15-mL conical
tube and mixed gently with a pipette to break up cell clumps. The cell suspension
was filtered through a 100-uym strainer and centrifuged at 300 x g for 4 minutes.
After aspirating and discharging the supernatant, the cell pellet was rinsed in
DPBS and centrifuged again at 300 x g for 4 min to remove remaining dead cells
and debris. The cell pellet was resuspended in prewarmed neural expansion me-
dium consisting of a 1:1 solution of Neurobasal medium and Advanced DMEMA--
12 supplemented with 2x Neural Induction Supplement. After determining the cell
concentration and supplementing the suspension with 10 yM of ROCK inhibitor
Y27632, 5 x 10° cells / well were plated in a 6-well Matrigel-coated plate. The
plate was moved in several rapid, short back-and-forth and side-to-side move-
ments to evenly distribute the cells. The cell culture plate was incubated at 37°C
in a humidified 5% atmosphere for twenty-four hours by which time the spent
medium was removed and replaced with fresh neural expansion medium to elim-
inate the ROCK inhibitor Y27632. A complete medium change was performed
every other day onward.

2.2.2.5. Cryopreservation of NSCs

When the NSCs reached confluency, the spent medium was aspirated from each
well and 1 ml of pre-warmed Accutase Reagent was added to and incubated at
37 °C for 3 - 5 minutes to dislodge the cells from the surface of the culture vessel.
The cell suspension was transferred to a 15-mL conical tube. The wells were
gently rinsed with DPBS, and the remaining cells were collected and likewise
transferred to the same 15-ml conical tube. The resulting cell suspension was
mixed carefully with a pipette to break up cell clumps and centrifuged at 300 x g

for 4 minutes. After aspirating and discharging the supernatant, the cell pellet was
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rinsed in DPBS and centrifuged again at 300 x g for 4 min to remove remaining
dead cells and debris. The cell pellet was resuspended in pre-warmed neural
expansion medium, and the cell concentration was determined. Lastly, the sus-
pension was diluted in neural progenitor cell freezing medium at a cell concen-
tration of 2.5 x10° cells / mL. One ml of cell suspension was dispensed to each
cryotube and cells were frozen overnight at -80 °C in corning cool cell containers.
Afterwards the tubes were transferred into a - 80 °C freezer for long-term storage.

2.3.2 Differentiation of neuronal network cultures from iPSC- derived NSCs
Differentiation of neural network cultures from human iPSC - derived NSCs was
performed under sterile conditions according to the manufacturer's instructions

with minor adjustments (68).
2.3.2.1 Coating culture vessels with poly-L-ornithine

The poly-L-ornithine (PLO) solution was diluted in PBS to a concentration of 15
ug/ml, of which 150 pl/cm? was used to coat the surface of Nunc-treated cell cul-
ture plates. Culture vessels were incubated with the thin layer of PLO for two
hours at 37°C in a humidified 5% atmosphere. Subsequently, the PLO solution
was removed, and the culture vessels were thoroughly rinsed three times with

PBS to eliminate toxic poly-L-ornithine residuals.
2.3.2.2 Coating culture vessels with laminin

Laminine was thawed at 4 ° C and diluted 1:200 with DMEM/F12. 150 pl/cm? of
the laminin solution was added into PLO-coated plates and incubated at 37°C in
a humidified 5% atmosphere for two hours. Just prior to use, the laminin solution
was aspirated from each well. Cells were plated directly onto the laminin-coated
plates without rinsing.

2.3.2.3 Recovering and plating cryopreserved NPCs

Cryopreserved NSCs were thawed in a 37 ° C water bath and added to pre-
warmed DMEM/F12. The resulting suspension was centrifuged at 300g for 5
minutes. The supernatant was discharged, and cells were resuspended in Neural
Expansion Medium supplemented with 10 yM of ROCK inhibitor Y27632. Cells
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were counted using 0.4% trypan blue solution and the cell concentration was
adjusted so that 5 x 10* cells / cm? were plated on the PLO/laminin-coated plates.

Cells were then incubated overnight at 37°C in a humidified 5% atmosphere.
2.3.2.4 Early neuron differentiation

On day 1 of NSC plating, the spent medium was removed and replaced with
~ 250 pl/cm? fresh neural differentiation medium, consisting of a 1:1 solution of
Neurobasal-A Medium and DMEM/F12 with GlutaMAX, supplemented with

2ng-mL'1 laminin, 20 ng-mL"I brain-derived neurotrophic factor (BDNF),
10 ng-mL'1 glial cell derived neurotrophic factor (GDNF); 1 uM dibutyryl cAMP,

200 uM ascorbic acid, 1x N2-supplement, 1 x B27 supplement without vitamin A
and 1 x 5.000 U/mL Penicillin-Streptomycin solution. The medium was
additionally supplemented with 1 x Culture One Supplement to prevent over-
growth of contaminating progenitor cells while simultaneously efficiently maintain-
ing the population of neurons (69). On day 3 of NSC plating, 250 pl/cm? fresh
neural differentiation medium was added without removing the spent media.
Every second day a half medium change was performed.

Daily phase contrast imaging and neurite length analysis were obtained using a
live-cell imaging and analysis platform, the IncuCyte, to monitor early neuron dif-
ferentiation and determine the optimal timing for further testing.

2.4 Neurotoxicity assay

To predict the neurotoxic treatment-related side effects of the selected drugs in
our panel, we conducted a label-free neurotoxicity assay. In this experiment, the
dynamic changes in neurite length of iPSC-derived neural network cultures culti-
vated in 48 well plates were compared with a negative control over a period of 7
days after treatment. Prior to treatment, the spent medium was removed from all
wells and 150 pl of fresh neural differentiation medium was added to each well.
Next, the plates were imaged to assess the pre-treatment neurite length. Pre-
treatment measurements also ensured that control and test wells were equivalent
prior to drug exposure. Immediately afterwards the wells were treated with the
IC50 and cmax concentration of each drug. Wells treated with 10 nM DMSO
served as negative control. The plate was imaged every 3 hours with the phase-
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contrast channel in the IncuCyte Live-Cell Analysis System with a 20x objective

(9 images per well) using neuro-track analyses “Neurite Backgr. 0,6; 1um N width;

0,25 sensitivity” to measure neurite length perimage area expressed as mm/mm?2

image area.

2.5 Immunofluorescence staining

iPSC-derived neural stem cells (NSCs) were plated in an 8-well Matrigel-coated
chamber slide immediately after recovery from cryopreservation at a density of
105 cells / cm? and 2 x 10° cells / cm?. Staining of pluripotent markers (Nestin,
Sox-2, and Pax-6) was performed on day 1 of NSC plating. In contrast, iPSC-
derived early neurons were differentiated from NPCs for 7 days in an 8-well
PLO/LC-coated chamber slide, at a density of 5 x 10°cells / cm? and 7 x 10° cells
/ cm? according to the protocol “Differentiation of neuronal network cultures from
iPSC- derived NSCs” and subsequently stained for early neuron markers (Tuj1,
MAP2) and for the astrocyte cell marker GFAP.

Initially, both iPSC-derived neuronal cultures were carefully washed twice with
PBS, with each rinse lasting 10 minutes, to remove any residual debris. Subse-
quently, the cells were fixated with 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer for 15 minutes at RT, whereupon the coverslips were rinsed 3 times
with PBS, with 5 minutes per rinse, at RT. Afterwards, cells were incubated with
0.5 mL permeabilization and blocking buffer (0.3% Triton X-100, 5% BSA and 2
% FBS in PBS), which was placed to each well for one hour at RT. Next, the
coverslips were incubated overnight in a humid chamber at 4 ° C with 125 pL of
a suspension solution of the primary antibody diluted in an antibody dilution solu-
tion (ADS) consisting of 0,3 % Triton X-100 with 1 % BSA in PBS. The primary
antibodies were added as follows: mouse anti - Bl tubulin (TUJ1) at a final dilu-
tion of 1:100, mouse anti - GFAP at a final dilution of 1:100, mouse anti — SOX 2
at a fnal dilution of 1:50, rabbit anti— PAX 6 at a final dilution of 1:100, rabbit
anti — MAP 2 at a final dilution of 1:100, rabbit anti — Nestin at a final concentra-
tion of 1:2000.

Subsequently, coverslips were rinsed 2 times with PBS with 5 minutes per rinse
at room temperature. Next, coverslips were incubated with 125 yL of Alexa Fluor
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488- or 594-conjugated goat anti-mouse or anti-rabbit IgG secondary antibody,
at a final concentration of 1:200 for 2 hours at RT in a dark, humid chamber. The
washing procedure was repeated three times with DPBS, with 5 minutes per
rinse. Nuclear mounting was carried out by incubating the coverslips with 4,6-
diamid-ino-2-phenylindole (DAPI) at a concentration of 10 nM at RT in the dark.
The coverslips were air dried overnight in the dark and sealed with nail polish
before imaging. For long term storage, the cover slides were kept at 4 ° C in the

dark.

2.6 Statistical analysis

All data are shown as the mean * standard deviation (SD) of three independent

experiments and performed with GraphPad Prism.

2.7 List of compounds and materials used throughout the

thesis

Table 1: List of the chemotherapeutic agents screened and their mechanism of

act. The supplier and catalog/part number are also given.

Chem(;tg:rr]?peutlc Mechanism of action Suppllenrue;rr:ge(iatalog
AUY922 HSP90 inhibitor (70) Adooq Bioscience; A10659
Azixa (MPC6827) Mitosehemmer (71) RayBiotech; 331-22085
Belinostat HDAC inhibitor (72) MCE*; HY-10225
Carfizomib Irreversible proteasome inhibitor (73) MCE*; HY-10455

Combrestastatin A4

Inhibits tubulin polymerization — dis-
ruption in microtubule dynamics (74)

Selleckchem; S7783

CuDC907 PI3K-Inhibitor & HDAC-inhibitor (75) MCE*; HY-13522
Daporinad NAMPT inhibitor (76) MCE*; HY-50876
Delanzomib Proteasome inhibitor (77) TargetMol; T6027
Dinaciclib g/ll?)lit(IZ,ngl-(lg,h;tr):fjogDsigeiztaiﬁitocrt();g)’ Adooq Bioscience; A11129
Entinostat HDAC inhibitor (72) MCE*; HY-12163
GDC0084 PI3K inhibitor & mTOR inhibitor (79) MCE*; HY-19962
Gedatolisib PI3K inhibitor & mTOR inhibitor (80) TargetMol; T1970
Geldanamycin HSP90 inhibitor (70) TargetMol; T6342
GMX-1778 NAMPT inhibitor (81) TargetMol; T1998
HSP-990 HSP90 inhibitor (70) Adooq Bioscience; A12850

4- Hydroxy-lomustin

Alkylating agent (82)

Toronto Research Chemi-
cals; H942990

Marizomib

Pan-proteasome inhibitor (83)

Adooq Bioscience; A13853
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TorontoResearchChemi-

MTIC Alkylating agent (84) cals: M760000

. Inhibits tubulin polymerization — de- V.
Ombrabulin stabilizes the microtubules (85) MCE"; HY-18256
Onalespib HSP90 inhibitor (70) MCE*; HY-14463
ONC 206 Activator of CIpP and selective antago- MCE*, HY135147

nist of the DRD2/3/4 (86)

Panobinostat

HDAC inhibitor (72)

MCE*; HY-10224

Quisinostat HDAC inhibitor (72) MCE*; HY-15433
Romidepsin HDAC inhibitor (72) MCE*; HY-15149
SNX-2112 HSP90 inhibitor (87) Adooq Bioscience; A11189

Staurosporine

Multi phosphokinase inhibitor ** (88)

MCE*; HY-15141

TIC-10

Activator of ClpP and selective antago-
nist of the DRD2/3/4 (86)

TargetMol; T7001

inhibits microtubule formation — pre-
vents formation of the mitotic spindle

MCE*; HY-N0488

inhibits microtubule formation — pre-
vents formation of the mitotic spindle

MCE*; HY-12053

Vincristine

(89)
Vinorelbine

(90)
Vorinostat

HDAC-1, -2, and- 3 (Klasse |) — as well

MCE*; HY-10221

* MCE — Medchemexpress

as HDAC-6 (Klasse Il) inhibitor (72)

** Nonspecific inhibitor of many phosphokinases (serine/threonine kinase AKT, calcium-de-
pendent protein kinase C, and cyclin-dependent kinases) (88).

Table 2: List of compounds and materials used throughout the thesis. The sup-
plier and catalog/part number are also given.

Compound / material

Supplier and catalog / part number

Neurobasal-A Medium

Thermo Fisher Scientific, cat. no. 10888-022

DMEM/F-12

Thermo Fisher Scientific, cat. no. 11330-032

HEPES Buffer Solution (1M)

Thermo Fisher Scientific, cat. no. 15630-080

Sodium Pyruvate (100 mM) (100X)

Thermo Fisher Scientific, cat. no. 11360-070

MEM Non-Essential Amino Acids Solution
(MEM NEAA) (100X)

Thermo Fisher Scientific, cat. no. 11140-035

GlutaMAX-1 Supplement (100x)

Thermo Fisher Scientific, cat. no. 35050-061

Antibiotic-Antimycotic (100X)

Thermo Fisher Scientific, cat. no. 15240-062

B-27 Supplement without Vitamin A (50x)

Thermo Fisher Scientific, cat. no. 12587001

hEGF

BIOZOL, cat. no. SHD-100-26

hFGF-basic-154

PeproTech, cat. no. 100-18B

hPDGF-AA

PeproTech, cat. no. 100-13A

HPDGF-BB

PeproTech, cat. no. 100-14B

Heparin Solution (0.2%)

STEMCELL Technologies, cat. no. 7980

Dimethylsulfoxid (DMSO), sterile

Sigma Aldrich, cat. no.: D2650

TrypLE™ Express Enzyme (1X), no phenol
red

GIBCO, cat. no.: 12604013

70 ym cell strainer

VWR, cat. no.: 732-2758

100 pm cell strainer

VWR, cat. no.: 732-2759
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Trypan Blue Solution, 0.4%

Thermo Fisher Scientific, cat. no. 15250061

Advanced DMEM/F-12

Thermo Fisher Scientific, cat. no. 12634010

Costar 48-well Clear TC-treated Multiple
Well Plates, Individually Wrapped, Sterile

Corning, cat. no.: 3548

Costar 6-well Clear TC-treated Multiple Well
Plates, Individually Wrapped, Sterile

Corning, cat. no.: 3516

Corning Osteo Assay Surface 96-well Multi-
ple Well Plates, Individually Wrapped, Sterile

Corning, cat. no.: 3988

Cryotubes, self-standing, 2 mi

VWR, cat. no.: 479-1262

Single Channel EVOLVE Pipettes, volume

Integra-Biosciences, part no.: 3011
range 0.2—-2 pl
Single Channel EVOLVE Pipettes, volume Inteqra-Biosciences. part no.: 3012
range 1—-10 pl 9 P -
Single Channel EVOLVE Pipettes, volume Inteara-Biosciences. part no.: 3013
range 2—20 yl 9 P -
Single Channel EVOLVE Pipettes, volume Inteara-Biosciences. part no.: 3015
range 10—100 pl 9 P "
Single Channel EVOLVE Pipettes, volume Rinen ]
range 20 — 200 il Integra-Biosciences, part no.: 3016
Single Channel EVOLVE Pipettes, volume Rinen ]
range 100 — 1000 il Integra-Biosciences, part no.: 3018
Single Channel VIAFLO Pipettes; volume Rinen ]
range 0.5—12.5 i Integra-Biosciences, part no.: 4011
Single Channel VIAFLO Pipettes; volume Inteqra-Biosciences. part no.: 4012
range 5—125 yl 9 P -
Single Channel VIAFLO Pipettes; volume Rinen ]
range 10-300 il Integra-Biosciences, part no.: 4013
Single Channel VIAFLO Pipettes; volume Rinen ]
range 50-1250 pl Integra-Biosciences, part no.: 4014
Griptip size 12.5 yl, sterile, racks of 384 Tips Integra-Biosciences, part no.: 4414
Griptip size 125 pl, sterile, racks of 384 Tips Integra-Biosciences, part no.: 4424
Griptip size 300 pl, sterile, racks of 96 Tips Integra-Biosciences, part no.: 4434
Griptip size 1250 pl, sterile, racks of 96 Tips Integra-Biosciences, part no.: 4444
ASSIST PLUS pipetting robot, incl. tip waste Inteara-Biosciences. part no.: 4505
bin, pipette charging cable 9 P -
8-Channel VOYAGER adjustable tip spacing Inteara-Biosciences. part no.: 4721
pipette, volume range 0.5—12.5 pl 9 P B
8-Channel VOYAGER adjustable tip spacing Inteara-Biosciences. part no.: 4722
pipette, volume range 5-125 pl 9 P B
8-Channel VOYAGER adjustable tip spacing Inteara-Biosciences. part no.: 4723
pipette, volume range 10-300 pl 9 P B
8-Channel VOYAGER adjustable tip spacing Riceni ]
pipette, volume range 50-1250 il Integra-Biosciences, part no.: 4724
Griptip for VOYAGER pipette, size 12.5 pl Rinen ]
long, sterile, racks of 384 Tips Integra-Biosciences, part no.: 6404
Griptip for VOYAGER pipette, size 125 pl, Rinen ]
sterile, racks of 384 Tips Integra-Biosciences, part no.: 6464
Griptip for VOYAGER pipette, size 300 yl, Integra-Biosciences, part no.: 6434
sterile, racks of 96 Tips ’ -
Griptip for VOYAGER pipette, size 1250 pl, Integra-Biosciences, part no.: 6444
sterile, racks of 96 Tips ’ -
10 ml, Disposable Reservoirs, 1 Sleeve of
50, Sterile, Polystyrene, SureFlo™ anti-seal- | Integra-Biosciences, part no.: 4373

ing array

100 ml, Disposable Reservoirs, 1 Sleeve of
50, Sterile, Polystyrene, SureFlo™ anti-seal-
ing array

Integra-Biosciences, part no.: 4393

Screw cap tube, 15 ml, (Lxd): 120 x 17 mm,
PP, with print

Sarstedt, order-no.: 62.554.502
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Screw cap tube, 50 ml, (LxJ): 114 x 28 mm,
PP, with print

Sarstedt, order-no.: 62.548.004

Filtropur V25, Vacuum filtration unit, 250 ml,

PES. 0.2 um Sarstedt, order-no.: 83.3940.001
Filtropur V50, Vacuum filtration unit, 500 ml, Sarstedt, order-no.: 83.3941.001
PES, 0.2 ym

E:trg;ég\(/)12()§ ,u\rgacuum filtration unit, 1000 Sarstedt, order-no.: 83.3942.001
Serological pipette, plugged, 50 ml, sterile,

non-pyrogenic/endotoxin-free, non-cytotoxic, | Sarstedt, order-no.: 86.1256.001
1 piece(s)/blister

Serological pipette, plugged, 25 ml, sterile,

non-pyrogenic/endotoxin-free, non-cytotoxic, | Sarstedt, order-no.: 86.1685.001
1 piece(s)/blister

Serological pipette, plugged, 10 ml, sterile,

non-pyrogenic/endotoxin-free, non-cytotoxic, | Sarstedt, order-no.: 86.1254.001

1 piece(s)/blister

Serological pipette, plugged, 5 ml, sterile,
non-pyrogenic/endotoxin-free, non-cytotoxic,
1 piece(s)/blister

Sarstedt, order-no: 86.1253.001

PIPETBOY acu 2 mains adapter, spare ster-
ile filter 0.45 ym and wall mount, blue

Integra-Biosciences, part no.: 155 017

PIPETBOY acu 2 mains adapter, spare ster-
ile filter 0.45 ym and wall mount, red

Integra-Biosciences, part no.: 155 016

Aspiration pipette, unpadded, 2 ml, sterile,
non-pyrogenic/endotoxin-free

Sarstedt, order-no: 861.252.011

Neurobasal Medium

Thermo Fisher Scientific, cat. no. 21103-049

Advanced DMEM/F12

Thermo Fisher Scientific, cat. no. 12634-010

Neural Induction Supplement (50X)

Thermo Fisher Scientific, cat. no. A1647701

DMEM/F12+GlutaMAX

Thermo Fisher Scientific, cat. no. 31331028

Neurobasal-A Medium

Thermo Fisher Scientific, cat. no. 10888022

N-2 Supplement (100X)

Thermo Fisher Scientific, cat. no. 17502001

B-27 Supplement without Vitamin A (50x)

Thermo Fisher Scientific, cat. no. 12587001

Laminin

Corning; cat. no. 354232

Recombinant Human/Murine/Rat BDNF

Peprotech, cat. no.: 450-02

Recombinant Human GDNF

Peprotech, cat. no.: 450-10

DcAMP

Sigma Aldrich, cat. no.: D0627

Ascorbic Acid

Sigma Aldrich, cat. no.: A8960

CultureOne Supplement (100X)

Thermo Fisher Scientific cat. no. A3320201

Penicillin-Streptomycin (5.000 U/mL)

Thermo Fisher Scientific cat. no. 15070-063

Corning Matrigel Matrix hESC-Qualified Ma-
trix, LDEV-free

Corning Life Sciences, cat. no.: 354277

Parafilm Sigma Aldrich, cat. no. P7793-1EA
ReLeSR (Passaging Reagent) Stem Cell Technologies cat. no.: 05872
mTeSR Plus Stem Cell Technologies cat. no.: 05825

ROCK inhibitor Y27632

Sigma-Aldrich, cat. no.: Y0503

PSC Neural Induction Medium (consists of
Neurobasal® Medium and Neural Induction
Supplement, 50X)

Thermo Fisher Scientific cat. no. A1647801

Advanced DMEMF-12

Thermo Fisher Scientific cat. no. 12634

DPBS without CaCl,and MgCl,

Thermo Fisher Scientific cat. no. 14190

Phosphate buffered saline (PBS), pH 7.4

Thermo Fisher Scientific cat. no. 10010002

Phosphate buffered saline (PBS), pH 7.2

Thermo Fisher Scientific cat. no. 70013-016

StemPro Accutase Cell Dissociation Reagent

Thermo Fisher Scientific cat. no. A11105
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Corning Cool Cell Containers

Corning, cat. no. 432000

Neural Progenitor Freezing Medium

Stem Cell Technologies cat. no.: 05838

Chamber slide with a removable 8 well sili-
cone chamber

Ibidi, cat. no.: 80841

Anti-GFAP antibody, mouse monoclonal

Abcam, cat. no. Ab10062

Purified anti-Tubulin B 3 (TUJ1) antibody,
mouse

Biolegend, cat. no.: 801201

Purified anti-Pax-6 Antibody, Rabbit Polyclo-
nal IgG

Biolegend, cat. no.: 901301

MAP2 Polyclonal Antibody, host: rabbit

Invitrogen, cat. no.: PA5-17646

Nestin Polyclonal Antibodyr, host: rabbit

Invitrogen, cat. no.: PA5-82905

Sox-2 Antibody, host: mouse

Santa Cruz, cat. no.: sc-365964

Goat anti-Rabbit IgG (H+L), Superclonal™
Recombinant Secondary Antibody, Alexa
Fluor 555

Invitrogen, cat. no.: A27039

Goat anti-Rabbit IgG (H+L) Highly Cross-Ad-
sorbed Secondary Antibody, Alexa Fluor Plus
488

Invitrogen, cat. no.: A32731

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 555

Invitrogen, cat. no.: A21422

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Invitrogen, cat. no.: A11001

Paraformaldehydldsung, 4 % in PBS

Thermo Fisher Scientific, cat. no.: 15670799

Triton X-100 Surfact-Amps Detergent Solu-
tion

Thermo Fisher Scientific, cat. no.: 11358311

Bovine Serum Albumin (BSA)

Tocris, cat. no.: 5217

Fetal bovine serum (FBS)

Sigma-Aldrich, cat. no.: 06693

Fluoroshield mit DAPI

Sigma-Aldrich, cat. no.: F6057

Poly-L-Ornithine Solution (0.01%)

Sigma-Aldrich, cat. no.: A004C

Laminin Mouse Protein, Natural

Thermo Fisher Scientific, cat. no.: 23017015

Ethanol, 5 I, 299,8 %, denatured

Carl Roth, cat. no.: K928.4

Bambanker, Cryopreservation media

Nippon Genetics Europ, cat. no. BBO1

Varioskan LUX Multimode Microplate reader

Thermo Fisher Scientific, part no.: VLOLOODO

TSX Series Ultra-Low Freezer

Thermo Fisher Scientific, cat. no.:
TSX50086A

BZ-X Series All-in-one Fluorescence Micro-
scope X800

Keyence, part.no.: BZ-X800

Countess 3 FL Automated Cell Counter

Thermo Fisher Scientific, cat. no.: A50299




3. Results

3.1 Assessment of the half-maximal inhibitory drug
concentration for DMG-cell lines

Thirty chemotherapeutic agents were screened for their anti-tumor cytotoxic ef-
fects, including five HSP90 inhibitors, five microtubule targeting agents, three pro-
teasome inhibitors, two alkylating agents, two CDK-Inhibitors, two dual inhibitors
of PI3K and mTOR, two NAMPT inhibitors, two dual DRD2 antagonist and ClpP
agonist and seven HDAC inhibitors, one of which, CUCD 907, also acts as a PI3K
inhibitor. DMG suspension cells were treated with at least 6 doses of each
chemotherapeutic agent and analyzed for viability 72 hours after treatment. The
values of each drug concentration were normalized to the control (0.1% DMSO)
sSulv and expressed as a percentage.

concentration [nM]

S a0 e & & & Anti-tumor cytotoxic activity was

Romidepsin estimated based on the half-maxi-

Staurosporine
Daporinad
Vinorelbin

Azixia
Combretastatin A4
GMX-1778 (CHS 828)
HSP-990

Vincristine
Quitinostat
Panobinostat

Geldanamycin
Marizomib

mal inhibitory drug concentration
(IC50), which is defined as the con-

centration of an agent required to

X

X

|

inhibit a given biological activity by

X

half, in our instance, to reduce the
viability of DMG tumor cells by
50% (52). This means that a high

therapeutic potential leads to low

Entinostat

#Hydcoy-lomustine IC50 values and vice versa (53).

MTIC

100% 50% 0%

Figure 1: In the above clustered heatmap, each column
represents a concentration in nanomolar, and each row in-
dicates the viability of DMG tumor cells 72 hours after
treatment with the chemotherapeutic agents in the left,
normalized to the control (0,1%DMSQ) and expressed as
a percentage. The SUIV-DMG-cell line is H3K27M-mutant
with alteration in the histone variant H3.1.
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The anti-tumor cytotoxic effects of the agents in our panel were investigated on
five patient derived DMG-cell lines, four of which harbor an H3K27M-muatation

in the histone variant H3.3 and one in H3.1.
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Ombrabulin
SNX-2112
Onalespib
CuDC907
Delanzomib
AUY922
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Carfilzomib
Onc206
Dinaciclib
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Gedatolisib
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Entinostat
TIC-10
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Combretastatin A4
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Figure 2: In the above clustered heatmaps, each column represents a concentration in nanomo-
lar, and each row indicates the viability of DMG tumor cells 72 hours after treatment with the
chemotherapeutic agents in the left, normalized to the control (0,1%DMSQ) and expressed as a
percentage. All four DMG-cell lines are H3K27M-mutant with alteration in the histone variant H3.3.

* The missing data points in the heatmaps (Fig. 1, Fig. 2) were not measured, either because the IC50 value
could be determined from the slope of the dose-response curve with the existing data points, or because
tumor cell viability was 0% at one-tenth of the non-measured concentration, which indisputably leads to
complete tumor cell death at the non-measured concentration.
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Figure 3: Dose response curve of the NAMPT-Inhibitor daporinad. The IC50-values of Daporinad
expressed in nanomolar are given for all five DMG-cell lines.

The NAMPT inhibitor daporinad reduced the viability of DMG-tumor cells at con-
centrations lower than 1 nanomolar, indicating a high cytotoxic effect (Fig. 3). The
other NAMPT inhibitor tested, GMX 1778, also showed low IC50 values, particu-
larly in the more resistant cell line DIPG XIlll P*, compared to the other agents
(Fig. 2). Among the HDAC inhibitors, romidepsin and panobinostat had the lowest
IC50 values (Figure 4), whereas belinostat, vorinostat, and entinostat reduced
the DMG-cell viability at higher doses (IC50>0,1 uM) (Fig. 1, Fig. 2). The weakest
antitumor cytotoxic effect of romidepsin is observed in the resistant DMG cell line
DIPG XIlIP*, with an IC50 value more than twenty times higher than that of the
other cell lines (Figure 4). This observation holds true for most of the drugs tested
and is best illustrated in Fig. 2, but also in the dose-response curves of the indi-
vidual chemotherapeutic agents, where the line representing DIPGXIIIP* lies
above the lines of the other cell lines.

Romidepsin - DIPGXIII Panobinostat

-~ DIPGXIll
IC50 = 0.3729 IC50 = 17.92
1004 = BT869 100+ L = BT869
- - IC50=0.1076  — IC50 = 12.47
R =
) DIPG007 £ DIPG007
8 507 IC50=0.09210 § 50 IC50 = 4.504
> a) >
o = DIPGXIIIP* = DIPGXIIIP*
" IC50 = 7.607 3 > IC50 = 53.46
4 T 1 T gL
-4 -2 0 2 SUIV -4 -2 0 2 SUIV
Log conc. [nM] IC50 = 0.3864 Log-canc: InM) IC50 = 18.42

Figure 4: Dose response curve of the HDAC-inhibitors panobinostat and romidepsin. The IC50-
values expressed in nanomolar are given for all five DMG-cell lines.
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Figure 5: Dose response curves of the vinca alkaloid vinorelbine, the HSP90 inhibitor HSP990,
the pan-proteasome inhibitor marizomib, the multiple phosphokinase-inhibitor staurosporine,
the dual DRD2 antagonist and CIpP agonist ONC206 and the alkylating agent 4-hydroxylo-

mustine. The IC50-values of each agent expressed in nanomolar are given for all five DMG-cell
lines.

Among the microtubule-targeting agents vinorelbine, azixa and combrestastatin
A4 had the lowest IC50 values for all cell lines, followed by vincristine and om-
brabulin (Fig.2, Fig. 3, Fig. 5). The multiple phosphokinase inhibitor staurospor-
ine (avg. 1C50=4,01), the pan-proteasome inhibitor Marizomib (avg.
IC50=18,29) and the HSP9o-inhibitor HSP99o0 (avg. IC50=4,09), had the lowest
IC50 values among drugs with the same mechanism of action in all cell lines. Dual
DRDz2 antagonist and ClpP agonists (ONC206, TIC10) and alkylating agents (4-
hydroxylomustin and MTIC) had very high IC50 for DMG-tumor cells (Figure 5).
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3.2 Potency ratio, a better predictor of anti-tumor activity than
the IC50

In our in vitro IC50 assessment, it is possible to increase drug concentrations to
levels far beyond what could be achieved in vivo. In fact, an important restriction
in translating IC50 results from nonclinical experimental designs into clinical trials
is the very use of concentrations far greater than those that could be realistically
achieved in patients (54). To potentially obtain relevant clinical effects , the IC50
must be below the peak concentration (Cmax) - highest concentration reached in
the bloodstream after systemic administration (55). Accordingly, we calculated
the Cmax/IC50 ratio (potency ratio) with high therapeutic potential resulting in

high potency ratios.

Table 3: Logarithm of the calculated potency ratios (log10 [Cmax/IC50]). The
Cmax values were gathered from the published clinical studies.

log10 [Cmax/IC50]

H3.3-mutation H3.1_-muta-
tion
Drugs Cmax (nM) DIPGXIII BT869 DIPGXIIIP* DIPG007 SUlv

Daporinad 14,1 (91) 1,8486 1,7922 1,7435 1,5513 1,4977
HSP 990 1307,3 (92) 2,5680 3,3695 2,6294 2,2568 2,3313
Romidepsin 1100 (93) 3,4698 4,0096 4,0771 2,1602 3,4544
Panobinostat 119 (94) 0,8222 0,9797 1,4219 0,3475 0,8103
Maizomib 191 (95) 1,1149 1,5092 1,2125 0,7120 0,9370
Staurosp. 65500 (96) 4,3365 4,4770 4,3666 3,7503 5,2140
Vincristine 28,4 (97) 0,0952 0,7042 0,4937 - 0,3867 0,4434
Vinorelbine 1856,8 (98) 3,0147 3,9263 3,0938 2,1420 3,4762
Lomustine 4707,1(99) - 1,8909 - 1,3891 - 1,7563 - 16012 - 1,5065
Azixa 1700,4(100) 2,6464 2,8951 2,7609 2,2844 3,1126
GMX-1778 839 (101) 2,0361 2,2619 2,1819 2,3228 2,2898
Quisinostat 7(102) - 0,2423 0,1971 0,2107 - 09682 - 0,2765
Geldanamyc. 10200 (103) 2,6764 2,4885 2,6370 1,9571 2,6928
CuDC907 22(104) - 0,0942 - 0,0321 0,0605 - 1,2138 - 10,7404
Delanzomib 1139 (105) 1,5942 1,6673 1,5890 1,4799 1,6482
AUY922 2745,4(106) 1,8284 1,9708 1,3863 0,8861 1,8980
Ombrabulin 4900(107) 2,0213 2,5232 2,1061 2,0127 2,3007
Carfilzomib 1929,4(108) 1,5497 1,5836 1,0268 1,3713 1,3775
SNX-2112 2626,6(109) 1,5460 2,1269 1,5570 0,7836 1,7092
Onalespib 9254,7(110) 1,6614 2,6269 1,8300 1,6512 2,1455
Dinaciclib 4564,9(111) 1,4085 1,6780 1,2805 1,3761 0,9167
Belinostat 4x10%(112) 2,3563 2,4260 2,7819 1,5784 2,1538
Vorinostat 2980(113) 1,1610 1,3455 1,9149 0,8740 0,9526
Gedatolisib 10651(114) 1,6799 1,6032 1,7005 0,5064 1,6331
Entinostat 303(115) - 0,7498 - 10,3187 - 0,1145 - 1,7165 - 1,0595
MTIC 1962,4(116) - 2,5860 - 2,5161 - 2,5264 - 2,2928 - 2,7255
Combrest. A4 1730(117) 2,8247 3,7374 3,0536 2,2759 2,6247
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GDC0084
TIC 10
ONC206

500(118)
11125,8(119)
198

- 0,6379 0,1807
0,0123 1,2040
- 0,7451 0,4935

0,6003 - 09476 - 10,8837
0,2944 0,7685 0,6401
- 0,3488 0,1030 - 0,0479

A negative log potency ratio (log10 [Cmax/IC50]), i.e., a Cmax lower than the

IC50, implies that the concentration required to kill 50% of DMG cells cannot be

achieved in patients, making the drugs unsuitable for curative therapies. Accord-

ing to our data, the drugs on the far left of the graph have the best anti-tumor

effect, with efficacy decreasing toward the right. The drugs marked in red have a

Cmax that is lower than the IC50, indicating that their therapeutic concentration

cannot be achieved in patients (Figure 6, Figure 7).
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Figure 6: Waterfall plot of logged potency ratios (log10 (Cmax/IC50)) for DMG cell lines BT869
and DIPGO0O07, both harboring a K27M mutation in H3.3.
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Figure 7: Waterfall plot of logged potency ratios (log10 (Cmax/IC50)) for DMG cell lines DIPGXIII

and DIPG XllIP* harboring a K27M mutation in H3.3. and SUIV harboring a mutation in H3.1.



3.3 Human iPSC- derived neuronal model for in vitro
neurotoxicity assessment

3.3.1 Induction of neural stem cells from human derived iPSC line

The first step in generating various neural cells from iPSCs is the induction of
iPSC to neural stem cells (NSCs) (67). IMR90-iPSCs maintained in feeder-free
medium were differentiated in neural stem cell induction medium for 4 days after
subculturing and further expanded in neuronal expansion medium for an addi-
tional 6 days in accordance with the protocol “Induction of Neural Stem Cells from
Human Pluripotent Stem Cells” of Thermo Fischer Scientific (67). The generated
neural progenitor cells were subsequently cryopreserved in STEMdiff Neural
Progenitor Freezing and thawed for further testing when needed.

The differentiation of iPSC-derived NSCs was confirmed by expression of typical
neural stem cell markers such as Nestin, Sox2 and PAX6 by
immunocytochemistry (Fig. 8, Fig. 9). Additionally, NSCs exhibit a triangular to
radial-like morphology forming networks through lengthening of the cellular
process that differs from the flat round morphology of iPSCs that form compact

colonies with well-defined borders (Figure 10).

Figure 8: Neural progenitor cells stained for sex-determining region Y - box 2 (SOX2; stem cell

marker) and intermediate filament protein Nestin (neural stem/progenitor cell marker) with addi-

tional DAPI (nuclear DNA) staining. Scale bar depicts 20 um.
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Figure 9: Neural progenitor cells stained for Paired Box 6 (PAX6; stem cell marker) and interme-
diate filament protein Nestin (neural stem/progenitor cell marker) with additional DAPI (nuclear
DNA) staining. Scale bar depicts 20 um.

4,34 x 3,25 mm; 14,11 mm?

Figure 10: (A) Phase contrast image of IMR90- iPSCs forming compact colonies with clearly
defined borders. (B) Phase contrast image of triangular to radially shaped Neural Progenitor Cells
(NPCs) forming networks through lengthening of the cellular process. (A, B) Scale bar depicts
800 um.
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3.3.2 Differentiation of neuronal network cultures

NPCs were plated onto poly-L-ornithine/laminin-coated wells in neural expansion
medium (day1) and then further induced in neural induction medium (neurobasal
A medium and DMEM/F12 with glutamate, N2, B27-RA) supplemented with
growth factors brain-derived neurotrophic factor (BDNF), glial cell-derived neu-
rotrophic factor (GDNF), laminine, dibutyryl cyclic adenosine monophosphate
and ascorbic acid. (120) Culture One Supplement was added into neuronal in-
duction mediumto prevent the overgrowth of contaminating progenitor cells while

efficiently maintaining the population of neurons (69).

The derived cells were positive for the neuron-specific cytoskeletal marker 3-111-
tubulin (Tuj1) and dendritic marker MAP2, thus displaying important requisite

markers for early neurons (Figure 11; Figure 12).

Figure 11: Neural progenitor cells stained for anti-tubulin beta lll isoform (Tuj1; early neuron
marker) and DAPI (nuclear DNA). Scale bar depicts 100 um.

Figure 12: Neural progenitor cells stained for microtubule associated protein 2 (MAP2) and DAPI

(nuclear DNA). Scale bar depicts 20 um.
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3.4 Neurotoxicity Assessment

Disruption of the synaptic function by natural or man- made neurotoxic sub-
stances or trauma can lead to long lasting and often irreversible effects and sev-
eral studies suggest that neurites, as key features of the synapse and neural net-
work formation, are sensible targets of chemical toxicity (69, 121, 122). Conse-
quently, we used the neurite outgrowth per image area as test endpoint for our
neurotoxicity assessment. Depending on the density, placement of neurons and
the tendency to form neural cell body clusters, difficulties may arise when
determining whether a particular neurite is coming from one neuronal cell body
or the other (123). On that account the neurite outgrowth length was also normal-

ized to cell body cluster area.

Experimental set-ups were carried out to determine the best media conditions
and cell seeding density for developing early neurons from NPCs with the aim of
increasing neurite growth per cell body cluster and reducing costs. Cells derived
under the media conditions described previously (NPCs seeded in NEX and in-
duced in NIM supplemented with BDNF and GDNF (refer to 3.2.2.)) were used
as established controls to compare neurite length, branching, and morphology of

the derived early neurons.

3.4.1 Neural expansion prior to neural induction increases neurite

outgrowth

NPCs were plated onto poly-L-ornithine/laminin-coated 48-well plates. To deter-
mine the effect of expansion prior to induction, we plated half of the NPCs directly
in NIM on day 1 of splitting and the other half in NEX (Fig. 13).

Neural
Expansion Induction
Medium
cNeural 1.day (P2) NPCs ———MM8Mm (P2) Early Neurons
Expansion
Medium

iPSC — — — » Cryo preserved (P1)

Neural Progenitor Cells (NPCs) Direkt Induction

induction (P2) Early Neurons
Medium

Figure 13: Schematic illustration of the experimental set-up. Half of the NPCs were seeded on
day 1 directly in NIM (Neural Induction Medium) and the other half in NEX (Neural Expansion
Medium). From day 2 onwards, all NPCs were induced in NIM.
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From day two onwards, NPCs were induced in four Neural Induction Medium
(NIM) compositions, each containing neurobasal A medium and DMEM/F12 with
glutamate, N2, B27-RA supplemented with laminine, dibutyryl cyclic adenosine
monophosphate, ascorbic acid and Culture One Supplement (abbreviated
NIM--). The tested compositions of the Neural Induction Medium differ in the sup-
plementation with the growth factors brain-derived neurotrophic factor (BDNF)
and glia-cell-derived neurotrophic factor (GDNF), resulting in the following four
compositions: NIM-BDNF, NIM-GDNF, NIM with both BDNF and GDNF (NIM++)
and NIM without BDNF and GDNF (NIM--) (For each test condition we also
seeded three different cell densities as follows: 30.000 cpw; 50.000 cpw and
70.000 cpw, respectively, 31579 cells / cm?; 52632 cells / cm? and 73684 cells /
cm?). For each test condition we also seeded three different cell densities as fol-
lows: 30.000 cpw; 50.000 cpw and 70.000 cpw, respectively, 31579 cells / cm?;
52632 cells / cm? and 73684 cells / cm?.

Neur
Induc
Expansion Medi

(P2) NPCs # (P2) Early Neurons

PSE = — Cryo preserved (P1)

Neural Progenitor Cells (NPCs) Direkt Induction

(P2) Early Neurons

Figure 14: Schematic illustration of the experimental set-up. NPCs were induced in four dif-
ferent medium compositions. For each of the testing condition three different cell densities

were sown.

The developing, label-free early neurons were imaged every three hours over the
course of seven days by phase-contrast microscopy and the neurite length per
image area expressed as mm/mm? image area and neurite length per cell-body

cluster expressed as mm/mm? cell body cluster area were measured.
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( ) NIM - - NIM — GDNF NIM-BDNF NIM ++
Seed in NEX  Seed in NIM Seed in NEX ~ Seedin NIM  Seedin NEX  Seed in NIM Seed in NEX  Seed in NIM

1 2 3 4 5 6 7 8

oz Jsd

NPCs seeding concentration

Figure 15: Phase contrast images of neurites (yellow) and cell body clusters (blue) from iPSC-
derived early neurons on day 7 of neural differentiation from NPCs. (A) Overview image of the
early neurons when seeded under different NIM conditions and seeding concentrations. (B)
Zoomed in section of the lower red box showing early neurons seeded in NIM-- at a density of
70.000 cpw. (C) Zoomed in section of the upper red box showing early neurons seeded in NIM++
at a density of 70.000 cpw. (A, B) Scale bar depicts 400 um.

Neural expansion in NEX prior to neural induction in NIM on day one of neural
differentiation from frozen NPCs increases neurite length per image area regard-
less of the seeding density and the medium composition of NIM used from day 2

onwards (Figure 16).
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Figure 16: Effects of Expansion in NEX prior to induction in NIM on day 1 of neural differentiation
from frozen NPCs on the neurite length per image area (Mean + SD). Neurite length was meas-
ured on day seven of the neural differentiation from NPCs in the different NIM medium composi-
tions and expressed as mm/mm?image area. (A) Seeding density 30.000cpw (31.579 cells/cm?);
(B) Seeding density 50.000 cpw (562.632 cells/cm?; (C) Seeding density 70.000cpw (73.684
cells/cm?).

Our results indicated that neurite length per image area increases with higher
seeding densities in all cells plated in NEX and differentiated in one of the NIM
compositions. The difference in length of neurites per image area between the
seeding density of 50.000 cpw and 70.000 cpw is negligible, compared to when
30.000 cpw and 50.000 cpw are seeded. Moreover, supplementation with BDNF

and GDNF exerted only marginal effects on neurite outgrowth (Figure 16).
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3.4.2 A high degree of complexity and an overlap of neuronal outgrowths

correlates with an increasing cell rate

Considering the tendency of neuron bodies to cluster and thus overlap when
forming higher order clusters (124) and the inability of 2D NeuroTrack analysis to
identify neurites that grow on top of neuronal cell-bodies, we normalized the neu-

rite length to body-cell cluster area.

g 600 - mm 50.000 cpw
g 3 70.000 cpw
S T
T _ 400 W —
@ E e
3 E
OE
s E
=7 200
&
£
; 0= T 1 T T

s Q Q X

3 S x
e\é 4 o 000 é\é
\;\Q \;\é‘

CULTURED IN NEX ON DAY 1 OF
NEURAL DIFFERENTIATION

Figure 17: Bar graph showing neurite length per cell-body cluster area (Mean + SD) when NPCs
were seeded in NEX and differentiated into one of the four NIM compositions at seeding densities
of 50.000 cpw and 70.000 cpw. Neurite length per cell-body cluster area was measured on day

seven of neural differentiation from NPCs and expressed as mm/mm? cell-body cluster area.

Our results indicated that neurite length per cell-body cluster area is higher when
50.000 cpw were seeded in NEX, compared to 70.000 cpw, regardless of the NIM
composition, in which NPCs were differentiated from day 2 onwards. Further-
more, supplementation with BDNF and GDNF exerted only marginal effects on

neurite length per cell-body cluster area (Figure 17).
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Figure 18: Phase contrast images of neurites (yellow) and cell body clusters (blue) from iPSC-
derived early neurons on day 7 of neural differentiation from NPCs. (A) Early neurons at a density
of 50.000 cpw; (B) Early neurons at a density of 70.000 cpw; red arrows marking overlap of neu-
ronal outgrowths not tracked from the analysis (A, B) Early neurons were differentiated from fro-
zen NPCs, that were cultured in NEX on day 1 of differentiation and in NIM++ from day 2 onwards.
Scale bar depicts 400 um.

At a density of 70.000 cpw, early neurons display a high degree of complexity
and overlap of neuronal outgrowths, that cannot be recognized as such by the
analysis (Figure 18).
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3.4.3 BDNF and GDNF supplementation does not affect contamination of

neuronal cultures

We looked for areas contaminated by non-neuronal cells / colonies to investigate
the effect of brain-derived neurotrophic factor (BDNF) and glia-cell-derived
neurotrophic factor (GDNF) on the purity of the early-neuron colonies. Irregularly
distributed, non-neural colonies are found regardless of the supplementation with
GDNF or BDNF (Figure 19).

Figure 19: Phase contrast images of neurites (yellow) and cell body clusters (blue) from iPSC-
derived early neurons on day 7 of neural differentiation from NPCs. (A) Early neurons differenti-
ated from frozen NPCs, that were cultured in NEX on day 1 of differentiation and in NIM-- from
day 2 onwards; (B) Early neurons differentiated from frozen NPCs, that were cultured in NEX on
day 1 of differentiation and in NIM++ from day 2 onwards.; (A, B) Areas circled in red mark
non-neuronal differentiated colonies. Scale bar depicts 400 um.
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3.4.4 Assessment of drug-induced neurotoxicity

Chemotherapy can have significant adverse effects on the central or peripheral
nervous system, affecting the course of treatment. Recognition of drug-induced
neurotoxicity is important to avoid neurological damage and to differentiate treat-
ment-related symptoms from cancer progression into the nervous system (125).
To assess drug-induced neurotoxicity of the chemotherapeutic agents in our
panel, we conducted a label-free neurotoxicity assay, in which we evaluated the
dynamic changes in neurite length of iPSC-derived neural cultures prior and after
drug exposure over a 7-day period. The neurite length was compared to a DMSO-
negative control, whereas as a positive control we used the validated neurotoxic
agent Vincristine (126). 2D iPSC-derived neural cultures were exposed to two
concentrations of each chemotherapeutic agent, the measured IC50 from the
DMG cytotoxicity assessment and the researched cmax values from the litera-
ture. The neural cultures were imaged every 3 hours with the phase-contrast
channel in the IncuCyte Live-Cell Analysis System.

Cmax - oriented IC50 - oriented
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Gedatolisib 10651 nM
Romidepsin 1100 nM

Hydroxylomustin 1000000nM
Azixa 10 nM

Vincristine sulfate 10 nM
Carfilzomib 100 nM
Delanzomib 100 nM
Quisinostat 100 nM
Romidepsin 1 nM

TIC-10 1000 nM

Onc206 1000 nM
7-Hydroxystaurosporine 10 nM
GMX-1778 100 nM
Dinaciclib 10 nM
Gedatolisib 100 nM
AUY922 10 nM
Marizomib 10 nM
Vorinostat 1000 nM
Daporinad 1 nM
Onalespib 10 nM
Belinostat 1000 nM
GDC0084 1000 nM

MTIC 1e5 nM
Geldanamycin 100nM
Panobinostat 10 nM
SNX 2112 100 nM
Ombrabulin 1 nM
Vinorelbine 1 nM
HSP-990 1 nM
Combrestatin A4 0.1 nM
CUDC907 10 nM
Entinostat 1000 nM

0 9 0, 0
100% 75% 50%  25% Hee 9% e B

Vinorelbine 1857 nM
Vincristine sulfate 28 nM
Azixa 1700 nM
Hydroxystaurosporine 1e4 nM
Combretastatin A4 1730 nM
Ombrabulin 4900 nM
Carfilzomib 1929 nM
Delanzomib 1139 nM
Marizomib 191 nM
Belinostat 4e4 nM

TIC-10 11126 nM
Panobinostat 119 nM
Geldanamycin 10200 nM
Dinaciclib 4565 nM
GMX-1778 839 nM
Onc206 198 nM
Quisinostat 7 nM
Vorinostat SAHA 2980 nM
Daporinad 14 nM
HSP-990 1307 nM
SNX-2112 2627 nM
Onalespib 9255 nM
AUY922 2745 nM

Hydroxylomustin 4700 nM
GDC0084 500 nM

MTIC 1962 nM

Entinostat 303 nM
CUDC907 22 nM

Figure 20: In the above clustered heatmaps, each column represents a measurement time point
and each row indicates the percentage of neurite length remaining after treatment with the chemo-
therapeutic agents at the given concentrations on the left compared to the negative control.



Vincristine, a known neurotoxic agent, showed high neurotoxicity from a concen-
tration of 10 nM in our assay. Other agents targeting microtubules, such as azixa,
vinorelbine, combrestastatin A4, and ombrabulin, showed neurotoxic effects at
theri Cmax concentrations. Notably, azixa is neurotoxic even at nanomolar con-
centration. The HDAC-Inhibitor Romidepsin is another agent with strong neuro-
toxic effects, reducing the neurite length notably from a concentration of 1 nM.
The alkylating agents MTIC and hydroxylomustine don'’t affect the neurite length
at their cmax concentration. For hydroxylomustine to exhibit neurotoxic effects,
much higher concentrations are required than can realistically be achieved in pa-
tients. Carfilzomib, Delanzomib and Quisinostat reduce the neurite length notably
from a concentration of 100nM. Most chemotherapeutic agents reduce neurite
length prior to day 3 post-treatment. Some agents require longer exposure times
(e.g., ONC206 at 1000 nM or GMX1778 at 100 nM).
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4. Discussion

Diffuse midline glioma (DMG) has proven to be very challenging to treat. Numer-
ous clinical trials with chemotherapeutic approaches have been conducted over
the course of several decades in efforts to improve the outcome of DMG patients,
none of which have shown promising therapeutic efficacy (127). The aim of this
work is to identify novel therapeutic options for DMG using robust preclinical an-
imal-free cell models. For this purpose, we assessed drug-cytotoxicity against
DMG cells and drug-induced neurotoxicity of a group of thirty novel drugs, includ-
ing five HSP9O0 inhibitors, five microtubule targeting agents, three proteasome
inhibitors, two alkylating agents, two CDK-Inhibitors, two dual inhibitors of PI3K
and mTOR, two NAMPT inhibitors, two dual DRD2 antagonist and ClpP agonist
and seven HDAC inhibitors, one of which, CUCD 907, also acts as a PI3K inhib-

itor.

To evaluate drug-sensitivity of diffuse midline glioma, an in vitro cytotoxicity
screen was performed on five patient-derived DMG cell lines, with half-maximal
inhibitory concentration (IC50) as test endpoint. In our in vitro IC50 assessment,
it is possible to increase drug concentrations to levels far beyond what could be
achieved in vivo. In fact, an important limitation in implementing IC50 results from
nonclinical experimental designs in clinical trials is the very use of concentrations
far greater than those that could be realistically achieved in patients (54). To
achieve therapeutic effects in the clinical setting, the IC50 should be below the
peak concentration (Cmax) — the highest concentration reached in the blood-
stream after systemic administration (55). For indicating the anti-tumor efficacy
of the chemotherapeutic agents, we incorporated the in vitro measured IC50 data
from our screening with the in vivo determined cmax data from the literature. Re-
spectively, we calculated the Cmax/IC50 ratio (potency ratio), with high therapeu-
tic potential leading to high potency ratios and vice versa.

Another recognized limitation of IC50 assessment is the considerably large data
variability, that is highly protocol dependent (128). By keeping all test parameters
(e.g., drug concentration and storage, treatment, and assay duration time, seed-

ing density, medium composition, and volume) constant for all drugs, we tried to

48



minimize potential confounders and provided a more reliable comparison of the

agents.

Furthermore, our simple single-agent DMG sensitivity assay, uses DMG suspen-
sion cells as targets. The simplicity of this cell culture brings fewer interfering
factors, has high replicative potential, and is easy to maintain, but the cell-cell
and cell-extracellular interactions are not as represented as they would be in the
natural heterogeneous tumor mass. More complex models are needed to better

mimic in vivo tumor tissue, such as iPSC-derived organoids or animal models.

A major obstacle between clinical application and tumor targets identification is
the lack of efficient drug delivery across an intact BBB, limiting the central distri-
bution of drugs that are beneficial to treat DMG (59, 60). BBB penetration de-
pends on the expression of influx and efflux transporters and on the properties of
the drug, requiring further more in-depth experiments (129). Furthermore, acqui-
sition of drug resistance via altered mechanisms of cell biology is another com-
plex challenge that is best addressed with combination therapy and warrants fur-

ther investigation (62).

It is important to mention, that the 1C50 values obtained in our in vitro drug re-
sponse screening assay should only be used to compare the agents with each
other and should not be extrapolated to IC50 values obtained in patients. Given
the complexity of treating DMG, further, more in-depth drug validation experi-
ments are needed to identify drugs that not only effectively target the tumor but
also overcome obstacles in the clinical setting.

Drug safety issues remain a major source of attrition of clinical trials (56). In par-
ticular, neurotoxic side effects associated with chemotherapy administered during
treatment can cause fatal damage with long-term disabling effects, limiting treat-
ment options (57). Disruption of the synaptic function plays a major role in the
associated neurotoxic side effects and studies suggest that neurites, as key fea-
tures of the synapse and neural network formation, are sensible targets of chem-
ical toxicity (69, 121, 122). In this thesis, we addressed the risk assessment of
drug induced neurotoxicity of the selected therapeutic candidates and accord-
ingly used the neurite length as test endpoint. Because conventional animal-
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based toxicity assays are not only time-consuming, ethically controversial and
expensinve, but also the results have limited translatability to humans, we used
pluripotent stem cells (iPSCs) to induce human neurons, which we then used for
neurotoxicity screening (130). Initial step in the generation of neural cells from
iPSCs is the induction of iPSCs into neural stem cells (NSCs) (67). The
differentiation of iPSC in NSCs was confirmed by expression of typical neural
stem cell markers such as Nestin, Sox2 and PAX6 by immunocytochemistry.
NPCs were subsequently differentiated into neuronal cultures, that were positive
for the neuron-specific cytoskeletal marker B-lll-tubulin (Tuj1) and dendritic

marker MAP2, thus displaying important requisite markers for early neurons.

In our in vitro singe-agent screening, HSP90 inhibitors HSP990 and SNX2112
and NAMPT inhibitor daporinad were identified as promising anti-DMG candi-

dates.

Based on our in vitro cytotoxicity data, HSP990 strongly reduced the DMG-cell
viability at nanomolar concentrations (avg. IC50=4,1 nM) in all five DMG cell lines.
The IC50 value lies far below the cmax value, suggesting that the drug concen-
tration needed to reduce the DMG cell viability by 50% can be met in the blood-
stream (avg. potency ratio=319). At the IC50 concentration, HSP90 exerted no
effect on neurites, indicating that the drug has no neurotoxic side effects at this
concentration. The moderate neurotoxic effect of HSP990 only at Cmax concen-
tration and the high potency ratio suggests that HSP990 has a wide therapeutic
window. Altogether, our data indicates that HSP990 is a potential novel agent
against DMG.

NAMPT inhibitor daporinad also strongly reduced the DMG-cell viability at very
low concentrations (avg. IC50=0,3 nM) in all five DMG cell lines and demon-
strated a high potency ratio of 46,2. Daporinad exerted no effect on neurites at
the 1C50 concentration. At the cmax concentration of 14 nM, daporinad reduced
the neurite length of iPSC-derived neuronal cultures by 12 % over a seven-day
period, suggesting for a moderate neurotoxic side effect.

The 1C50 values of HSP9O0 inhibitor SNX2112 showed considerable variability
between the different DMG cell lines. The cell line BT869 was the most sensitive
to SNX2112 (IC50=19,6 nM), while DIPGXIIIP* was the most resistant
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(IC50=432,3 nM). On average, the potency ratio was high at 52.5. Discrepancies
in IC50 among the DMG cell lines suggest that more personalized therapies are
required for optimal management of DMG in the future. In addition, SNX2112
showed no neurotoxic effect at its IC50 concentration, yet a 20% decrease in
neurite length at its cmax concentration over a seven-day period and therefore
should be administered with caution due to its neurotoxic side effects. Altogether,
SNX2112 is a potential novel therapeutic approach against DMG, that should be
carefully monitored for its dose-dependent neurotoxic effects.

Our screen indicated high in vitro DMG cytotoxicity at nanomolar concentrations
for combretastatin, and Vinorelbin (avg. Combrestastatin A4-IC50=3.5 nM; avg.
Vinorelbin-IC50=3.5 nM) in all five DMG cell lines. IC50 values are also well be-
low cmax for both agents. At their IC50 concentration, neither drug damages neu-
rites, but at their cmax concentration, they show remarkable neurotoxicity by dra-
matically reducing neurite length by 80% (vinorelbine) and 74% (combrestastatin)
over a seven-day period. Taken together, vinorelbine and combrestatine may be
potential targets of DMG, but their administration should be closely monitored
because of their dose-dependent neurotoxic side effects. Similarly, geldanamycin
and belinostat showed good potency ratios across all cell lines and only mild neu-
rotoxic effects at the IC50 concentration, reducing neurite length by 7% (geldana-
mycinn) and 3% (belinostat), but a very notable neurotoxic effect at cmax con-
centration, reducing neurite length to 51% (geldanamycin) and to 39% (belino-
stat) over a seven-day period.

This screen also revealed high in vitro DMG cytotoxicity for HDAC inhibitor Ro-
midepsin, with IC50 values more than 650-fold below Cmax, suggesting that ro-
midepsin has high anti-tumor potential. Nevertheless, at the cmax concentration
of 1100 nM, romidepsin drastically reduced the neurite length of iPSC-derived
neuronal cultures by 76 % over a seven-day period. Indeed, even at 1nM, neurite
length was reduced to 53% over the course of seven days, suggesting that ro-
midepsin has a very narrow therapeutic window. Similarly, staurosporine, azixa
GMX-1778, AUY922 and Carfilzomib have good potency ratios, yet show high
neurotoxicity from even IC50 levels.
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The HDAC inhibitor panobinostat showed a moderate potency against DMG cells
(avg. 1IC50=21,4nM) with variability between the different DMG cell lines. The cell
line DIPGO07 was the most sensitive to panobinostat (IC50=4,5 nM), while
DIPGXIIIP* was the most resistant (IC50=53,5 nM). On average, the potency ra-
tio was 10,3. Furthermore, Panobinostat showed no neurotoxic effect at 10 nM,
yet a 53% decrease in neurite length at its cmax concentration of only 119 nM

over a seven-day period.

The alkylating agents MTIC and 4-hydroxylomustine along with the HDAC inhib-
itors entinostat and CUDC907 have IC50 values well above cmax in all DMG cell
lines, meaning that the concentration required to kill 50% of DMG cells cannot be
achieved in patients, making the drugs unsuitable for curative therapies. None of
the four drugs had any impact on neurites at their Cmax concentrations, suggest-
ing that they are not neurotoxic in patients. At the IC50 concentration of 4-hydrox-
ylomustine (IC50=1M), which is unattainable in the clinical setting, all neurites
were damaged. Potency ratios of quisinostat, GDC0084 are also very poor for all
DMG cell lines. (Cmax/IC50~0). These drugs showed very low neurotoxicity in
our assay at their Cmax concentrations, implying that they exhibit negligible neu-
rotoxicity in patients. Although these drugs are ineffective in treating diffuse mid-
line glioma because their antitumor potency against DMG is not sufficiently high,
knowledge of their neurotoxic side effects are important for safe administration to

patients in other diseases.

In contrast, vincristine and TIC10, which are also poorly effective against all DMG
cell lines (Cmax/IC50~0), show high neurotoxicity at their cmax concentration.
Thus, they are not only unsuitable as treatment against DMG, but should also be
administered only with great caution in other conditions because of their neuro-
toxic side effects.
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5. Conclusion

Diffuse midline glioma (DMG) has proven very challenging to treat. In this thesis
we performed a single-agent sensitivity drug screen against DMG and a neuro-
toxicity assessment of thirty novel chemotherapeutic agents to search for prom-
ising novel therapies and provide a basis for planning clinical trials. In our screen,
HSP90 inhibitors HSP990 and SNX2112 and NAMPT inhibitor daporinad were
identified as promising anti-DMG candidates with a wide therapeutic window.
IC50 discrepancies among cell lines indicate different sensitivity to various
chemotherapeutic agents, warranting for more personalized therapies in the fu-

ture.

Our in vitro drug screening provides insights into neurotoxicity and efficacy
against various DMG cell lines but does not account for other treatment chal-
lenges such as BBB penetration, drug resistance, and cell-environment interac-
tion. Given the complexity of treating DMG, further, more in-depth drug validation

experiments are needed.
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