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Zusammenfassung 5 

Zusammenfassung 

Bösartige Tumore des Gehirns zählen zu den häufigsten Todesursachen im Kin-

desalter, wobei das H3K27-mutierte diffuse Mittelliniengliom (DMG) zu den töd-

lichsten pädiatrischen Hirntumoren gehört. Die derzeitige Standardtherapie be-

steht aus der Bestrahlung des Tumors mit adjuvanter Gabe von Temozolomid, 

wobei die Überlebenszeit der jungen Patienten nur um wenige Monate verlängert 

wird. An präklinischen Modelsystemen wurden vielversprechende Arzneimittel-

kandidaten identifiziert, jedoch zeigen nur wenige dieser Wirkstoffe positive Ef-

fekte in der Klinik. Dieses eingeschränkte Transferpotential medikamentenba-

sierter Therapien verdeutlicht den Bedarf an neuen DMG-Modellen. Ziel dieser 

Arbeit war es daher, ein repräsentatives In-vitro-DMG-Modell für die Wirkstoffte-

stung zu entwickeln. Zu diesem Zweck wurden dreidimensionale zerebrale Orga-

noide mit H3K27M DMG-Tumorzellen co-kultiviert, was zur Bildung von DMG 

brain organoids (DBO) führte. Einzelzell-CODEX Analysen zeigten, dass die Co-

Kultur eine Tumorzellzusammensetzung (AC-, OC- und OPC-ähnliche Tumorzel-

len) induziert, die der Situation im Tumor stärker ähnelt, als es bei anderen präk-

linischen Modellsystemen der Fall ist. Anschließend wurde ein Behandlungs-

schema etabliert, um die Effekte vielversprechender Arzneimittelkandidaten aus 

der aktuellen Forschung genauer zu charakterisieren. Fluoreszenzmikroskopi-

sche Methoden wurden eingesetzt, um die Verringerung der Tumorzellen in 

DBOs, das Proliferationspotenzial sowie die Zusammensetzung der Tumorzell-

Subpopulationen quantitativ zu analysieren. Speziell die NAMPT-Inhibitoren 

Daporinad und GMX1778 erwiesen sich als potente Wirkstoffe, die die Tumorlast 

der DBOs stark verringerten. Auch die HDAC-Inhibitoren Romidepsin und Pa-

nobinostat zeichneten sich durch eine tumorreduzierende Wirkung aus. Panobi-

nostat verringerte hier speziell die potenziell tumortreibende OPC-ähnliche Sub-

population. Zusätzlich zeigten beide Wirkstoffe eine stark ausgeprägte Prolifera-

tionsinhibition der verbleibenden Tumorzellen. Die Behandlungen mit dem 

DRD2-Antagonisten ONC206 führten ebenfalls zu einer vielversprechenden 

Kombination von DBO-Tumorlastreduktion und Proliferationshemmung. ONC206 

erwies sich als potenter im Vergleich zu seinem Analogon ONC201 und redu-

zierte alle Tumorzellsubpopulationen relativ gleichmäßig. Auch CDK- (Dinaciclib, 

Zotiraciclib) und Proteasom-Inhibitoren (Delanzomib) reduzierten die Tumorlast 
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stark und verringerten die Proliferation der verbleibenden DMG-Zellen. Ein spe-

ziell antiproliferativer Effekt wurde bei allen verwendeten HSP90-Inhibitoren be-

obachtet, wobei sich die Wirkstoffe AUY922 und HSP990 als besonders wirksam 

erwiesen. Wie die Ergebnisse der Behandlungen zeigen, könnten DBOs ein nütz-

liches Instrument zur detaillierten Charakterisierung einzelner therapeutischer Ef-

fekte sein. Ferner ließ sich beobachten, dass die zytotoxische Wirkung mehrerer 

Medikamente (unter anderem Panobinostat, Marizomib sowie AUY922 und 

HSP990) auf H3K27M Zellen in DBOs geringer ausfiel als in anderen In-vitro-

Testungen. Dies lässt eine geringere Sensitivität der Zellen vermuten, was im 

Hinblick auf das therapieresistente Tumorverhalten in der Klinik eine interessante 

Modelleigenschaft sein könnte. Zusammen mit der Möglichkeit, DBOs durch den 

Einsatz moderner Laborgeräte in größeren Mengen zu generieren, könnte das 

Modellsystem dazu beitragen, das translationale Potenzial präklinischen Wirk-

stofftestungen zu erhöhen. 
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Abstract 

Malignant tumors of the brain are among the leading causes of death in child-

hood, with H3K27-mutated diffuse midline glioma (DMG) being one of the most 

lethal pediatric brain tumors. Currently, standard therapy involves radiation of the 

tumor with adjuvant administration of temozolomide, prolonging survival of young 

patients by only a few months. Promising drug candidates have been identified 

using preclinical model systems, but only a few of these agents show positive 

effects in the clinic. This limited translational potential of drug-based therapies 

highlights the need for new DMG models. Therefore, the aim of this work was to 

develop a representative in vitro DMG model for drug testing. Three-dimensional 

cerebral organoids were co-cultured with H3K27M DMG tumor cells for this pur-

pose, resulting in the formation of DMG brain organoids (DBO). Single-cell CO-

DEX analyses showed that co-culture induced a tumor cell composition (AC-, 

OC-, and OPC-like tumor cells) more similar to the situation in the tumor than 

seen in other preclinical model systems. Subsequently, a treatment regimen was 

established to further characterize the effects of promising drug candidates from 

current research. Fluorescence microscopic methods were used to quantitatively 

analyze the reduction of tumor cells in DBOs, the proliferation potential, and the 

composition of tumor cell subpopulations. Specifically, the NAMPT inhibitors 

daporinad and GMX1778 were found to be potent agents that greatly reduced 

the tumor burden of DBOs. The HDAC inhibitors romidepsin and panobinostat 

were also characterized by tumor-reducing properties and panobinostat specifi-

cally decreased the potentially tumor-driving OPC-like subpopulation here. In ad-

dition, both agents showed a strong proliferation inhibition of the remaining tumor 

cells. Treatments with the DRD2 antagonist ONC206 also resulted in a promising 

combination of DBO tumor burden reduction and proliferation inhibition. ONC206 

proved to be more potent compared with its analogue ONC201, reducing all tu-

mor cell subpopulations relatively equally. CDK (dinaciclib, zotiraciclib) and pro-

teasome (delanzomib) inhibitors also strongly reduced tumor burden and de-

creased proliferation of the remaining DMG cells. A specific antiproliferative effect 

was observed with all HSP90 inhibitors used, with AUY922 and HSP990 being 

particularly potent. As shown by the results of the treatments, DBOs could be a 

useful tool for detailed characterization of individual therapeutic effects. Further-

more, it could be observed that the cytotoxic effect of several drugs (including 
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panobinostat, marizomib, AUY922 and HSP990) on H3K27M cells was lower in 

DBOs compared to other in vitro studies. This suggests a lower sensitivity of the 

cells, which could be an interesting model feature with regard to therapy-resistant 

tumor behavior in the clinic. Together with the possibility of generating DBOs in 

larger quantities by using modern laboratory equipment, the model system could 

help to increase the translational potential of preclinical drug testing. 
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Abbreviation 
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BCAS1 Brain enriched myelin associated protein 1 

BIN1 Bridging integrator 1 
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1. Introduction 

Tumors in the central nervous system (CNS) are the second most common can-

cer type worldwide among children under 14 years of age according to the Global 

cancer statistics 2020 from the International Agency for Research on Cancer 

(GLOBOCAN, 2020; Figure 1). This group of cancers is associated with high mor-

tality, whereby the exact location and type of tumor are critical to the prognosis 

of disease progression. In particular, malignant tumors in the brain are difficult to 

treat and represent the leading cause of childhood death in Germany (Kyu et al., 

2018). Among these, pediatric high-grade gliomas (pHGG) are one of the most 

diagnosed brain tumors in children (Sturm et al., 2017) with a diffuse and infiltra-

tive growth pattern. According to the latest WHO classification from 2021, pedi-

atric-type diffuse HGGs are mainly distinguished by their histone mutation status 

(Louis et al., 2021). This work specifically addresses H3K27-altered diffuse mid-

line gliomas (DMGs) and further details on this tumor subtype are provided in the 

following section.     

Figure 1: The five most common tumor types in children. The graph shows incidence and mortality 

based on tumor location in both sexes and in the age range of 0-14 worldwide. Data for the figure are taken 

directly from the international Agency for Research on Cancer`s Global Cancer Observatory website (GLO-

BOCAN 2020; http://gco.iarc.fr). 

1.1 H3K27-altered diffuse midline gliomas  

Diffuse midline gliomas are a particularly aggressive pediatric type of cancer lo-

cated in the midline structures of the brain. They account for approximately 10 % 

- 20 % of newly diagnosed CNS tumors in children and mostly occur in the brain 

stem (Patil et al., 2021). For a long time, relatively little was known about the 
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biology of these tumors as risks of taking biopsies were too high and tumor ma-

terial was rare. Sequencing studies from 2012 provided the first insights into the 

genomic alterations of the tumor (Khuong-Quang et al., 2012; Schwartzentruber 

et al., 2012; Wu et al., 2012) and identified the characteristic point mutation in 

histone 3. The vast majority of DMGs harbors this driver mutation at position 27 

in the histone 3 gene variants H3.1 and H3.3 (Sturm et al., 2017), resulting in a 

lysine to methionine substitution (H3K27M) (Khuong-Quang et al., 2012). This 

H3K27-alteration inhibits the polycomb repressive complex 2 (PRC2), thus im-

pairing epigenetic repression by a global reduction of trimethylation and poten-

tially leading to altered cell differentiation (Buczkowicz et al., 2014; Funato et al., 

2014; Lewis et al., 2013; Sturm et al., 2014). Notably, the pontine localization of 

H3K27M tumors is associated with a particular poor prognosis in patients. Tu-

mors at this location were previously called diffuse intrinsic pontine glioma (DIPG) 

and are now encompassed within the H3K27-altered diffuse midline glioma cat-

egory (Louis et al., 2021). With a median age at diagnosis of 6.8 years and a 

median survival rate of only 11 months, DMGs with pontine localization are the 

leading cause of brain tumor-related death in childhood (Buczkowicz & Hawkins, 

2015; Hoffman et al., 2018). Among other factors, only a patient age of ≤3 years 

and a longer symptom duration at diagnosis are considered predictors of a slightly 

better prognosis (Broniscer et al., 2008; Ueoka et al., 2009). The H3K27 mutation 

in DMGs is often accompanied by partner driver alterations in genes such as 

ACVR1, FGFR1, PDGFRα, PIK3CA, PTEN, MYC and TP53, further contributing 

to tumor aggressiveness (Fontebasso et al., 2014; Funato et al., 2014; Nikbakht 

et al., 2016; Paugh et al., 2013; Taylor et al., 2014). 

New insights have also been gained in the field of intratumoral heterogeneity in 

recent years. Filbin et al. identified distinct tumor cell populations in H3K27M-

gliomas (Filbin et al., 2018). In addition to a more de-differentiated oligodendro-

cyte precursor cell population (OPC-like), more differentiated oligodendrocytic 

(OC-like) and astrocytic (AC-like) tumor cells were found with each subpopulation 

showing expression patterns of marker proteins. OPC-like cells represented a 

more stem-like (dedifferentiated and cycling) population that potentially self-re-

news and gives rise to the other subpopulations. In a publication from 2022, all 

H3K27M-glioma subpopulations were analyzed in context of exact tumor location 

(Liu et al., 2022). Site specificity was found for OPC-like tumor cells, which are 
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increased in the pons in a more immature pre-OPC-like state compared to other 

midline structures such as the thalamus. This may also contribute to the particular 

poor prognosis of H3K27-altered DMGs with pontine localization.   

1.2 Current treatment strategies for H3K27-altered DMGs 

The delicate and difficult-to-access location of the tumor in the midline structures 

of the brain, as well as the diffuse growth into nearby brain areas, severely limit 

the surgical removal of H3K27-altered DMGs. Important insights into the biologi-

cal nature of H3K27-altered DMGs have only been gained in recent years and 

this knowledge has formed the basis for a variety of therapeutic ideas. Preclinical 

testing has led to the identification of potentially interesting drug candidates, how-

ever, despite all efforts, the minority of compounds prolonged survival of the 

young patients (Kluiver et al., 2020). Hypofractionated radiation therapy showed 

no benefit in comparison to conventional radiation therapy (RT) but allowed pa-

tients to achieve rapid symptom relief and a shorter hospital stay (Janssens et 

al., 2009). Efforts to enhance radiation effects further through the use of chemo-

therapeutic interventions showed no clear advantage (Jansen et al., 2015). 

Therefore, fractionated RT with adjuvant temozolomide remains the standard 

treatment, prolonging overall survival only by a few months (El-Khouly et al., 

2019; Gallitto et al., 2019; Leszczynska et al., 2021).   

Despite many drawbacks, a number of clinical trials are planned or ongoing to 

identify new treatment options for pediatric H3K27-altered DMGs (Dalle Ore et 

al., 2023). The recurrent H3K27-mutation in DMGs induces a global hypomethyl-

ation through the inhibition of the methyltransferase PCR2 (Bender et al., 2013; 

Lewis et al., 2013), which negatively affects gene expression. To counteract this 

epigenetic dysregulation, HDAC inhibitors (HDACi) have become an important 

research focus in the field of H3K27-altered DMGs. By inhibiting HDACs, the 

compounds are able to increase histone acetylation, leading to a reduction of 

tightly wound heterochromatin and allowing gene expression in the affected re-

gions (G. Li et al., 2020). Thus, the HDAC inhibitor panobinostat showed promis-

ing effects in preclinical studies and was moved to phase I and II clinical trials 

(Aziz-Bose & Monje, 2019; Grasso et al., 2015). Also, PI3K and mTOR inhibitors 

are under investigation for the treatment of H3K27-altered DMGs. Early genetic 
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analysis revealed frequent amplifications in the RTK-Ras-PI3K-AKT signaling 

network in H3K27-altered DMGs and affected members of this pathway emerged 

as potential therapeutic targets (Paugh et al., 2011; Zarghooni et al., 2010). Due 

to multiple compensatory mechanisms of single protein inhibition of this signal 

pathway, the development of dual inhibitors was advanced (Chang et al., 2019; 

Wright et al., 2021). Structural similarities of the kinase domains of phosphoinosi-

tide 3-kinase (PI3K) and mammalian target of rapamycin (mTOR), further led to 

the development of PI3K/mTOR inhibitors (Wright et al., 2021; H. Yang et al., 

2013). The most promising member of this inhibitor class in the field of brain tu-

mor treatment is paxalisib due to its preclinical tumor-reducing activity in vivo and 

its ability to cross the blood-brain barrier (BBB) at concentrations with moderate 

toxic side effects in glioblastoma patients (Heffron et al., 2016; Wen et al., 2020). 

Furthermore, the FDA awarded the orphan drug designation to paxalisib for rare 

childhood brain cancers in 2022, which supports the possible market launch of 

the drug decisively  (BioSpace, 2022). Clinical trials have been initiated to evalu-

ate the efficacy of the drug in patients with H3K27-altered DMGs as single agent 

treatment or in combination therapy (Table 1: NCT03696355, NCT05009992). 

Another promising therapeutic approach in H3K27-altered DMGs is the use of 

dopamine receptor 2 (DRD2) antagonists. DRD2, a G protein-coupled receptor, 

is known to stimulate tumor growth and has been identified as a potential thera-

peutic target in brain cancers which overexpress the receptor, including H3K27-

altered DMGs (Aziz-Bose & Monje, 2019; J. Li et al., 2014). To counteract this 

upregulated receptor activity, the selective DRD2 antagonist ONC201, which be-

longs to the group of imipridones, was tested by several research groups. Pre-

clinical and clinical studies suggested, that ONC201 is able to cross the BBB and 

first clinical experiences showed objective tumor responses in H3K27-altered 

DMGs with well tolerated doses (Allen et al., 2013; Arrillaga-Romany et al., 2020; 

Chi et al., 2019; Hall et al., 2019). Thereby, intratumoral concentrations of 600 

nM to 9,3 µM were achieved with a weekly oral administration of the drug (Arril-

laga-Romany et al., 2020). Currently, phase II and III studies are ongoing to fur-

ther test the efficacy of ONC201 alone or in combination with other agents in 

H3K27-altered DMG patients (Table1: NCT05009992, NCT05476939 and 

NCT02525692). Phase II and III trials (also for combination therapy) in DMGs are 

currently running (NCT05009992, NCT05476939, NCT02525692 in Table 1). In 
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addition, phase I trials with the promising ONC201-analogue ONC206 are con-

ducted or start in 2023 for newly diagnosed and recurrent DMGs (NCT04541082, 

NCT04732065 in Table 1). Other therapeutical approaches are also in the focus 

of clinical studies and an overview of these trials is provided in Table 1. 

 

Table 1: Current clinical trials for H3K27-altered DMGs. For each trial, the NCT identifier, phase, current 

status and treatment, as well as patient age are listed. The clinical trial registry page clinicaltrials.gov (ac-

cessed in March 2023) was searched to find ongoing or recently finished (in 2022) trials. 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

Non-Invasive Focused Ultrasound (FUS) 

With Oral Panobinostat in Children With 

Progressive Diffuse Midline Glioma (DMG) 

(NCT04804709) 

I Active, not re-

cruiting 

Drug: Panobinostat (HDAC inhibi-

tor); Device FUS 

4-21 

Phase I Study of Marizomib + Panobinostat 

for Children With DIPG (NCT04341311) 

I Active, not re-

cruiting 

Drug: Marizomib (proteasome inhib-

itor), Panobinostat (HDAC inhibitor) 

0-21 

Study of GDC-0084 in Pediatric Patients 

With Newly Diagnosed Diffuse Intrinsic 

Pontine Glioma or Diffuse Midline Gliomas 

(NCT03696355) 

I Completed Drug: Paxalisib (PI3K/mTOR inhibi-

tor); Radiation therapy 

2-21 

Combination Therapy for the Treatment of 

Diffuse Midline Gliomas (NCT05009992) 

II Recruiting Drug: ONC201 (DRD2 antagonist), 

Paxalisib (PI3K/mTOR inhibitor), 

Panobinostat (HDAC inhibitor); Ra-

diation therapy 

2-39 

Trial of Panobinostat in Children With Dif-

fuse Intrinsic Pontine Glioma (PBTC-047) 

(NCT02717455) 

I Active, not re-

cruiting 

Drug: Panobinostat (HDAC inhibitor) 2-21 

Gemcitabine in Newly Diagnosed Diffuse 

Intrinsic Pontine Glioma (NCT02992015) 

I Recruiting Drug: Gemcitabine (antimetabolite) 3-17 

Biological Medicine for Diffuse Intrinsic 

Pontine Glioma (DIPG) Eradication 2.0 

(NCT05476939) 

III Recruiting Drug: ONC201 (DRD2 antagonist), 

Everolimus (mTOR inhibitor); Radio-

therapy 

>= 6 

months 

A Study of Ribociclib and Everolimus Fol-

lowing Radiation Therapy in Children With 

Newly Diagnosed Non-biopsied Diffuse 

Pontine Gliomas (DIPG) and RB+ Biopsied 

DIPG and High-grade Gliomas (HGG) 

(NCT03355794) 

I Completed Drug: Ribociclib (CDK inhibitor), 

Everolimus (mTOR inhibitor) 

1-30 

Fimepinostat in Treating Brain Tumors in 

Children and Young Adults (NCT03893487) 

I Active, not re-

cruiting 

Drug: Fimepinostat (PI3K/HDAC in-

hibitor) 

3-39 

 

https://clinicaltrials.gov/ct2/show/NCT04341311?term=marizomib&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04341311?term=marizomib&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03355794?recrs=abde&cond=DIPG&draw=2&rank=8
https://clinicaltrials.gov/ct2/show/NCT03893487?recrs=abde&cond=DIPG&draw=2&rank=33
https://clinicaltrials.gov/ct2/show/NCT03893487?recrs=abde&cond=DIPG&draw=2&rank=33
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Table 1 continued 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

Abemaciclib in Children With DIPG or Re-

current/Refractory Solid Tumors 

(AflacST1501) (NCT02644460) 

I Recruiting Drug: Abemaciclib (CDK inhibitor) 2-15 

Adavosertib and Local Radiation Therapy 

in Treating Children With Newly Diagnosed 

Diffuse Intrinsic Pontine Gliomas 

(NCT01922076) 

I Completed Drug: Adavosertib (WEE1 inhibitor); 

Radiation therapy 

3-21 

Phase I Study of Oral ONC206 in Recurrent 

and Rare Primary Central Nervous System 

Neoplasms (NCT04541082) 

I Recruiting Drug: ONC206 (DRD2 antagonist) >= 18 

Oral ONC201 in Recurrent GBM, H3 K27M 

Glioma, and Midline Glioma 

(NCT02525692) 

II Active, not re-

cruiting 

Drug: ONC201 (DRD2 antagonist) >= 16 

ONC206 for Treatment of Newly Diag-

nosed, or Recurrent Diffuse Midline Glio-

mas, and Other Recurrent Malignant CNS 

Tumors (PNOC 023) (NCT04732065) 

I Recruiting Drug: ONC206 (DRD2 antagonist); 

Radiation therapy 

2-21 

Stereotactic Biopsy Split-Course Radiation 

Therapy in Diffuse Midline Glioma, SPORT-

DMG Study (NTC05077735) 

II Recruiting Hypofractionated radiation therapy >= 1 

Diffuse Intrinsic Pontine Glioma (DIPG) 

Reirradiation (ReRT) (NCT01469247) 

I/II Completed Radiation therapy 0-17 

CAR T Cells to Target GD2 for DMG 

(NCT05544526) 

I Not yet re-

cruiting 

Biological: GD2 CAR T cells 2-16 

Genetically Modified Cells (KIND T Cells) 

for the Treatment of HLA-A*0201-Positive 

Patients With H3.3K27M-Mutated Glioma 

(NCT05478837) 

I Not yet re-

cruiting 

Biological: Autologous Anti-

H3.3K27M TCR-expressing T-cells; 

Drugs: Cyclophosphamide (alkylating 

agent), Fludarabine (nucleotide ana-

log) 

3-21 

Clinical Trial to Assess the Safety and Effi-

cacy of AloCELYVIR With Newly Diagnosed 

Diffuse Intrinsic Pontine Glioma (DIPG) in 

Combination With Radiotherapy or Medul-

loblastoma in Monotherapy (AloCELYVIR) 

(NCT04758533) 

I/II Recruiting Biological: AloCELYVIR (mesenchy-

mal stem cells with oncolytic adeno-

virus); Radiation therapy 

1-21 

131I-omburtamab Delivered by Convec-

tion-Enhanced Delivery in Patients With 

Diffuse Intrinsic Pontine Glioma 

(NCT05063357) 

I Not yet re-

cruiting 

Biological: 131I-omburtamab (radio-

labeled antibody); Device: Convec-

tion Enhanced Delivery 

3-21 

 

https://clinicaltrials.gov/ct2/show/NCT05063357?recrs=abd&cond=DIPG&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05063357?recrs=abd&cond=DIPG&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05063357?recrs=abd&cond=DIPG&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05063357?recrs=abd&cond=DIPG&draw=2&rank=1
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Table 1 continued 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

Nimotuzumab in Combined With Concur-

rent Radiochemotherapy in the Treatment 

of Newly Diagnosed Diffuse Intrinsic Pon-

tine Glioma (DIPG) in Children 

(NCT04532229) 

III Recruiting Biological: Nimotuzumab (anti-EGFR 

antibody); Radiation therapy 

3-15 

Brain Stem Gliomas Treated With Adoptive 

Cellular Therapy During Focal Radiother-

apy Recovery Alone or With Dose-intensi-

fied Temozolomide (Phase I) (BRAVO) 

(NCT03396575) 

I Recruiting Biological: TTRNA-DC vaccine, HSC; 

Drug: Cyclophosphamide (alkylating 

agent), Fludarabine (nucleotide ana-

log), Temozolomide (alkylating 

agent) 

3-30 

A Study of Low Dose Bevacizumab With 

Conventional Radiotherapy Alone in Dif-

fuse Intrinsic Pontine Glioma 

(NCT04250064) 

II Recruiting Biological: Bevacizumab (anti-VEGF 

antibody); Ultra-low-dose radiation 

therapy  

3-18 

Expanded Access to OKN-007 for Patients 

With Diffuse Midline Glioma, H3 K27-al-

tered (NCT05518838) 

Ex-

panded 

access 

Available Drug: OKN-007 (gene regulating 

small molecule) 

1-18 

A Study of BXQ-350 in Children With Newly 

Diagnosed Diffuse Intrinsic Pontine Glioma 

(DIPG) or Diffuse Midline Glioma (DMG) 

(NCT04771897) 

I Recruiting Drug: BXQ-350 (synthetic lysosomal 

protein targeting phosphatidylserine 

(PS) lipids) 

1-30 

Blood-brain Barrier (BBB) Disruption Using 

Exablate Focused Ultrasound With Doxo-

rubicin for Treatment of Pediatric DIPG 

(NCT05630209) 

I/II Recruiting Drug: Doxorubicin (antracycline); 

Device: Exablate 

5-21 

Pediatric Trial of Indoximod With Chemo-

therapy and Radiation for Relapsed Brain 

Tumors or Newly Diagnosed DIPG 

(NCT04049669) 

II Recruiting Drug: Indoximod (IDO/TDO inhibi-

tor), Temozolomide and Cyclophos-

phamide (alkylating agents), Etopo-

side (topoisomerase inhibitor), Lo-

mustine (alkylating agent); Radia-

tion therapy 

3-21 

rHSC-DIPGVax Plus Checkpoint Blockade 

for the Treatment of Newly Diagnosed 

DIPG and DMG (NCT04943848) 

I Recruiting Biological: rHSC-DIPGVax (off-the-

shelf neo-antigen heat shock pro-

tein); Biologicals: Balstilimab (anti-

PD-1 antibody), Zalifrelimab (anti-

CTLA4 antibody) 

1-18 

PEP-CMV Vaccine Targeting CMV Antigen 

to Treat Newly Diagnosed Pediatric HGG 

and DIPG and Recurrent Medulloblastoma 

(NCT05096481) 

II Not yet re-

cruiting 

Biological: PEP-CMV vaccine; Drug: 

Temozolomide (alkylating agent) 

3-25 

 

https://clinicaltrials.gov/ct2/show/NCT04532229?recrs=abde&cond=DIPG&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT04532229?recrs=abde&cond=DIPG&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT04532229?recrs=abde&cond=DIPG&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT04532229?recrs=abde&cond=DIPG&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT04532229?recrs=abde&cond=DIPG&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT04250064?recrs=abd&cond=DIPG&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT04250064?recrs=abd&cond=DIPG&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT04250064?recrs=abd&cond=DIPG&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT04250064?recrs=abd&cond=DIPG&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT05630209?recrs=abde&cond=DIPG&draw=2&rank=9
https://clinicaltrials.gov/ct2/show/NCT05630209?recrs=abde&cond=DIPG&draw=2&rank=9
https://clinicaltrials.gov/ct2/show/NCT05630209?recrs=abde&cond=DIPG&draw=2&rank=9
https://clinicaltrials.gov/ct2/show/NCT05630209?recrs=abde&cond=DIPG&draw=2&rank=9
https://clinicaltrials.gov/ct2/show/NCT04049669?recrs=abde&cond=DIPG&draw=2&rank=13
https://clinicaltrials.gov/ct2/show/NCT04049669?recrs=abde&cond=DIPG&draw=2&rank=13
https://clinicaltrials.gov/ct2/show/NCT04049669?recrs=abde&cond=DIPG&draw=2&rank=13
https://clinicaltrials.gov/ct2/show/NCT04049669?recrs=abde&cond=DIPG&draw=2&rank=13
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Table 1 continued 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

A Phase 1/2 Study of Sonodynamic Ther-

apy Using SONALA-001 and Exablate 4000 

Type 2 in Patients With DIPG 

(NCT05123534)  

II Recruiting Combination product: SONALA 

(ALA), MRgFUS (MR-guided ultra-

sound device) 

>= 5 

PEACH TRIAL- Precision Medicine and 

Adoptive Cellular Therapy (PEACH) 

(NCT04837547) 

I Recruiting Biological: TTRNA-xALT (Tumor-spe-

cific ex vivo expanded autologous 

lymphocyte transfer) 

1-30 

Vorinostat and Temsirolimus With or 

Without Radiation Therapy in Treating 

Younger Patients With Newly Diagnosed or 

Progressive Diffuse Intrinsic Pontine Gli-

oma (NCT02420613) 

I Active, not re-

cruiting 

Drug: Temsirolimus (mTOR inhibi-

tor), Vorinostat (HDAC inhibitor) 

7 months - 

21 years 

H3.3K27M Peptide Vaccine With 

Nivolumab for Children With Newly Diag-

nosed DIPG and Other Gliomas 

(NCT02960230) 

I/II Active, not re-

cruiting 

Biological: K27M peptide; Drug: 

Nivolumab (anti-PD-1 antibody) 

3-21 

A Study of the Drug Selinexor With Radia-

tion Therapy in Patients With Newly Diag-

nosed Diffuse Intrinsic Pontine (DIPG) Gli-

oma and High-Grade Glioma (HGG) 

(NCT05099003) 

I/II Recruiting Drug: Selinexor (XPO1 inhibitor); Ra-

diation therapy 

1-21 

CBL0137 for the Treatment of Relapsed or 

Refractory Solid Tumors, Including CNS Tu-

mors and Lymphoma (NCT04870944) 

I/II Active, not re-

cruiting 

Drug: CBL0137 (FACT complex inhib-

itor) 

1-30 

Oral AMXT 1501 Dicaprate in Combination 

With IV DFMO (NCT05500508) 

I/II Recruiting Drug: AMXT1501 (polyamine 

transport inhibitor), DFMO (ODC in-

hibitor) 

>= 12 

Pembrolizumab in Treating Younger Pa-

tients With Recurrent, Progressive, or Re-

fractory High-Grade Gliomas, Diffuse In-

trinsic Pontine Gliomas, Hypermutated 

Brain Tumors, Ependymoma or Medullo-

blastoma (NCT02359565) 

I Recruiting Biological: Pembrolizumab (anti-PD1 

antibody) 

1-29 

Study of B7-H3-Specific CAR T Cell Locore-

gional Immunotherapy for Diffuse Intrinsic 

Pontine Glioma/Diffuse Midline Glioma 

and Recurrent or Refractory Pediatric Cen-

tral Nervous System Tumors 

(NCT04185038) 

I Recruiting Biological: SCRI-CARB7H3(s) (B7H3-

specific chimeric antigen receptor 

(CAR) T cells) 

1-26 
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Table 1 continued 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

A Phase 1b Study of PTC596 in Children 

With Newly Diagnosed Diffuse Intrinsic 

Pontine Glioma and High-grade Glioma 

(NCT03605550) 

I Recruiting Drug: PTC596 (BMI-1 inhibitor) 1-21 

Dose Escalation Study of CLR 131 in Chil-

dren, Adolescents, and Young Adults With 

Relapsed or Refractory Malignant Tumors 

Including But Not Limited to Neuroblas-

toma, Rhabdomyosarcoma, Ewings Sar-

coma, and Osteosarcoma (CLOVER-2) 

(NCT03478462) 

I Recruiting Drug: CLR131 (small-molecule phos-

pholipid iodine-131 conjugate) 

2-25 

A Phase I Study of Mebendazole for the 

Treatment of Pediatric Gliomas 

(NCT01837862) 

I/II Recruiting Drug: Mebendazole (anthelmintic), 

Vincristine (cytostatic agent), Car-

boplatin (cytostatic agent), Te-

mozolomide (alkylating agent), Iri-

notecan (topoisomerase inhibitor); 

Biological: Bevacizumab (anti-VEGF 

antibody) 

1-21 

INCB7839 in Treating Children With Recur-

rent/Progressive High-Grade Gliomas 

(NCT04295759) 

I Recruiting Drug: INCB7839 (ADAM inhibitor) 3-21 

Phase I Study of APX005M in Pediatric CNS 

Tumors (NCT03389802) 

I Recruiting Biological: APX005M (CD40 agonist 

antibody) 

1-21 

Phase I Study of Mebendazole Therapy for 

Recurrent/Progressive Pediatric Brain Tu-

mors (NCT02644291) 

I Completed Drug: Mebendazole (anthelmintic)  1-21 

A Study of Cabozantinib as a Maintenance 

Agent to Prevent Progression or Recur-

rence in High-Risk Pediatric Solid Tumors 

(NCT05135975) 

II Recruiting Drug: Cabozantinib (tyrosine kinase 

inhibitor) 

18 months-

40 years 

A MultIceNTER Phase I Peptide Vaccine 

Trial for the Treatment of H3-Mutated Gli-

omas (INTERCEPT-H3) (NCT04808245) 

I Recruiting Biological: H3K27M peptide vaccine, 

Tecentriq (anti-PD-L1 antibody); 

Drug: Imiquimod (virostatic agent) 

>= 18 

International Cooperative Phase III Trial of 

the HIT-HGG Study Group (HIT-HGG-2013) 

(HIT-HGG-2013) (NCT03243461) 

III Recruiting Drug: Temozolomide (alkylating 

agent), Valproic acid (HDAC inhibi-

tor) 

3-17 

C7R-GD2.CAR T Cells for Patients With 

GD2-expressing Brain Tumors (GAIL-B) 

(NCT04099797) 

I Recruiting Biological: (C7R)-GD2.CART cells, 

Drugs: Cyclophosphamide (alkylat-

ing agent), Fludarabine (nucleotide 

analog) 

1-21 
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Table 1 continued 

Study title and NCT identifier: Phase: Status: Treatment: Age 

(years): 

A Study of Pomalidomide Monotherapy for 

Children and Young Adults With Recurrent 

or Progressive Primary Brain Tumors 

(NCT03257631) 

II Active, not re-

cruiting 

Drug: Pomalidomide (immune mod-

ulator) 

1-21 

A Study of Bempegaldesleukin (BEMPEG: 

NKTR-214) in Combination With 

Nivolumab in Children, Adolescents and 

Young Adults With Recurrent or Treat-

ment-resistant Cancer (PIVOT IO 020) 

(NCT04730349) 

I/II Completed Biological: Nivolumab (anti-PD-1 an-

tibody), NKTR-214 (IL2 pathway ago-

nist) 

0-30 

1.3 Model systems for drug testing in pediatric brain tumors 

Disease-specific models such as laboratory animals or cell culture-based sys-

tems are essential for preclinical testing of new drug candidates. In recent years, 

a variety of approaches have been followed for model development, from which 

the most important in the field of pediatric brain tumors are outlined in more detail 

below.     

1.3.1 H3K27-altered DMG cell lines 

Culturing tumor cells to evaluate the efficacy of new therapies is an essential 

component of current drug testing (Mirabelli et al., 2019). There is a large number 

of established and well-characterized cell lines available for multiple cancer 

types. Generating cell lines from pediatric brain tumors has been particularly dif-

ficult in the past and it was only after 2000 that there was increasing success in 

this area, largely due to the use of neurosphere culture (Xu et al., 2015). This 

culture method allows tumor cells to grow in a 3D-like manner, which preserves 

tumor-specific gene expression profiles and maintains their tumor-initiating po-

tential. But important factors like the tumor microenvironment (TME) are missing 

and artificial cell culture conditions can lead to the selection of specific tumor 

subpopulations (Caragher et al., 2019). Nevertheless, cell lines are particularly 

valuable for tumor entities with limited tissue availability, like H3K27-alterd DMG. 

The successful establishment of a patient-derived cell line in this case was first 

reported in 2011 (Monje et al., 2011). The introduction of biopsy sampling in 
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young DMG patients led to an increase in patient-derived cell lines (Z. Li & 

Langhans, 2021) and a detailed protocol for cell line generation from autopsy 

tissue was published in 2017 (Lin & Monje, 2017). The cultivation of DMG cells 

from biopsy or autopsy samples enabled high-throughput drug testing to identify 

interesting drug candidates for subsequent clinical trials (Lin et al., 2019).  

1.3.2 Orthotopic patient derived xenograft mouse models of H3K27-

altered DMGs  

Brain tumor xenograft models involve the growth of human brain cancer cells in 

immunodeficient mice. The intercranial orthotopic injection of tumor cells allows 

tumor growth in the anatomical site of the mouse brain corresponding to the tumor 

origin and embeds cells into a specific brain-like TME. These mouse models have 

contributed significantly to the current knowledge of tumorigenesis and have be-

come an essential component in the development of safe and effective antitumor 

therapies (Singh & Seed, 2021). Orthotopic patient-derived xenograft (PDX) are 

of special importance, since a microenvironment that differs from the original an-

atomical location of the tumor can decisively alter the properties of cancer cells 

(Katsuta et al., 2020). Since Monje et al., 2011 established biopsy and autopsy 

samples as cell sources for the first H3K27-altered DMG PDX model system, 

many orthotopic PDX models have been developed (Harutyunyan et al., 2019; 

Piunti et al., 2017; Tsoli et al., 2019). These have been used for preclinical testing 

of promising drug candidates such as panobinostat, marizomib and ONC201 

(Duchatel et al., 2021; Lin et al., 2019), providing the data needed for the initiation 

of clinical trials. In addition to specific antitumor effects, orthotopic PDX models 

can be used to analyze important parameters for drug use in brain tumor patients, 

such as BBB permeability and organ-specific toxicities (Hennika et al., 2017). 

Therefore, the use of the model system is a valuable tool in preclinical drug test-

ing, however, the complex and time-consuming procedure of model generation 

limits its application in larger drug screens. Furthermore, high variabilities in 

DMG-PDX generation protocols complicates the comparison of results between 

different laboratories and between the model and the actual tumor, which led to 

recent and initial efforts toward standardization of protocols (’t Hart et al., 2023).  
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1.3.3 Brain tumor organoids  

Organoids are playing an increasingly important role in brain tumor research (Z. 

Li & Langhans, 2021) and the groundwork for their use was done in 2016. Hubert 

et al. embedded glioblastoma cells from tumor resections into matrigel, which 

resulted in the formation of glioblastoma organoids (GBO) within a few weeks. To 

better model the highly invasive growth of glioblastoma cells and to provide a 

human-like TME, developing cerebral organoids (derived from human embryonic 

stem cells) were combined with glioblastoma spheres for the first time in 2018 

(da Silva et al., 2018). Tumor cells spontaneously infiltrated the organoid, result-

ing in the formation of glioblastoma corticoids (GLICO). GLICOs exhibited key 

features of the primary tumor and were therefore used for therapy testing 

(Linkous et al., 2019). Interestingly, tumor cells grown in the microenvironment of 

cerebral organoids showed similar resistances to treatments as seen in patients 

that were absent in conventional 2D cell culture testing. It should be noted, how-

ever, that due to the in vitro nature of the organoid model system, important phys-

iological components of the brain such as the blood-brain barrier and immune 

cells are not represented. Nevertheless, the aforementioned realistic response of 

tumor cells to drugs makes the co-culture model particularly interesting for ther-

apeutic research in childhood brain tumors, which respond poorly to drugs in the 

clinic as well. To date, there are only a few organoid models of pediatric brain 

tumors used in research, which particularly concerns pHGGs (Riedel et al., 2022). 

In the case of H3K27-altered DMGs, there is currently no co-culture model of 

tumor cells with cerebral organoids available.  

1.4 Characterizing tumor tissues and model systems with 

multiplexed fluorescence imaging 

Genomic instability and external environmental conditions lead to a very hetero-

genous composition of tumor cells in cancer (McGranahan & Swanton, 2017). 

The emergence and increased use of single-cell analysis, such as single-cell se-

quencing (RNA or DNA), has helped to also capture the intratumoral heteroge-

neity in case of DMGs (Nicholson & Fine, 2021). Current single-cell sequencing 

protocols require the prompt dissociation of freshly collected tissue into single 

cells, followed by extraction, amplification, and sequencing of DNA or RNA from 
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each cell (Tang et al., 2019). However, the availability of fresh tissue is extremely 

limited for rare tumor types such as H3K27-altered DMGs that are not treated 

surgically. The emergence of high-multiplexed tissue imaging (HMTI) in recent 

years (Einhaus et al., 2023) now allows single-cell analysis of formalin-fixed par-

affin-embedded tissue (FFPE), which is more readily available. CO-Detection by 

indEXing (CODEX) is one of the more recent developments in HMTI and uses 

DNA oligonucleotide-coupled antibodies that are sequential detected with com-

plementary fluorophore-coupled DNA oligonucleotides (reporters) for protein de-

tection (Black et al., 2021). A detailed method overview is provided in Figure 2. 

First, suitable antibodies are conjugated with a unique nucleotide-based barcode. 

FFPE tissue sections can then be stained with a panel of up to 60 antibodies at 

a time and antibodies are permanently fixed to the tissue. Detection is performed 

in iterative cycles, with three reporters hybridized, detected and dehybridized per 

cycle. As many cycles are performed in sequence as necessary to detect all an-

tibodies and the respective proteins. Within the resulting whole-slide image, indi-

vidual cell segments can be determined, and each individual cell can thus be 

characterized on the basis of individual protein signals from antibody detection. 

This means that not only more cells can be characterized at once than with con-

ventional sequencing methods, but also that the tissue architecture is preserved, 

and spatial aspects can be analyzed. However, fewer markers can be examined 

at once and the choice of the right antibodies is very important for the analysis. 
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Figure 2: Co-Detection by indEXing (CODEX) procedure. 1: Conjugation of antibodies with unique DNA 

barcodes. 2: Cycle-wise detection of antibodies using complementary DNA reporters coupled with fluoro-

phores. 3: Marker population analysis based on the acquired fluorescence images.   
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1.5 Goal of this thesis 

Modeling the therapeutic response of tumor cells in vitro is a complex and multi-

factorial task. Interactions between tumor cells and their microenvironment (e.g., 

non-malignant cells or extracellular matrix (ECM)) influence treatment resistance 

and progression of malignancies in the brain and must be addressed in 3D mod-

els (Da Ros et al., 2018; Langhans, 2018). Furthermore, tumors like H3K27-al-

tered DMGs exhibit a heterogeneous tumor cell composition (Filbin et al., 2018; 

Liu et al., 2022), which further challenges the identification of treatments to which 

all subpopulations will respond sufficiently. Aim of this thesis was to develop a 

new in vitro model for drug testing, which provides a human brain-like TME for 

H3K27-altered DMG cells and exhibits a realistic tumor cell composition (see Fig-

ure 3). A protocol was developed to introduce tumor cells into developing cerebral 

organoids to model a human brain-like TME. To analyze tumor cell composition, 

the multiplex fluorescence CODEX system was established as part of this work. 

The generated model could thus be validated on the basis of single-cell analysis 

data through comparison to primary tumor samples and other commonly used 

model systems. In addition, a treatment protocol for drug testing was developed 

and the effects of promising drug candidates on tumor cells were analyzed based 

on decrease in tumor burden, proliferation inhibition and remaining tumor cell 

composition. By providing a new and realistic tumor model, this thesis was in-

tended to increase the predictive power of preclinical drug screens for future treat-

ment of H3K27-altered DMGs.  
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Figure 3: A new H3K27-altered DMG model for preclinical drug testing. H3K27M tumor cells were in-

troduced into cerebral organoids to generate DMG brain organoids (DBO). The model system was validated 

by comparison (tumor cell composition) with primary tumor samples and other DMG models and used for 

analysis of treatment effects induced by promising drug candidates. 
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2. Material and Methods 

2.1 Cell culture 

2.1.1 DMG tumor cells 

ZsGreen labeled H3.3K27-mutated BT869 cells were provided by the Ligon Lab 

(Dana-Farber Cancer Institute) and cultured as neurospheres in a humidified in-

cubator at 37°C with 5 % CO2 using vented T75 culture flasks. For complete cul-

ture medium, a base medium was first prepared (tumor stem media (TSM) Base), 

to which temperature-sensitive components were added immediately before use. 

The TSM Base medium consisted of a 1:1 mixture of Neurobasal-A medium and 

DMEM/-12. HEPES Buffer, MEM Sodium Pyruvate, MEM Non-essential Amino 

Acid, GlutaMax and Antibiotic-Antimycotic solutions were added to a 1x end con-

centration. TSM Base was then passed through a sterile 0,2 µm filter and stored 

at 4°C. For the complete culture medium (TSM Full), B-27 without vitamin A (1x 

working concentration) and growth factors EGF, FGF (20 ng/ml) and PDGF-AA, 

PDGF-BB (10 ng/ml) were supplemented to the base medium. Finally, heparin 

was added to a concentration of 2 µg/ml and the medium was strained through a 

sterile 0,2 µm filter. TSM Full medium was stored at 4°C and needed volumes 

were warmed up to 37°C immediately before use in the water bath. BT869 cells 

were regularly (every 2-3 days) supplied with fresh medium and split to avoid 

acidotic culture conditions. Therefore, a part of the cell suspension was aspirated 

and fresh, warmed TSM Full medium was carefully added to the remaining cells 

in the flask.  

For cryopreservation, neurosphere suspension was removed from the flask and 

transferred in a 15 ml conical tube. After centrifugation for 3 min at 300x g, the 

supernatant was discarded, and the pellet was gently resuspended in cold freez-

ing medium (TSM Base with 10 % DMSO) without destroying the tumor cell 

spheres. The suspension was then transferred to cryovials and frozen in a freez-

ing container at -80°C. After two days cells were moved to storage boxes at -

80°C. Usually one ml with a couple of million cells was frozen per cryovial.  

For thawing cryopreserved cells, cryovials were retrieved from -80°C and quickly 

thawed at 37°C in a water bath. Thawed cells were carefully transferred in a 15 
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ml conical tube containing 9 ml of pre-warmed DMEM/F-12 and centrifuged at 

300x g for 3 min. Supernatant was discarded and tumor spheres were gently 

resuspended in pre-warmed TSM Full. The suspension was transferred into a 

culture flask and incubated at 37°C and 5 % CO2. Depending on thawed sphere 

numbers, T25 or T75 culture flasks were used with 8-15 ml TSM Full for culture 

initiation.      

2.1.2 iPSC culture 

The human induced pluripotent stem cell (iPSC) line HMGU (received from Helm-

holtz Center Munich) was cultured in mTesR Plus medium, using matrigel-coated 

6-well plates under standard cell culture conditions (37°C, 5 % CO2). When 

reaching 80 % confluency, iPSCs were passaged to ensure continuous cell 

growth. At least 3 h before passaging, 6-well plates were coated with matrigel. 

For this purpose, matrigel was thawed on ice and diluted 1:100 in cold DMEM/F-

12. Typically, 1 ml of the matrigel-DMEM mixture was used to coat one well of 

the culture plate. The 6-well plates were then placed in the incubator and stored 

at 37°C until use. Coated wells were washed with warm DMEM/F-12 and 1,5 ml 

of pre-warmed mTesR Plus were added per well. iPSCs were retrieved from the 

incubator and consumed medium was removed. Cells were carefully washed with 

pre-warmed DMEM/F-12. After removing the washing solution, 1 ml ReLeSR was 

added per well to detach the cell colonies. After 30-40 sec of incubation at room 

temperature, ReLeSR was removed, iPSC plates were transferred to an incuba-

tor and incubated at 37°C for 7-10 min. 2 ml DMEM/F-12 were added per well 

using a 5 ml serological pipette to gently wash cells from the surface. Floating 

colonies were transferred to a conical tube and additional 5-20 ml of DMEM-F-12 

were used to collect the entire well of iPSCs. After pelleting cells at 300x g for 5 

min, the supernatant was aspirated, and the pellet was carefully resuspended in 

warm mTeSR Plus. 500 µl of cell suspension was transferred to each well of the 

6-well plate to reach a final volume of 2 ml. The mTeSR Plus medium was 

changed every second day (2 ml) and double feedings of 4 ml mTeSR Plus per 

well were performed for longer incubation periods of maximum 3 days. 
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To freeze iPSCs, colonies were detached from wells as described above. After 

pelleting, colonies were resuspended in Bambanker freezing medium. Cell solu-

tions were transferred to cryovials and placed in a freezing container. After two 

days at -80°C cryovials were placed in storage boxes at -80°C.  

For thawing iPSCs, matrigel-coated 6-well plates were prepared as described 

above. After washing, 1,5 ml of warm mTeSR Plus were added per well along 

with 2 µl of 10 mM Rock inhibitor solution. iPSCs were removed from the -80°C 

freezer and quickly thawed in the water bath. The cell solution was then trans-

ferred to a 15 ml conical tube containing 10 ml pre-warmed DMEM/F-12. After 

pelleting at 300x g for 5 min, the supernatant was aspirated and warm mTeSR 

Plus was added to the pellet. By gently snapping the tube with fingers, the pellet 

was resuspended. 500 µl of iPSC solution was added per well of the 6-well plate 

to achieve a final volume of 2 ml with 10 µM Rock inhibitor. After 24 h medium 

was replaced with 2 ml of mTeSR Plus without Rock inhibitor, and the cells were 

cultured for further use.        

2.1.3 DMG brain organoid generation  

BT869 cells were co-cultured with cerebral organoids to form brain tumor organ-

oids. An adapted protocol from Lancaster & Knoblich, 2014 by STEMCELL Tech-

nologies (STEMdiff Cerebral Organoid Kit) was used to differentiate cerebral or-

ganoids. To increase the quantity of DBO generation, the Assist Plus pipetting 

robot and multichannel pipettes from Integra were used. A schematic represen-

tation of the co-culture protocol is shown in Figure 8.  

Day 0: Seeding of iPSCs for EB formation  

At the start of the co-culture protocol, 50 ml of embryoid body (EB) formation 

medium were prepared by combining 40 ml Basal Medium I with 10 ml Supple-

ment A to generate EBs out of iPSCs. To ensure survival of the HMGU iPSCs 

after seeding, EB seeding medium was prepared by adding 10 µM of Rock inhib-

itor to EB formation medium. iPSCs were used, when showing large colonies 

(confluency around 80 %) with smooth edges and dense centers. Medium was 

aspirated from cells and wells were washed with pre-warmed DMEM/F-12. After 

removing the wash solution, 1 ml of Gentle Cell Dissociation Reagent was added 

per well and iPSC plates were incubated at 37°C for 8-10 min. Using 1 ml of pre-
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warmed DMEM/F-12, cells were gently rinsed off and transferred to a conical 

tube. Wells were rinsed with additional milliliters of DMEM-F-12 and cells were 

added to the conical tube. After centrifugation at 300x g for 5 min, the supernatant 

was aspirated and iPSCs were resuspended in EB seeding medium. Cells were 

counted using a Countess cell counter. 9000 cells in 100 µl EB seeding medium 

were seeded per well of an ultra-low 96-well U-bottom plate using the Assist Plus 

Pipetting Robot. Plates were transferred to an incubator and left undisturbed for 

at least 24 h at 37°C. On day 2 and 4, 100 µl of EB formation medium were added 

per well and iPSCs formed EBs until day 5 with round, smooth edges. 

Day 0: Tumor cell seeding       

BT869 cells were transferred to a 50 ml conical tube and centrifuged for 5 min at 

300x g. After aspirating the supernatant, cells were resuspended in 1 ml of Try-

pLE and incubated for 2-3 min at room temperature. 9 ml of pre-warmed 

DMEM/F-12 were added afterwards. To remove undissociated tumor spheres, 

the cell solution was strained though a 70 µm cell strainer and collected in a fresh 

50 ml conical tube. The tube was centrifuged at 300x g for 5 min and the resulting 

supernatant was aspirated. After resuspending cells in 1 ml of warm TSM Full 

medium, cell numbers were measured with a Countess cell counter. 5000 cells 

in 100 µl TSM Full per well were seeded into an ultra-low 96-well U-bottom plate 

using the Assist Plus Pipetting Robot. Plates were placed in the incubator at 37°C 

and 100 µl of TSM Full per well were added on the following days 2 and 4. During 

this incubation time, BT869 cells formed one big tumor sphere per well.  

Day 5: Neural induction in EBs   

To induce neural ectoderm in EBs, 50 ml of induction medium was prepared by 

adding 0,5 ml Supplement B to 49,5 ml Basal Medium I. 300 µl of pre-warmed 

induction medium per well was transferred to a fresh ultra-low 96-well U-bottom 

plate. One EB per well was transferred (using wide bore tips) to the induction 

medium containing 96-well plate. Plates were cultivated at 37°C until day 7 and 

EBs developed optically translucent edges.  
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Day 7: Expansion of neuroepithelia in early cerebral organoids and co-culture 

start with tumor spheres     

For expanding neuroepithelia in early cerebral organoids, 25 ml of cold expansion 

medium was prepared. 0,5 ml thawed matrigel (mechanical support for expan-

sion), 0,5 ml Supplement D, together with 0,25 ml Supplement C were added to 

24,25 ml of Basal Medium II. 245 µl expansion medium per well were transferred 

to a fresh ultra-low 96-well U-bottom plate. One EB and one tumor sphere were 

transferred to each well using wide bore pipetting tips. Plates were incubated at 

37°C until day 10.  

Day 10: DBO maturation  

On day 10, early DBOs were embedded in matrigel to further support maturation 

and expansion of neuroepithelia. Therefore, matrigel was thawed on ice and or-

ganoid embedding sheets were placed in sterile 100 mm dishes. Before starting 

the embedding process, 6-well plates were filled with 3 ml of warm cerebral mat-

uration medium (COMAT) per well. COMAT consists of a 1:1 mixture of Neuro-

basal-A medium and DMEM/F-12. Furthermore, GlutaMax, B-27, MEM Non-es-

sential Amino Acid and N2 supplements were added to a final 1x concentration. 

After adding 2,5 µg/ml Insulin and 50 µM of 2-mercaptoethanol, the medium was 

strained through an 0,2 µm sterile filter. Using a pipette with wide bore tip, DBOs 

were carefully transferred to the embedding sheet and excess medium around 

DBOs was removed. To each, DBO 20 µl of matrigel was added. Organoids were 

then positioned in the center of the matrigel drop and sheets were incubated at 

37°C for 10-15 min inside the petri dishes. To avoid early polymerization of the 

matrigel, a maximum of 12 organoids were embedded simultaneously. After so-

lidification of the matrigel droplets, sheets were grasped with sterile tweezers and 

positioned over the COMAT-filled 6-well plates. DBOs were gently rinsed of the 

sheet with warm COMAT. An amount of six organoids were added per well. 6-

well plates were incubated at 37°C for 24 h undisturbed and then placed on an 

orbital shaker in the incubator with constant shaking at 80 rpm. DBOs were culti-

vated on the shaker for at least 50 additional days. Organoids were checked reg-

ularly under the microscope. Medium was changed every 2-3 days using either 

TSM Full medium to support tumor cell growth or COMAT to promote organoid 

maturation.                 



2 Material and Methods 34 

2.2 DBO treatment scheme 

Fully matured DBOs were thoroughly inspected to ensure good organoid quality. 

Drug treatment was performed in 6-well plates with three organoids and 3 ml 

COMAT medium per well. A total of 30 compounds was tested and the drug se-

lection was based on a recent preclinical high-throughput drug screen with 

H3K27-alterd DMG cells (Lin et al., 2019). To further limit the number of drugs, 

potent compounds from this screening were assessed by most recent information 

available from clinical trials at onset of the project (planned or present use in DMG 

trials) and selected for DBO treatment. Two different concentrations per drug and 

the corresponding controls were tested. After distribution of DBOs to the wells, 

drugs were added in desired volumes and plates were stored at 37°C in an incu-

bator under constant shaking (80 rpm). To ensure consistent drug potency and 

nutrient delivery over time, the medium was completely aspirated on day 4, 7 and 

10 and replaced with fresh drug-added medium. DBOs were treated for 14 days. 

A detailed scheme of the treatment protocol is shown in Figure 12A.  

2.3 Fixation and paraffin embedding 

DBOs were directly transferred in biopsy embedding cassettes on treatment day 

14. In contrast, BT869 spheres had to be matrigel embedded beforehand as fol-

lowing: Spheres were centrifuged at 300x g for 5 min and after aspiration of the 

supernatant, cells were carefully resuspended in thawed matrigel. Matrigel-

sphere solution was gently pipetted on organoid embedding sheets and matrigel 

polymerized for 15 min at 37°C. Droplets were rinsed of the sheet and transferred 

to biopsy embedding cassettes. Cassettes containing DBOs or cell spheres were 

fixed in 4 % formaldehyde solution for 4-5 h and then transferred stepwise to 

liquid paraffin using a fatty tissue processor. For this purpose, the cassettes were 

incubated for 10 min each in 4 % formaldehyde, 70 % ethanol and three times in 

96 % ethanol. This was followed by three incubations in 100 % isopropanol and 

two in 100 % xylene. Subsequently, the cassettes could be placed in heated liquid 

paraffin.  

Using a modular tissue embedding station, heated molds were filled with liquid 

paraffin. Fixed material was carefully removed from cassettes and placed in the 

prepared molds. To solidify the paraffin, molds were placed on a cooling plate 
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and left there undisturbed for 20-30 min. Paraffin blocks were carefully demolded 

and stored at room temperature.  

Fixation and paraffin embedding was only performed for all DBO and DMG cell 

samples. Primary tissue and PDX samples were kindly provided as ready-to use 

paraffin blocks by the Filbin (Dana-Farber Cancer Institute, Boston) and Monje 

laboratories (Stanford university). The PDX sample was generated by intercra-

nial, stereotactic injection of dissociated BT869 cells from sphere culture in the 

pons of 6-week-old female NSGTM mice (Filbin laboratory).        

2.4 Sample sectioning 

For immunofluorescence staining, paraffin embedded samples were cut using a 

sledge microtome. Pre-cooled paraffin blocks were sectioned with a thickness of 

2.5 µm. The sections were transferred to a warm water bath (45°C) using mois-

tened paper strips. Floating sections smoothed out on the warm water surface 

and were carefully mounted on slides. Special care was taken to ensure that no 

water inclusions formed between slide and paraffin section, otherwise the sample 

would detach more easily during staining. After an overnight incubation at 60°C, 

slides were ready for antibody staining. In case of all DBO samples, one repre-

sentative section from the thickest/middle part was used per DBO for staining (for 

immunofluorescence microscopy and CODEX). To avoid using more than nec-

essary of the valuable/rare samples, one representative section was used for 

CODEX stainings in the case of primary tissue and PDX samples. 

2.5 Immunofluorescence microscopy 

Immunofluorescence (IF) staining evaluation was used to analyze drug-specific 

effects on tumor cells in DBOs. The detailed procedures of staining, imaging and 

analysis are described below. 

2.5.1 DBO antibody staining and image acquisition  

Slides with DBO treatments were incubated on a heating plate for 20-25 min and 

then left at room temperature to cool down. For deparaffinization, slides were 

placed in a rack of a manual staining station and incubated twice for 5 min in 

Histoclear. This was followed by a stepwise rehydration in a descending ethanol 
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series of 100 % (twice), 90 %, 70 %, 50 % and 30 %. Slides were left in each 

ethanol dilution for 5 min. After washing slides two times in ddH2O, antigen re-

trieval was performed using a pressure cooker. For this purpose, the slides were 

placed in a beaker containing 1x citrate buffer solution (pH 6) and the pressure 

cooker was filled with approximately 1,2 l of water. The beaker was sealed with 

aluminum foil and placed in the pressure cooker. A 20 min incubation was per-

formed using the “high pressure” protocol of the cooker. Pressure was then slowly 

released to avoid bubble formation and slides were removed from the cooker to 

cool them down to room temperature. After two washing steps in ddH2O of 10 

min each, autofluorescence was quenched. Therefore, autofluorescence quench-

ing solution was prepared by combining 1x phosphate buffered saline (PBS) with 

30 % H2O2 (final concentration 4,5 % w/v) and 1M NaOH solution (final concen-

tration of 20 mM). 30 ml of quenching solution was poured in per lid of a 6-well 

plate and slides were fully submerged in the solution. Lids were covered with a 

second 6-well plate lid and sandwiched between two broad spectrum LED lamps. 

Bleaching was performed for 45 min with 20.000-25.000 LUX. After the first incu-

bation, the quenching solution was replaced by a fresh one and another bleach-

ing step of 45 min followed. To remove the quenching solution, slides were 

washed once in 1x PBS for 3-5 min. Blocking of the samples was performed in a 

humidity chamber with 5 % goat serum and 0,3 % Triton X-100 in 1x PBS. After 

adding 200 µl blocking solution, slides were covered with parafilm to prevent sam-

ples from drying out. The blocking took 60 min at room temperature. Blocking 

solution was removed by gently decanting slides onto a paper towel and 200 µl 

primary antibody solution was added per slide. Antibodies were diluted in block-

ing solution and incubation was performed overnight at 4°C. Slides were there-

fore again covered with parafilm and placed in the humidity chamber. On the next 

day, antibody solution was washed away twice for 2 min with 1x PBS. 200 µl of 

blocking solution with secondary antibodies was added per sample. Covered with 

parafilm, slides were incubated for 60 min at room temperature in the dark. Two 

washing steps of 5 min with 1x PBS and DAPI staining followed. DAPI stock so-

lution (1mg/ml) was diluted 1:1000 in 1x PBS and pipetted onto the sections. After 

incubation for 30 min at room temperature in the dark, the slides were washed 

again twice for 5 min with 1x PBS. Mounting medium was applied and cover slips 
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were placed on the samples. After the medium had dried for 30 min at room tem-

perature in the dark, slides were sealed with transparent nail polish. Once the nail 

polish was dry, the samples were ready for microscopy. For later imaging, stained 

slides were stored at 4°C in the dark. Using a Keyence microscope, DBO sections 

were imaged in all stained channels with a 10x magnification. Single images with 

different channels were stitched with the BZ-X800 Viewer software to get one 

complete picture of each organoid section.        

2.5.2 DBO image evaluation and statistics 

The BZ-X800 Analyzer software with the included hybrid cell count module (area 

extraction function) was used for DBO treatment evaluation. The total areas of 

nuclei with H3K27M-signal in organoid sections were measured, together with 

the respective proportions of KI67-positive regions within H3K27M areas. Since 

the H3K27M-signal is tumor cell specific, only the BT869 cells within the DBOs 

were analyzed. Measurements were exported to excel and normalized to the con-

trols. Changes in H3K27M-areas served as a measurement for tumor burden re-

duction after treatments. In addition, changes in tumor cell proliferation rates 

within the malignant cells were measured by KI67-positive H3K27M areas. Six 

DBOs (one section per DBO from thickest/middle part) were analyzed per drug 

concentration from two independent differentiation/treatment rounds of three or-

ganoids each. For statistical analysis unpaired two-sided t-tests were performed 

using excel.    

 

2.6 CODEX: Multiplexed immunofluorescence imaging  

2.6.1 Antibody selection for CODEX conjugation 

Since the CODEX system detects proteins in an antibody-based manner, suitable 

antibodies were first selected. For this purpose, the RNAseq data from Filbin et 

al., 2018 were used to choose subpopulation-specific markers with sufficiently 

high expression levels. Appropriate monoclonal antibodies were then selected 

and validated using regular FFPE IF-staining. Ordered antibody solutions had to 
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be free of bovine serum albumin (BSA) and sodium azide, otherwise these com-

ponents would interfere with the subsequent conjugation of antibody and bar-

code. During validation, also the optimum dilution and exposure times of individ-

ual antibodies were determined.  

2.6.2   CODEX antibody conjugation 

Only a few useful barcode-conjugated antibodies were available from Akoya 

(anti-KI67, -CD31, -PCNA and -CD44 antibody) and therefore the remaining once 

had to be manually conjugated. For this purpose, the Akoya Biosciences conju-

gation reagent kit was used (all antibody barcode combinations are listed in Table 

2). Antibodies were first purified using a 50 kDa MWCO filter. Filters were placed 

in collection tubes and blocked with 500 µl of filter blocking solution. After a cen-

trifugation step of 12.000x g for 2 min, the flow-through was discarded. 50 µg of 

each antibody was pipetted onto a filter in a total volume of 100 µl. If the corre-

sponding volume of the antibody stock solution was less than 100 µl, the volume 

was adjusted to 100 µl with 1x PBS. The filters were centrifuged at 12,000x g for 

2 min and the flow-through was discarded. Disulfide bridges between heavy an-

tibody chains were reduced using an antibody reduction master mix. The master 

mix consisted of 6,6 µl reduction solution 1 and 275 µl reduction solution 2 for 

each reduction reaction. After addition of 260 µl master mix, each filter was vor-

texed for 3 sec and incubated at room temperature for 30 min. Filters were then 

centrifuged at 12,000x g for 8 min and the flow-through was discarded. 450 µl of 

conjugation solution was pipetted onto filters and another centrifugation step of 

12,000xg for 8 min followed. In the meantime, barcodes from Akoya were resus-

pended in 10 µl of nuclease-free water. To each resuspended barcode, 210 µl of 

conjugation solution was added and the resulting solution was mixed by careful 

pipetting up and down. The flow-through in the collection tubes was discarded 

and the complete barcode solution was pipetted onto the appropriate filter. After 

vortexing the filters for 3 sec, the actual conjugation reaction took place at room 

temperature for 2 h. Afterwards, the conjugated antibodies were purified. For this 

purpose, the filters were centrifuged at 12,000x g for 8 min. After discarding the 

flow-through, 450 µl of the purification solution was added to the top of each filter. 

Again, filters were centrifuged at 12,000x g for 8 min and the flow-through dis-

carded. Purification solution was added to filters two more times with subsequent 
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centrifugation. After discarding the last flow-through of purification solution, 100 

µl of the antibody storage solution was added to each filter. To collect the conju-

gated antibodies, each filter was placed upside down in a 50 ml conical tube and 

centrifuged at 3,000xg for 2 min. Antibody solutions were then transferred to ster-

ile 1,5 ml tubes and stored at 4°C for further use.  

 

Table 2: Antibody barcode combinations for CODEX detection of different marker proteins and used 

antibody dilutions.  

Antibody against: Marker for: Conjugated barcode: Dilution: 

H3K27M Tumor cells BX004 1:50 

KI67  Cycling cells BX047 1:200 

CD31  Vasculature BX001 1:100 

GFAP AC-like BX030 1:50 

CD44  AC-like BX005 1:50 

APOE AC-like BX010 1:50 

SIRT2 OC-like BX019 1:50 

BCAS1 OC-like BX027 1:50 

BIN1 OC-like BX014 1:100 

SOX10 OPC-like BX026 1:50 

PDGFRα OPC-like BX054 1:25 

PCNA  OPC-like BX036 1:50 

2.6.3 Sample preparation for CODEX staining 

Paraffin embedded samples were sectioned and mounted on slides as described 

under 2.4. Since the CODEX system requires a special sample slide format, 22 

x 22 mm coverslips were coated with poly-L-lysine for proper section attachment. 

For this purpose, 100 mm dishes were filled with 0,1 % poly-L-lysine solution and 

coverslips were completely submerged in the liquid. Care was taken to prevent 

bubble formation and to avoid overlapping of the coverslips to ensure a homoge-

neous coating. Dishes were sealed with parafilm and incubated over night at 

room temperature. On the next day, the poly-L-lysine solution was poured slowly 

out of the dishes and MilliQ water was added to the coverslips. After swirling, 

coverslips were left in the water for a maximum of 30 sec and water was carefully 

decanted afterwards. This washing step was repeated 4-6 times. Coverslips were 
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leaned against the wall of the cell culture dish lids and dried overnight. Next, the 

coated coverslips were stored in covered petri dishes at room temperature for no 

longer than 2 months. 

2.6.4 CODEX antibody staining and detection 

Procedures of deparaffinization, hydration, antigen retrieval and autofluores-

cence quenching were performed as described under 2.5.1. Since coverslips with 

samples for CODEX staining were significantly smaller than normal slides, the 

autofluorescence quenching was performed in wells of a 6-well plate. The CO-

DEX staining kit was used for the following protocol steps. 

After autofluorescence quenching, coverslips were washed twice with ddH2O. For 

each sample, two wells of a 6-well plate were prepared with 5 ml of hydration 

buffer and one well with 5 ml of staining buffer. The coverslips were immersed 

with tweezer in wells containing hydration buffer for 2 min each, followed by a 30 

min equilibration step in the staining buffer. Meanwhile, a CODEX blocking buffer 

was prepared. 181 µl of staining buffer were combined with 4,75 µl of blocker 

solutions N, G, J, and S for each coverslip. To create the final antibody cocktail, 

all antibodies were diluted in blocking buffer (dilution factors are listed in Table 

2). At least 60 % of the cocktail had to consist of blocking buffer to ensure suffi-

cient masking of non-specific binding sites. Coverslips were removed from stain-

ing buffer and transferred into a humidity chamber. 190 µl of antibody cocktail 

was dispensed on each sample and primary antibody incubation was performed 

overnight at 4°C. The next day, 6-well plates for the post-staining steps were 

prepared. For each sample, two wells with staining buffer, one well with post-

staining fixing solution and three wells with 1x PBS were filled with an individual 

volume of 5 ml. The post-staining fixing solution was prepared by combining 0,5 

ml of 16 % paraformaldehyde (PFA) with 4,5 ml storage buffer per sample. Fur-

thermore, 5 ml ice-cold methanol was added to one well. Samples were washed 

in the prepared staining buffer wells for two min each and fixed for 10 min in post-

staining fixing solution at room temperature. Afterwards, coverslips were im-

mersed sequentially in the three 1x PBS wells for a few seconds and then incu-

bated in ice-cold methanol for 5 min. To completely remove the methanol, sam-

ples were again washed three times in 1x PBS and placed in a humidity chamber. 
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For the final fixation, 200 µl of fixation solution (1 ml PBS with 20 µl fixative rea-

gent) was dispensed on each coverslip and incubated for 20 min. Three more 

washing steps in 1x PBS followed and finally the samples were stored in storage 

buffer at 4°C. CODEX detection was either started directly or the slides were 

stored for a maximum of 5 days.  

For CODEX detection, reporter mixtures had to be prepared in a 96-well format. 

First, a reporter stock solution was created in an aluminum-wrapped 15 ml conical 

tube. For 10 cycles, 2,44 ml of nuclease-free water was added with 300 µl 10x 

CODEX buffer, 250 µl assay reagent and 10 µl nuclear stain. The tube was gently 

inverted a few times. For each cycle, a reporter master mix was pipetted into a 

black 1,5 amber tube. In addition, two tubes containing blank cycles were pre-

pared. While only 250 µl of reporter stock solution was needed for each blank 

cycle tube, the same volume of individual reporter master mix solutions was pre-

pared for marker detection cycles. For this purpose, the reporters were diluted 

1:50 in reporter stock solution. A maximum of three reporters with different wave-

lengths (AF488, ATTO550 or CY5) were combined per cycle and tube. Since 

each well of the 96-well plate corresponded to one cycle of the experiment, 245 

µl were pipetted from one tube into one well. The first and the last well/cycle were 

thereby assigned to the blank cycles. After the solutions from all tubes were pi-

petted into the corresponding wells, the 96-well plate was carefully sealed with a 

light-proof plate foil and placed in the CODEX instrument. After priming the in-

strument, the coverslip was sandwiched between the CODEX stage and a pre-

moistened sealing gasket. CODEX buffer containing 1:1500 diluted nuclear stain 

was pipetted onto the sample and incubated for a few min. After setting the mi-

croscope parameters (CODEX Instrument Manager and the Keyance BZ-X800 

software), CODEX image acquisition was started. The resulting image data were 

exported with the instrument manager and processed using the CODEX Proces-

sor software. In this step, the images were stitched, and cell segmentation based 

on nuclear signals was performed, providing one large image with all markers 

ready for analysis. 

2.6.5 CODEX quantification and statistics 

The CODEX images of all experiments were analyzed using the ImageJ plugin 

CODEX Multiplex Analysis Viewer (MAV). Once the nucleus-based segmentation 
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was verified, marker-positive cell populations could be identified. Markers were 

sequentially gated and signal intensity values were defined that corresponded 

only to the marker-positive cell segments. A table containing each cell segment 

with the corresponding intensities of all markers was exported to excel. In case 

of the primary tissues, CD31-positive cell segments (areas of blood vessels) were 

initially excluded, as they exhibited strong autofluorescence that would bias the 

results. Within the tumor cell segments (H3K27M-positive), the respective 

marker-positive cell numbers were quantified using the defined intensity gates 

and consequently subpopulation composition was determined. Cell numbers of 

three markers were pooled per subpopulation. While GFAP, CD44, and APOE 

were used for the AC-like subpopulation, the OPC-like subpopulation was formed 

by SOX10-, PCNA-, and PDGFRα-positive cells. For the OC-like population, 

SIRT2-, BCAS1-, and BIN1-positive cells were combined.  

For primary tissue samples, sections (one per tumor) from seven different 

H3K27M DMGs were analyzed with a total of 1.26 million tumor cells (number of 

analyzed tumor cells per section varied between 31.000 and 518.000 cells). 

230.000 and 50.000 BT869 tumor cells were analyzed from sphere culture and 

the PDX (one section per sample), respectively. In case of DBO co-culture anal-

ysis, between 4.000 to 30.000 tumor cells were analyzed per time point (one sec-

tion of one DBO per time point). For DBO treatment analysis, four DBOs (one 

section each) were analyzed per drug concentration from two independent differ-

entiation/treatment rounds (between 32.000 and 120.000 analyzed tumor cells 

per DBO). 

2.7 Material 

The following tables provide lists of all materials, equipment, chemicals, drugs, 

and software used.  

2.7.1 Plastic consumables 

Product Company Catalog number 

T25 cell culture flask Sarstedt 833.910.002 

T75 cell culture flask Sarstedt 833.911.002 

Nunc™ 6-well plate ThermoFisher Scientific 140675 
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Product Company Catalog number 

Ultra Low Cluster, 96 Well, With Lid round 

Bottom, Ultra Low Attachment Polysterene 

plate 

Corning 7007 

TC Dish 100, Cells+ (10 cm dish) Sarstedt 833.902.300 

96-Well Plates reporter black Akoya 232527 

Vacuum filtration unit Filtropur V100, 1000 

ml, PES membrane, 0.22 µm pore size  

Sarstedt 833.942.001 

Vacuum filtration unit Filtropur V50, 500 ml, 

PES membrane, 0.22 µm pore size  

Sarstedt 833.941.001 

70 µm Nylon Cell Strainer  VWR 732-2758 

Collection Vessel 1000 ml Sarstedt 833.942.005 

Collection Vessel 500 ml Sarstedt 833.941.005 

Tube 15 ml  Sarstedt 62.554.502 

Tube 50 ml  Sarstedt 62.547.254 

Tube 0,5 ml Sarstedt 72,704 

Tube 1,5 ml Sarstedt 72,706 

Tube 2 ml Sarstedt 72.695.500 

LiteSafe Black Microtubes 1,5 ml Argos Technologies T7100BK 

CryoTube Vials ThermoFisher Scientific 368632 

Cool Cell® LX Freezing Container Corning  432001 

Serological Pipette 50 ml  Sarstedt 861.256.001 

Serological Pipette 25 ml  Sarstedt 861.685.001 

Serological Pipette 10 ml  Sarstedt 861.254.001 

Serological Pipette 5 ml  Sarstedt 861.253.001 

Aspiration Pipette 2 ml  Sarstedt 861.252.011 

Pipette Tips 1250 µl  Integra 3444 

Pipette Tips 300 µl Integra 3434 

Pipette Tips 300 µl, wide bore Integra 6635 

Pipette Tips 125 µl Integra 3427 

Pipette Tips 12,5 µl LONG Integra 3404 
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Product Company Catalog number 

Pipette Tips 1250 µl, robot Integra 6444 

Pipette Tips 300 µl, robot Integra 6434 

Pipette Tips 125 µl, robot Integra 6464 

Pipette Tips 12,5 µl LONG, robot Integra 6406 

Pierce Protein Concentrators PES, 50k 

MWCO, 0,5 ml 

ThermoFisher scientific 88504 

Gaskets Akoya 7000010 

Plate Seals Akoya 232528 

Parafilm  Bemis Curwod PM-996 

Biopsie-/Einbettkassetten Microsette™ 

M503 

VWR 720-0961 

Small biopsy processing/embedding cas-

settes, Microscreen™ 

VWR SIMPM520-2 

CountessTM cell counting chamber ThermoFisher scientific C10228 

Organoid Embedding Sheet STEMCELL Technolo-

gies 

08579 

Clear Advantage Reagent Reservoirs INTEGRA 4332 

2.7.2 Glass consumables 

2.7.3 Chemicals, solutions, and media components 

Product Company Catalog number 

Neurobasal-A medium ThermoFisher Scientific 10888-022 

DMEM/F-12 (1:1) (1X) ThermoFisher Scientific 11330-032 

HEPES Buffer Solution (1M) ThermoFisher Scientific 15630-080 

Product Company Catalog number 

SuperFrost Plus slides (Mengel Gläser) 

24x75x1,0 mm 

ThermoScientific J1800MNZ 

Cover slip 25x75x1,0 mm R. Langenbrinck 01-2460/M 

Glass Cover Slips 22 x 22mm Electron Microscopy 

Sciences 

72204-01 



2 Material and Methods 45 

Product Company Catalog number 

Sodium Pyruvate (100 mM) (100X) ThermoFisher Scientific 11360-070 

MEM Non-Essential Amino Acids Solution 

(MEM NEAA) (100X) 

ThermoFisher Scientific 11140-035 

GlutaMAX-I Supplement (100x) ThermoFisher Scientific 35050-061 

Antibiotic-Antimycotic (100X) ThermoFisher Scientific 15240-062 

B-27 Supplement without Vitamin A (50x) ThermoFisher Scientific 12587001 

hEGF  BIOZOL SHD-100-26 

hFGF-basic-154 PeproTech 100-18B 

hPDGF-AA PeproTech 100-13A 

HPDGF-BB PeproTech 100-14B 

Heparin Solution (0,2 %) STEMCELL Technologies 7980 

mTeSR Plus Basal Medium STEMCELL Technologies 100-0274 

mTeSR Plus 5x Supplement STEMCELL Technologies 100-0275 

GlutaMAX supplement (100×) ThermoFisher Scientific 15070-063 

Penicillin-streptomycin (100×) ThermoFisher Scientific 15240062 

B27 supplement (50x) ThermoFisher Scientific 17504-001 

MEM NEAA (100x) ThermoFisher Scientific 11140-050 

N2 supplement (100x) ThermoFisher Scientific 17502001 

Human insulin solution Sigma  I9278 

2-Mercaptoethanol (1000x) ThermoFisher Scientific 21985-023 

ReLeSR StemCell 5872 

Gentle Cell Dissociation reagent  StemCell 07174 

TrypLE Gibco 12604013 

Basal Medium I STEMCELL Technologies 8572 

Basal Medium II STEMCELL Technologies 8573 

Supplement A STEMCELL Technologies 8574 

Supplement B STEMCELL Technologies 8575 

Supplement C STEMCELL Technologies 8576 

Supplement D STEMCELL Technologies 8577 
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Product Company Catalog number 

Matrigel Matrix hESC qualified Corning  354277 

Bambanker Serum-Free Cell Freezing 

Media 

Nippon Genetics Europe BB01 

Rock inhibitor solution (Y-27632) Selleckchem S1049 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650 

Formaldehyde solution 4 % Microcos gmbH 50-00-0 

Histoclear (HistChoice Clearing Agent) VWR Life Science H103-4L 

Ethanol  Carl Roth K928.4 

10x sodium citrate buffer Sigma  C9999-1000ml 

10x PBS Gibco 70013016 

Sodium hydroxide (NaOH) SIGMA-ALDRICH S8045 

Hydrogen peroxide solution 30 % SIGMA-ALDRICH 216763 

Goat serum  Sigma G9023-5ml 

Triton X-100 Carl Roth 3051.4 

DAPI ThermoFisher Scientific 62248 

Fluoroshield mounting medium  Sigma F6182-20ml 

Nail polish (clear) Manhatten  010 clear 

Filter blocking solution  Akoya 232113 

Reductionnsolution 1 Akoya 232194 

Reductionnsolution 2 Akoya 232115 

Antibody storage Akoya 232118 

Conjugation solution  Akoya 232116 

Ambion Nuclease-Free Water Invitrogen AM9930 

Poly-L-lysine solution  SIGMA-ALDRICH P8920-100ML 

Hydration buffer Akoya 232105 

Staining Buffer Akoya 232106 

Storage Buffer Akoya 232107 

Fixative reagent Akoya 232112 

N Blocker  Akoya 232108 
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Product Company Catalog number 

J Blocker Akoya 232110 

S Blocker Akoya 232111 

G Blocker Akoya 240199 

Paraformaldehyde 16 % Electron Microscopy Sci-

ences 

15710-250 

Methanol Sigma-Aldrich 322415 

10x CODEX buffer Akoya 232119 

Assay reagent  Akoya 232120 

Nuclear stain  Akoya 232121 

2.7.4 Antibodies, CODEX barcodes, and reporters 

Product Company Catalog 

number 

Dilu-

tion 

Recombinant Anti-Histone H3 (mutated K27M) 

antibody [EPR18340] 

abcam ab190631 1:500 

Purified Mouse Anti-Ki-67 antibody [B56] BD Biosciences 550609 1:200 

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ 555 

Invitrogen A21422 1:200 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Cyanine5 

Invitrogen A10523 1:500 

Recombinant Anti-Histone H3 (mutated K27M) 

antibody [EPR18340]-ChIP Grade-BSA and Az-

ide free 

Abcam ab240310  1:50 

Purified anti-SOX10 antibody [BSB-62] Biolegend 847202 1:50 

Recombinant Anti-PDGFR alpha antibody 

[EPR22059-270] - BSA and Azide free 

Abcam ab234965  1:50 

Purified anti-SIRT2 antibody [W16205A] Biolegend  650202 1:50 

BCAS1 antibody  Santa Cruz sc-

136342  

1:50 

Purified anti-Bin1 antibody [99D] Biolegend 655602 1:100 

Recombinant Anti-Apolipoprotein E antibody 

[EP1373Y] - BSA and Azide free 

Abcam ab171357 1:50 
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Product Company Catalog 

number 

Dilu-

tion 

GFAP Monoclonal Antibody [2.2B10] ThermoFisher Scien-

tific 

13-0300  1:50 

KI67-BX047 (B56)—Atto 550-RX047 Akoya 4250019 1:200 

CD31-BX001 (EP3095)—Alexa Fluor 488-

RX001 

Akoya 4150017 1:100 

Anti-Hu CD44(AKYP0073)-BX005—Atto 550 Akoya 4450041 1:50 

Anti-Hu PCNA(AKYP0085)-BX036—Cy5  Akoya 4450054 1:25 

BX004—Alexa Fluor 488-RX004 Akoya 5450014 / 

BX030—Cy5-RX030 Akoya 5550012 / 

BX019—Alexa Fluor 488-RX019 Akoya 5150002 / 

BX027—Cy5-RX027 Akoya 5550011 / 

BX010—Alexa Fluor 488-RX010 Akoya 5450016 / 

BX026—Atto 550-RX026 Akoya 5250004 / 

BX054—Atto 550-RX054 Akoya 5250010 / 

BX014—Atto 550-RX014 Akoya 5450025 / 

2.7.5 Drugs 

Name Company  Catalog number 

5-Azacytidine  MedChemExpress HY-10586 

Adavosertib  MedChemExpress HY-10993 

Alvespimycin  MedChemExpress HY-12024 

AUY922  Adooq Biosciences A10659 

Belinostat  MedChemExpress HY-10225 

Carfilzomib  MedChemExpress HY-10455 

Cevipabulin  MedChemExpress HY-14949 

Daporinad  MedChemExpress HY-50876 

Delanzomib  TargetMol T6027/847499-27-8 

Dinaciclib  Adooq Biosciences A11129-5 

Filanesib  MedChemExpress HY-15187 
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Name Company  Catalog number 

Fimepinostat Selleckchem S2759 

Ganetispib  MedChemExpress HY15205 

Gedatolisib  TargetMol T1970/1197160-78-3 

Geldanamycin  TargetMol T6342/30562-34-6 

Gemcitabine  MedChemExpress HY-17026 

GMX-1778  TargetMol T1998/200484-11-3 

HSP-990  Adooq Biosciences A12850 

Marizomib  Sigma-Aldrich SML1916 

ONC201 AbMole BioScience M3068 

ONC206  MedChemExpress HY135147 

Panobinostat  MedChemExpress 404950-80-7 

Paxalisib Selleckchem S8163 

PF-03814735  MedChemExpress HY-14574 

Quisinostat  MedChemExpress HY-15433  

Rigosertib  MedChemExpress HY-12037A 

Romidepsin  MedChemExpress HY-15149 

Sapanisertib  Selleckchem S2811 

Vistusertib  MedChemExpress HY-15247 

Zotiraciclib  Adooq Biosciences A11962 

2.7.6 Equipment and pipettes 

Product Company Catalog number 

Microtome Leica SM2010R 

IHC manual staining station  IHC world IW-2510 

Insert for dyeing basins, glass + hanger BRAND 472000 and 473100 

Dyeing basin with lid, glass BRAND 472200 

Dyeing basin with lid, PMP Roth 2292.2 

EVOLVE Pipette 1-Ch, 0,2-2 µl INTEGRA 3011 

EVOLVE Pipette 1-Ch, 1-10 µl INTEGRA 3012 
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Product Company Catalog number 

EVOLVE Pipette 1-Ch, 2-20 µl INTEGRA 3013 

EVOLVE Pipette 1-Ch, 10-100 µl INTEGRA 3015 

EVOLVE Pipette 1-Ch, 20-200 µl INTEGRA 3016 

EVOLVE Pipette 1-Ch, 100-1000 µl INTEGRA 3018 

6 Channel VOYAGER pipette 10-300 µl Integra 4763 

6 Channel VOYAGER pipette 50-1250 µl Integra 4764 

8 Channel VOYAGER pipette 0,5-12,5 µl Integra 4721 

8 Channel VOYAGER pipette 10-300 µl Integra 4723 

8 Channel VOYAGER pipette 50-1250 µl Integra 4724 

S1 Pipet filler Thermo Scientific 245138 

2.7.7 Technical devices 

Product Company Catalog number 

MAXISAFE 2030i laminar flow hood  Thermo Scientific 51033115 

Precision GP 10 water bath Thermo Scientific TSGP10 

Vacusafe cell culture pump INTEGRA 158320 

UNIMAX 1010 shaker Heidolph Instruments 543-12310-00 

Centrifuge 5804 R Eppendorf 580510137 

MC6 Minicentrifuge Sarstedt 90.186.100 

HERACELL VIOS 250i incubator ThermoFisher Scientific 51030965 

Countess 3 cell counter  ThermoFisher Scientific / 

Assist Plus Pipetting Robot Integra 4505 

Communication Module for Integra elec-

tronic pipettes 

Integra 4221 

EVOS XL Core microscope Invitrogen AMEX1000 

IncuCyte S3  Sartorius 4763 

Keynece BZ-X810E microscope Keyence BZ-X810E 

Histological water bath Leica HI1210 

Heating plate Medax Nagel Gmbh  / 



2 Material and Methods 51 

Product Company Catalog number 

Drying oven WTB BInder FD 720 

LED lamp Thsinde / 

InstantPot duo InstantPot  Duo 06 

Fatty tissue processor Sakura Tissue-Tek VIP 

Paraffin embedding station Thermo Scientific EC350 

2.7.8 Software 

Name Company Version 

ImageJ Fiji imageJ ImageJ-win64 

CODEX Multiplex Analysis Viewer ImageJ/Akoya 1.4.0.3 

CODEX Processor Akoya / 

CODEX Instrument Manager Akoya 1.30.0.12 

BZ-X800 Viewer Keyence / 

BZ-X800 Analyzer with Hybrid cell count Keyence / 

GraphPad Prism 9 GraphPad 9.5.1 
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3. Results 

In this work, the DBO culture was developed in order to create a new H3K27-

altered DMG model for preclinical drug testing. Using the new CODEX system, 

tumor cell composition of DBOs was compared with that of primary tumor sam-

ples and other DMG models for validation. In addition, DBOs were used to char-

acterize the treatment effects of promising drug candidates. All results are pre-

sented in the following sections. 

3.1 Tumor cell composition of H3K27-altered diffuse midline 

gliomas  

To assess the tumor biology of H3K27M-altered DMGs, seven primary tumors 

were analyzed using the CODEX multiplexed fluorescence imaging system. AC-

, OC- and OPC-like tumor cells were present in all DMG samples with varying 

percentages (Figure 4). Four of seven tumors (DMG1, DMG2, DMG3 and DMG4) 

were composed mostly of AC-like cells with 85 % to 42 %. In samples DMG2 and 

DMG3, OPC-like cells formed the second largest subpopulation with 30 % and 

35 %, while OC-like cells were the least represented subpopulation (5 % and 12 

%).  DMG4 showed a higher OC-like proportion with 37 % and OPC-like cells 

accounted for the smallest subpopulation here with 21 %. In DMG1, which 

showed the highest AC-like proportion over all (85%), OPC-like and OC-like cells 

were represented relatively equally with percentages around 8 %. In contrast, 

DMG5 and DMG7 showed OPC-like cells as largest tumor fraction with 41 % and 

46 %, followed by AC-like (31 % to 41 %) and OC-like cells (18 % to 23 %). Only 

in DMG6, OC-like cells were the most represented cell type with 39 %, while the 

AC-like tumor fraction accounted for 32 % and OPC-like cells for 29 %.  
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    Figure 4, part 1: Tumor cell composition of H3K27M-altered DMGs. For description see page 55.   
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Figure 4, part 2: Tumor cell composition of H3K27M-altered DMGs. For description see page 55. 
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Figure 4, part 3: Tumor cell composition of H3K27M-altered DMGs. A-G: Representative multiplexed 

CODEX images of subpopulation composition in sections of seven primary human DMGs. H3K27M tumor 

cells are displayed in green. Representative for OPC-like cells, SOX10 is shown in magenta, while for OC-

like cells SIRT2 is shown in cyan. GFAP in red indicates AC-like cells. H: Tumor composition of whole 

primary human DMG sections detected with the CODEX system. For each subpopulation cell counts from 

three individual markers where combined. Number of analyzed tumor cells per section varied between 

31.000 and 518.000 cells. 

 

Numbers of actively cycling cells were also analyzed. Proportions of proliferating 

tumor cells marked by KI67 expression were highest in DMG3 with 16 % and 

lowest in DMG4 and DMG1 with 5 % to 7 % (Figure 5). The remaining tumor 

sections showed tumor cell proliferation rates around 11 %.  

Altogether, across all tumor samples, the AC-like and OPC-like populations were 

found to be the most prevalent subpopulations, followed by OC-like with the low-

est proportions. On average, about 10 % of the tumor cells were proliferating.  
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Figure 5: Cycling tumor cells in H3K27M-altered DMGs. A-G: Representative CODEX images of cycling 

tumor cells in seven primary human DMG sections. Tumor cells are shown in green and marked by the 

H3K27 mutation. Proliferating cells are labelled in red by KI67. H: Total percentages of cycling tumor cells 

across whole tumor sections. Number of analyzed tumor cells per section varied between 31.000 and 

518.000 cells.  
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3.2 Tumor cell composition of current DMG models 

To evaluate the cellular heterogeneity of current preclinical DMG models, the 

composition of H3K27-mutated cells (BT869) was examined in sphere culture as 

well as in the mouse model (PDX) using the CODEX system.  

BT869 cell composition in sphere culture consisted mostly of OPC-like cells (80 

%). Only 19 % of OC-like tumor cells where present and AC-like cells were barely 

detectable with a percentage of 1 % (Figure 6A-B). With 97 %, almost all cells in 

the sphere culture were in active cell division (Figure 6C-D).  

Figure 6: Tumor cell composition and proportion of cycling cells in the H3K27M BT869 sphere cul-

ture. A shows representative multiplexed CODEX images from BT869 spheres. All tumor cells are labelled 

in green by the H3K27M signal. SOX10 is shown in magenta as a representative for the OPC-like fraction, 

while SIRT2 in cyan represents OC-like cells. GFAP in red indicates AC-like cells. The cellular composition 

is presented in B. Each population contains cell numbers from three independent markers. C shows repre-

sentative images of actively cycling cells. Tumor cells are again shown in green (H3K27M), while the prolif-

eration marker KI67 is shown in red. The corresponding overall analysis of proliferation rate is given in D. A 

total of 230.000 tumor cells were analyzed for the calculation of subpopulations and proliferation rates. 
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When analyzing the same cell line stereotactically injected into the pons of the 

mouse brain (PDX), the major proportion of BT869 cells exhibited OC-like char-

acteristics with a proportion of 48 %. OPC-like cells were the second largest pop-

ulation at nearly 30 %, closely followed by the AC-like cells at 22 % (Figure 7A-

B). Only 34 % of the tumor cells were actively cycling in the PDX model system 

(Figure 7C-D).  

 

Figure 7: Tumor cell subpopulations and proliferation rates in BT869 derived PDX. A shows repre-

sentative multiplexed CODEX images of an orthotopic PDX mouse model. BT869 tumor cells are colored in 

green by the H3K27M signal. Representative for OPC-like tumor cells, SOX10 is shown in magenta. SIRT2 

in cyan represents OC-like cells, while AC-like cells are indicated by GFAP in red. Results of the cellular 

composition analysis are presented in B, with each population containing cell counts from three marker 

proteins. Representative images of proliferating BT869 cells are shown in C. Human tumor cells are high-

lighted in green by H3K27M and the proliferation marker KI67 is shown in red. The associated CODEX 

analysis of proliferation rate is shown in D. 50.000 BT869 tumor cells were analyzed from one PDX sample. 
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3.3 A new preclinical model system: DMG brain organoids   

3.3.1 DBO generation protocol 

To introduce DMG cells into a brain-like microenvironment, tumor spheres were 

co-cultured with developing cerebral organoids (Figure 8A). Human induced plu-

ripotent stem cells were first differentiated to embryoid bodies (EBs) in which 

neuroepithelium was subsequently induced. In parallel, BT869 cells were seeded 

and grown to sufficiently large spheres. From day seven, the EB and the tumor 

sphere were co-cultivated in a multiwell plate. By using an expansion medium 

with matrigel, the neuroepithelium of the early cerebral organoid was further ex-

panded, while the tumor cells began to fuse with it, starting the DBO formation. 

After embedding in matrigel droplets on day 10, DBOs were expanded for at least 

50 additional days with constant shaking in 6 well plates. During this period, the 

tumor cells completely fused with the cerebral organoid and formed approxi-

mately 3 mm thick DMG brain organoids (Figure 8B-C).  

 

Figure 8: Generation of DMG brain organoids. A: Schematic of DBO generation by co-culturing tumor 

cell spheres (BT869 ZsGreen labelled cells) with developing cerebral organoids. B: CODEX images of dif-

ferent DBO cultivation time points. Shown are DBO sections with tumor cells in green (H3K27M) fusing with 

the cerebral organoid in blue (DAPI) with increasing co-culture time. C: Representative image of fully fused 

DBOs. 
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3.3.2 Co-culture effects on tumor cell composition in DBOs. 

To monitor the effects of co-culture on tumor cell populations, DBO sections from 

different culture time points were analyzed using the CODEX system. In the early 

stages of co-culture, BT869 tumor cells were mainly composed out of OPC-like 

cells (85 %). Only 11 % showed OC-like characteristics, while AC-like cells rep-

resented the smallest population at 3 % (Figure 9). This composition changed 

over time and OPC-like cell levels steadily decreased to a percentage of 40 % by 

day 74. Meanwhile, the AC-like population increased to approximately 40 %, 

whereas the OC-like population only increased slightly, fluctuating between 21 % 

and 29 % from day 43. 
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Figure 9: Changes of tumor cell composition during DBO culture. A: Representative CODEX images 

of DBO sections from different time points during the culture period. Tumor cells (BT869) are shown in green 

(H3K27M signal), while GFAP in red represents AC-like cells, SIRT2 in cyan represents OC-like cells, and 

SOX10 in magenta represents OPC-like cells. B: Assessment of tumor cell composition during DBO culture. 

Between 4.000 to 30.000 tumor cells were analyzed per time point (one section from one DBO per time 

point), combining cell numbers from three different protein markers for each population calculation.   

 

The number of actively proliferating cells also showed dynamic fluctuations. 

While approximately 66 % of tumor cells were proliferating on day 25, this per-

centage decreased to 25 % by day 57 (Figure 10).  
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Figure 10: Tumor cell proliferation rates during DBO culture. A shows CODEX images from early to late 

time points of DBO culture. While BT869 tumor cells are shown in green (H3K27M), the proliferation marker 

KI67 is displayed in red. B: Bar graphs of total tumor cell proliferation rates. For quantification, 4.000 to 

30.000 cells were analyzed from one section of one DBO per time point. 
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3.4 Comparing cell composition of DMG models to primary 

tumor samples. 

To evaluate the newly generated DBO model, tumor cell composition data from 

CODEX analysis was compared with data from primary DMG tumors and already 

established model systems such as sphere culture and the PDX model. In case 

of all DMG models, the BT869 cell line was used. The main populations in the 

primary DMG samples were AC-like and OPC-like tumor cells. AC-like cells ac-

counted for 46 % of tumor cells and OPC-like cells followed with 31 %. OC-like 

cell fractions represented 23 % as the smallest subpopulation (Figure 11). When 

looking at the composition of tumor cells in the DBO model, a similar picture was 

observable with AC-like (36 %) and OPC-like (37 %) cells being predominantly 

present. Less AC-like cells were detectable compared to the tumor and the pop-

ulation size was rather comparable to the one of the OPC-like cells. Similar to the 

tumor samples, OC-like cells accounted for the smallest subpopulation in DBOs 

with a percentage of 27 %. Observing BT869 cells in sphere culture or in the PDX 

model showed population shifts compared to the primary tumor (Figure 11). A 

substantially increased proportion of BT869 tumor cells in sphere culture exhib-

ited OPC-like properties (80 %). OC-like cells were slightly less detectable at 19 

%, while almost no cells could be assigned to the AC-like population (1 %). In the 

PDX mouse model, however, the OC-like subpopulation dominated and was 

twice as high as in the tumor with 48 %. Comparable 30 % of OPC-like cells and 

only half as many AC-like tumor cells (22 %) could be identified. 
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Figure 11: Comparison of cellular composition between primary DMG tumors, the new DBO model, 

and current DMG models (sphere culture, PDX). A-D show representative CODEX images from a primary 

DMG tumor and the analyzed model systems (DBO, sphere culture and PDX). Tumor cells are labeled in 

green by H3K27M. OPC-like tumor cells are indicated by SOX10 in magenta. OC-like cells are represented 

by SIRT2 in cyan and AC-like tumor cells by GFAP in red. E: CODEX evaluation of tumor cell composition 

of primary DMGs and model systems. The tumor pie chart summarizes cell numbers of all seven tumors 

(Figure 4) with a total 1.26 million analyzed DMG cells. For the DBO pie chart, six tumor organoids from four 

different batches were analyzed (150.000 analyzed tumor cells). Sphere culture and PDX analysis from 

Figures 6 and 7 are displayed as pie charts. All subpopulations combine cell numbers from three different 

marker proteins.   

3.5 Drug treatment regimen and effect evaluation using the 

DBO culture system   

3.5.1 Drug effects on tumor burden and cycling tumor cells 

To analyze individual treatment effects of potentially interesting drug candidates 

for DMG therapy, a 14-day long treatment regimen with regular re-treatments for 

consistent drug efficacy was developed (see Figure 12A and methods 2.2). Two 

parameters based on the evaluation of fluorescence microscopic images of DBO 

sections (representative images in Figure 12) were used as read out for individual 

drug effects: tumor burden reduction and proliferation rate of the remaining tumor 

cells. Decrease in tumor burden of DBOs was measured based on the change in 

areas occupied by H3K27M-positive (specific tumor cell marker) nuclei relative to 

the control DBOs (see overview in Figure 13A). Tumor burden was decreased 

drug-specific by values ranging from not significant 5 % with 100 nM adavosertib, 

to highly significant (p ≤ 0,0005) reductions of 50 % with 100 nM gemcitabine and 

97 % with 100 nM delanzomib (images in Figure 12B-E and analysis in Figure 

13A). Furthermore, the number of tumor cell nuclei with positive proliferation 

marker (KI67) staining was determined to assess the proliferation ability of DMG 

cells after drug treatment (see overview in Figure 13B). While around 34 % of 

malignant cells were actively cycling in control DBOs, drug treatments were able 

to significantly inhibit proliferation down to 1 % and below (e.g. panobinostat and 

delanzomib at 100 nM, p ≤ 0,0005).  A total of 30 drugs were used for DBO treat-

ments in two different concentrations each. Generally, the drug selection was 

based on a recent preclinical high-throughput drug screen with H3K27-alterd 

DMG cells that identified portent compounds (Lin et al., 2019) and on and most 
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recent information available from clinical trials at onset of the project. Overall, 

individual drugs showed dose dependent effects on tumor burden and cell prolif-

eration (Figure 13A and B).   
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Figure 12: Drug treatment regimen and drug-specific effects on DMG tumor cells in DBO culture. A: 

Overview of the 14-day drug treatment regimen. The images show a DBO during different time points of 

treatment. Green signal originates from ZsGreen-labeled DMG cells (BT869).  B-E: Representative fluores-

cence stainings of DBOs after treatments with 100 nM alvespimycin (C), 100 nM gemcitabine (D) or 100 nM 

delanzomib (E). B shows a DMSO treated control DBO. Tumor cells are stained in green by the H3K27M 

signal, while proliferating cells are shown in red by KI67.  
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Most potently, the higher concentrations of ten drugs used reduced tumor mass 

significantly to 25 % and less (Figure 13C). This group was led by the compounds 

daporinad (94 % reduction) and romidepsin (85 % reduction) in low concentra-

tions of 10 nM, followed by delanzomib (representative image see 12E) and 

GMX-1778 with tumor mass reductions of 97 % and 90 % at 100 nM, respectively. 

Treatments with 1000 nM dinaciclib, rigosertib, cevipabulin, ON206 or PF-

03814735 also greatly reduced tumor burden by levels between 80 % to 95 %. 
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Figure 13: Drug effects on DBO tumor burden and proliferation. A: Decrease in DBO tumor burden 

relative to control (DMSO) as measured by the area of the tumor cell specific H3K27M fluorescent signal in 

DBO sections. A total of 30 different drugs in two different concentrations are listed. The ten most potent 

drugs are summarized in C, sorted by concentration. B shows the decreasing proliferation rates of all 30 

drug treatments, and the ten drugs that induce the strongest inhibition of proliferation are grouped by con-

centration in D. Shown is the percentage of proliferation marker (KI67) positive tumor area (H3K27M signal) 

of the normalized tumor burden values. n = six DBOs per drug concentration from two independent differen-

tiation and treatment rounds (three DBOs per treatment round). Error bars represent the standard error of 

the mean (SEM). Unpaired two-sided t-tests were performed to compare treatments with the DMSO controls: 

n.s. = not significant; * = p ≤ 0,05; ** = p ≤ 0,005; *** = p ≤ 0,0005.  

  



3 Results 71 

Most of the just mentioned drugs were also found among the top 10 compounds 

significantly inhibiting the proliferation of tumor cells (less than 1 % of cycling 

tumor cells, Figure 13D). However, the compounds AUY922, HSP990, panobino-

stat, alvespimycin and geldanamycin also showed low proliferating tumor cell 

fractions in this range, but tumor burden was reduced by only about half (Figure 

13A-B). This observation led to the introduction of the proliferation ratio value to 

provide better insight into the relation of total tumor mass to proliferative tumor 

cells. Values were calculated by dividing the individual tumor mass proportion by 

the percentage of proliferating tumor cells. As the value increases, the proportion 

of dividing tumor cells decreases in relation to the tumor mass, allowing easier 

conclusions about the proliferation-inhibiting effect of individual drugs. High pro-

liferation ratios were predominantly observed at the highest dose of each drug 

(the corresponding values are shown in Table 3). Half of the drugs showed at 

least a fivefold increase in proliferation ratio compared to the control, indicating 

enhanced proliferation inhibition of remaining tumor cells. This drug pool con-

sisted largely of the drug candidates with strong tumor burden and or proliferation 

reducing abilities (from Figure 13C and D). When looking at the drug-specific 

mechanisms of action, all five HSP90 inhibitors used in this project were found 

under those candidates. The HSP90 inhibitor AUY922 exhibited the strongest 

inhibitory effect of all drugs with a value of 370,9, followed by HSP90 inhibitor 

HSP-990 with 154,6. A relatively heterogeneous mix of mechanisms of action 

was found for the remaining potent drug candidates. Both the proteasome inhib-

itor delanzomib and the DRD2 antagonist ONC206 showed strong proliferation 

inhibitory effects with ratios of 129,7 and 119,1. However, drugs such as the cy-

clin-dependent kinase (CDK) inhibitor dinaciclib and the HDAC inhibitor pano-

binostat also stood out here with high values of 87,4 and 48,2. 
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Table 3: Antiproliferative drug effects on DMG cells in DBO culture. The table shows all drugs tested, 

sorted by their antiproliferative activity. The proliferation inhibition ratios were calculated by dividing the per-

centages of tumor burden by the percentages of proliferating tumor cells. Main mechanisms of action are 

noted, as well as used drug concentrations.   
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A closer look at the fluorescence data off all drugs with a proliferative value above 

10 revealed two different treatment effects at drug-specific doses. On the one 

hand, antiproliferative drugs that reduced tumor mass by only 50 % to 70 %, but 

almost completely inhibited proliferation of remaining tumor cells (Figure 14D). 

The most potent members of this class of drugs were AUY922, HSP-990, pano-

binostat, and ganetespib at 100 nM. On the other hand, drugs were found that 

also strongly inhibited proliferation, but primarily reduced tumor mass by at least 

80 % (Figure 14E). This was observed with the drug treatments of romidepsin at 

a low concentration of 10 nM, delanzomib at 100 nM and dinaciclib, cevipabulin, 

ONC206, and PF-03814735 at 1000 nM. 
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Figure 14: Tumor reducing and antiproliferative drug candidates. A to C show representative fluores-

cence images of DBO treatments. While A shows a control DBO, B represents an example of antiproliferative 

drug action with AUY922. An example of strong tumor mass reduction is shown under C with daporinad. 

Tumor cells are stained in green by the H3K27M signal, while proliferating cells are shown in red by the KI67 

stain. A bar graph of all antiproliferative drugs sorted by concentration is presented in D, whereas E shows 

the same for drugs with a tumor reducing effect. In both cases, tumor mass is normalized to the control and 

shown in green. The corresponding proportions of proliferating tumor cells are shown in red. n = six DBOs 

per drug concentration, originating from two independent differentiation and treatment rounds (three organ-

oids per treatment round). Error bars represent the standard error of the mean (SEM). Unpaired two-sided 

t-tests were performed to compare treatments with the DMSO controls regarding tumor burden and prolifer-

ation reduction: n.s. = not significant; * = p ≤ 0,05; ** = p ≤ 0,005; *** = p ≤ 0,0005.  
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3.5.2 Drug-specific treatment effects on DBO tumor cell composition  

In order to further characterize the drug-specific effects, the cell composition in 

DBOs was also investigated after treatment using the CODEX system. A total of 

seven drugs were selected for this purpose, which were of particular interest from 

clinical perspective at the time of analysis. To reliably analyze drug-specific ef-

fects on tumor cell subpopulations, an individual concentration was chosen for 

each drug based on data from the DBO treatments (Figure 13A and B), which left 

sufficient tumor cell numbers for the CODEX analysis. All drug treatments re-

duced individual subpopulation to varying degrees, resulting in altered tumor cell 

compositions (Figure 15).   

It was found that 100 nM marizomib reduced mainly OC- and OPC-like popula-

tions. While OC-like cells were reduced by 73% and OPC-like cells by 68%, the 

number of AC-like cells only halved compared to the controls.  Consequently, the 

composition of DBO tumor cells after marizomib treatment showed a higher per-

centage of AC-like cells (51%) and lower proportions of OPC- and OC-like tumor 

cells (32% and 17%) compared to the control DBOs. In contrast, 100 nM of zoti-

raciclib and ONC206 reduced all subpopulations relatively equally. Both drugs 

induced greater reductions in AC-like cells when compared to marizomib (ranging 

between 56 % and 58 %), while OC-like and OPC-like cells were less affected 

(OC-like reduction 65 % - 66 % and OPC-like reduction 58 % - 60 %). Tumor cell 

composition remained relatively unchanged after zotiraciclib treatment compared 

to the control DBOs, while ONC206 showed a slight shift towards AC-like cells 

(42 %). Paxalisib caused greater population reductions compared to the com-

pounds just mentioned, but at a significantly higher concentration of 5000 nM. 

While OPC-like was the most affected tumor subpopulation here (reduced by 80 

%), AC-like cells were least affected with 65 % of reduction. Therefore, compared 

with controls, the DBO cell composition contained an increased proportion of AC-

like cells (47%), whereas the OPC-like population was less represented at 26%. 

In the case of 100 nM fimepinostat, there was a sharp decrease in OC-like cells 

by 80%. The second most reduced subpopulation here was the OPC-like (by 

79%), and the AC-like cells were the least affected with a decrease of 67%. This 

resulted in a tumor cell composition with increased AC-like proportions (50%) and 

reduced OC-like proportions of 15% compared to DMSO-treated DBOs. This low 

proportion of OC-like cells was further reduced by the administration of 100 nM 
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panobinostat, which had the highest reduction rate of 99.3% compared to all 

drugs. OPC-like and AC-like cells were reduced to a greater extent compared to 

fimepinostat at 99% and 72%, again with AC-like cells being reduced the least 

within the panobinostat treatment. Thus, tumor cell composition shifted strongly 

toward AC-like cells (63%), while the proportion of OC-like cells (14%) decreased 

compared to control DBOs, followed by OPC-like cells at 22%. 1000 nM of 

ONC201 reduced especially OPC-like cells by a high 99 %, while the OC-like 

population was slightly less impacted than with panobinostat, but also strongly 

reduced by 88 %.  AC-like cells were reduced the least within the ONC201 treat-

ment (by 73%), resulting in a tumor cell composition with increased AC-like pro-

portions of 63% compared to control DBOs. Both OC- and OPC-like populations 

were comparatively less represented here at 14% and 22%, respectively.    
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Figure 15: Effects of drug treatment on DMG cell composition in DBO culture. A shows representative 

CODEX images of DBO treatments (control, panobinostat, ONC206). Tumor cells are labeled with H3K27M 

signal in green, the subpopulation of AC-like tumor cells is represented by GFAP in red and OC-like tumor 

cells are shown in cyan by SIRT2 signal. The cells of the OPC-like fraction are represented by SOX10 in 

magenta. B and C show CODEX analysis data of DBO treatments. In B, the cell numbers of each subpop-

ulation are normalized to the DMSO controls to quantify the reduction in each population. C shows the tumor 

cell compositions after treatment. All subpopulations contain the cell numbers of three different markers. n 

= four DBOs per drug from two independent differentiation and treatment rounds were used. Analyzed tumor 

cell numbers: DMSO 120.000, Marizomib 46.000, Zotiraciclib 71.000, ONC206 72.000, Paxalisib 40.000, 

Fimepinostat 33.000, Panobinostat 32.000, ONC201 37.000. Error bars represent the standard error of the 

mean (SEM).   
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4. Discussion  

The goal of this work was to develop a new H3K27-altered DMG in vitro model 

for drug testing. By providing a human brain-like TME for tumor cells and gener-

ating a tumor cell composition comparable to that of primary tumor samples, a 

realistic drug response should be achieved. This could contribute to improve the 

predictive power of preclinical drug testing, enhancing the translation of drug can-

didates into DMG treatment schemes.   

4.1 DBOs as representative model for H3K27-altered DMG  

Previous single-cell RNA-seq data revealed the composition of tumor cells in 

H3K27-altered DMGs and showed AC-like, OC-like, and OPC-like populations 

(Filbin et al., 2018). The presented CODEX tumor cell analysis of primary H3K27-

altered DMGs also showed this specific composition of AC-, OC- and OPC-like 

cell fractions, with the AC-like population being the most abundant malignant cell 

type on average. In contrast, OPC-like cells represented the most prevalent cell 

type in the publication from Filbin et al., 2018. The reason for this difference in 

population distribution could be the use of different analysis systems (single-cell 

RNA- seq vs. CODEX). Thus, an increased occurrence of AC-like tumor cells in 

H3K27-alterd DMGs was also observed in the newest work from the Filbin lab, 

where spatial transcriptomics and CODEX analysis were used in addition to sin-

gle cell (sc)RNA-sequencing (Liu et al., 2022). Interestingly, in contrast to the 

RNA-seq data, significantly more AC-like cells were detected with the spatial tran-

scriptomics and CODEX approaches. Liu et al. hypothesized that this might be 

due to the fact, that AC-like cells tend to form more cell interconnections, which 

makes them specifically vulnerable to cell dissociation for sequencing. Therefore, 

it is possible that more OPC-like cells survived the dissociation, leading to biased 

scRNA-seq data. This highlights the strength of the used CODEX system, which 

leaves the tissue architecture untouched for single cell analysis and thus avoids 

potential enrichment of a single subpopulation by dissociation. Nevertheless, 

OPC-like cells still accounted for large numbers of malignant cells in the analyzed 

H3K27-altered DMGs and their undifferentiated, stem-like tumor driving role likely 

contributes to the aggressiveness of the tumor and the poor therapy response. 

Numbers of actively dividing tumor cells ranged from 5 % to 16 % in the presented 
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data. Filbin et al., 2018 also found similar proliferation rates in the majority of 

cases, but H3K27-altered DMGs with rates above 20 % were also present. This 

could indicate an intertumoral variation in proliferation rates.   

In this work, two standard H3K27-altered DMG model systems for drug testing 

were analyzed for their individual tumor cell composition and compared to primary 

tumor samples. The analysis of patient derived tumor cells, either cultured as 

spheres or in an orthotopic PDX model, revealed clear subpopulation shifts com-

pared to primary tumor samples.  

Sphere cultured BT869 cells almost entirely consisted out of more de-differenti-

ated OPC-like and actively cycling cells compared to primary tumor samples. This 

indicates that the special conditions of cell culture, such as growth outside of a 

natural microenvironment or factors from cell culture medium, can have a deci-

sive influence on the tumor cell composition. This finding is consistent with data 

from glioblastoma cells, where sphere culture specifically enriches a more de-

differentiated, stem cell-like tumor cell state (Joseph et al., 2021). The use of 

patient-derived cell lines offers many advantages for drug testing (Ferreira et al., 

2013). The simple and cheap handling, as well as the availability of almost unlim-

ited numbers of cells for experiments, is especially relevant for rare tumor entities 

such as H3K27-altered DMG, where tissue availability is severely limited. How-

ever, the different cell composition and proliferation status could affect drug effi-

cacy, as seen in other cancer cells (Granada et al., 2020). Therefore, considering 

the decisively differed tumor composition of sphere cultures, the predictive power 

in terms of tumor response to drugs should be taken with caution here.  

A characteristic feature that is missing in sphere culture is the brain specific TME. 

The TME has a very heterogenous composition and contains cellular (e.g. non-

malignant cell types like cells of the nervous system, immune cells, vascular cells, 

stroma cells) as well as non-cellular components (e.g. ECM). Properties of the 

ECM like stiffness and direct/indirect interactions (e.g. neuronal activity) with var-

ious non-malignant cell types can have a decisive influence in the characteristics 

of tumor cells (Langhans, 2018; Venkatesh et al., 2015). Therefore, it is conceiv-

able that tumor cell differentiation and thus the subpopulation composition can be 

crucially influenced by the TME. This was also indicated by the CODEX analysis 

of the BT869 cells from sphere culture injected in the microenvironment of the 
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mouse pons (PDX model was generated by the Filbin laboratory). In contrast to 

sphere culture, the PDX model showed a significantly more differentiated and 

less proliferative composition of BT869 cells in the presented data. This suggests 

that factors and components from the in vivo mouse brain environment signifi-

cantly influence tumor cell state and are able to restore a more tumor-like cell 

composition. However, the OC-like population was much more prevalent com-

pared to the primary tumor tissue. Causal for the OC-like population shift in the 

analyzed DMG PDX model could be the mouse specific microenvironment, influ-

encing tumor cell states in a specific way. Indeed, results from Ben-David et al. 

2017 suggest that PDX culture of fresh tumor cells over a prolonged period of 

time can promote a mouse-specific tumor evolution that differs from primary tis-

sue. The non-human mouse environment can therefore lead to tumor subclone 

selection (Ben-David et al., 2017; Sun et al., 2021), thus shifting the tumor cell 

composition and potentially altering the drug response of malignant cells. How-

ever, it should be noted that access to mouse material was limited and analysis 

of additional PDX samples would be of interest to see if the tumor cell population 

shift frequently occurs. 

To bring the phenotype of the BT869 cells even closer to tumor-specific differen-

tiation patterns, they were placed in a human brain-like microenvironment. There-

fore, the DMG cells were co-cultured with human cerebral organoids. The gener-

ation procedure of cerebral organoids has been available since 2013 and is a 

well characterized and standardized iPSC differentiation protocol (Lancaster et 

al., 2013; Lancaster & Knoblich, 2014). Cells recapitulate the essential steps of 

human brain development and form functional neurons as well as a realistic tis-

sue organization (Lancaster et al., 2013). BT869 cells infiltrated the developing 

cerebral organoid over time, resulting in DMG brain organoids (DBOs). These 

altered culture conditions caused a decrease of more de-differentiated OPC-like 

and highly proliferating cell fractions, while the number of more differentiated AC-

like tumor cells increased. Thus, the DBO culture led to a closer reflection of tu-

mor cell composition as seen in primary DMG tumor samples. Similar effects on 

tumor cell states were observed with the use of glioblastoma cell lines. Pine et al. 

2020 analyzed glioblastoma cells fused with cerebral organoids (GLICO model 

from Linkous et al., 2019) and were able to detect similar cell compositions com-

pared to primary tumor tissue. The observed heterogeneity of malignant cells was 
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present only in the GLICO model when compared to other model systems (e.g. 

conventional 2D cell culture), as a direct consequence of the human brain-like 

microenvironment. This could also be the cause for the tumor-like cell composi-

tion in case of the presented DBO model. Properties of the TME (e.g. stiffness 

and composition) are known to influence tumor cell phenotypes (Langhans, 2018) 

and might therefore contribute to the more pronounced differentiation of tumor 

cells in the DBO model. In addition, concentration gradients (e.g. oxygen, pH, 

nutrients), as a result of the 3D structure of the DBOs, might also mediate mech-

anisms which influence the tumor cell composition (Langhans, 2018; Qiu et al., 

2017).  

In conclusion, DBOs closely resembled the tumor cell composition of primary tu-

mor tissue, thus providing a representative organoid model for H3K27-altered 

DMGs. Due to the in vitro nature of the system, no complicated implantation pro-

cedures into a nonspecies microenvironments of animal models are needed and 

consequent ethical issues are avoided. Furthermore, artificial conditions and as-

sociated, undesirable influences on tumor cell composition of standard in vitro 

culture are minimized, while maintaining the relative ease of use. However, the 

DBO model system is just an approximation of reality and the provided TME for 

tumor cells is still simplified in composition. Furthermore, decisive brain-specific 

features such as a blood-brain barrier are missing in comparison to the PDX 

model. Adding further components like vasculature or immune cells would there-

fore further improve the model. In addition, it would be of interest for future ex-

periments to analyze if the DBO culture system also induces tumor specific cell 

compositions in other patient derived cell line. As the presented data only show 

results for BT869 cells, analysis of additional DMG cell lines or other brain tumor 

cell lines would be beneficial to further confirm the observed effects on tumor cell 

composition. 

4.2 Antitumor properties of drugs in the DBO culture system 

To investigate how H3K27M cells in DBO culture respond to different drugs, 

DBOs were treated for 14 days with a selection of 30 interesting drug candidates. 

Potent compounds, identified in a high-throughput screening by Lin et al., 2019 

were evaluated for DBO treatment selection using the latest information available 
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from clinical trials at start of the project (e.g. planned or present use in DMG tri-

als). Readouts from DBO treatments based on fluorescence imaging, not only 

allowed a detailed assessment of individual drug potencies (tumor mass reduc-

tion) but also revealed effects on treatment surviving cells (cycling tumor cell 

numbers and tumor cell composition). This could be beneficial for identifying new 

drug candidates and/or combinatorial therapy approaches under in vitro condi-

tions. Among others, the nicotinamide phosphoribosyltransferase (NAMPT) in-

hibitors daporinad and GMX-1778 greatly reduced the tumor burden of DBOs, 

suggesting strong cytotoxic capabilities. Strong tumor burden reductions together 

with pronounced antiproliferative effects on H3K27M cells were evident with the 

HDAC inhibitor romidepsin, the proteasome inhibitor delanzomib, the DRD2 an-

tagonist ONC206 and the CDK inhibitors dinaciclib and zotiraciclib. An interesting 

model feature regarding the more therapy-resistant behavior of H3K27-altered 

DMGs in the clinic compared to preclinical testing, was observed in the DBOs 

with several drugs showing less pronounced tumor burden reduction than ex-

pected based on published sphere culture tests (Grasso et al., 2015; Lin et al., 

2019). These drugs were found to primarily inhibit proliferation of H3K27M cells 

at the concentrations used. Drugs like the HDAC inhibitor panobinostat, the pro-

teasome inhibitor marizomib as well as the HSP90 inhibitors AUY922 and 

HSP990 need to be mentioned here. This resistant tumor cell behavior in DBOs 

could help to improve the predictive power of in vitro drug tests by more closely 

reflecting a tumor-like cell response compared to sphere culture. In the following 

paragraphs, individual drug candidates and their effects on DBOs are discussed 

in more detail. 

Two representatives of the NAMPT inhibitor class, daporinad and GMX1778, 

were found under the most potent drugs and greatly reduced the tumor burden 

of treated DBOs. Daporinad even showed the most potent effect across all tested 

drug candidates, with a reduction of tumor burden of 94 % at a concentration of 

only 10 nM. GMX1778 was less potent in comparison, demonstrating strong tu-

mor burden reductions of 90 % at 100 nM. The NAMPT enzyme plays a key role 

in nicotinamide adenine dinucleotide (NAD+) recycling and NAMPT inhibition 

leads to depletion of intracellular NAD+. This results in a delayed cell death in 

cancer cells, that exhibit increased NAD+ consumption due to high metabolic 

rates, which might explain the strong effects on DBOs (Hasmann & Schemainda, 
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2003; Xie et al., 2020). Daporinad and GMX1778 were already proven for their 

potent preclinical anticancer activities in multiple entities, including glioblastoma 

cells (Barraud et al., 2016; Biniecka et al., 2023; Hjarnaa et al., 1999; Tateishi et 

al., 2015; P. Yang et al., 2015). Consistent with the DBO data presented, both 

drugs have also been identified in a large drug screen as potent agents against 

H3K27-altered DMG cells grown in cell culture with predicted blood-brain barrier 

permeability (Lin et al., 2019). However, in case of GMX1778, anticancer activity 

against solid tumors was not observed at same efficiency as seen in preclinical 

studies, which might also limit the drug`s translation into pDMG therapy (Biniecka 

et al., 2023; Heideman et al., 2009; Hovstadius et al., 2002). Based on the DBO 

data and the mentioned findings from other groups, daporinad, with its higher 

potency, has greater potential for clinical use and may be an interesting approach 

for pDMG treatment, but possible dose limiting toxicities must be considered 

here.  

Also, the FDA approved HDAC inhibitor romidepsin showed one of the most po-

tent reductions in tumor mass overall, together with a strong proliferation inhibi-

tion. A nanomolar potency of the inhibitor was also observed using biopsy-derived 

H3K27-altered DMG cultures (Vitanza et al., 2021), which further confirms the 

strong anti-tumor effect of the drug against this tumor entity in vitro. Until now, 

the potent effects of romidepsin are not present in HGG in vivo models and a 

phase I/II clinical trial using romidepsin against adult high-grade glioma showed 

no significant effects in patients  (Iwamoto et al., 2011; Vitanza et al., 2021). One 

possible explanation for the lack of antitumor activity in the clinic may be a se-

verely limited ability of the drug to overcome the BBB, which cannot be modeled 

in the presented DBO system. Results from in vivo experiments already indicated 

limitations in BBB permeability (Vitanza et al., 2021), which would certainly re-

strict the drug’s use in DMG therapy. However, strategies to improve BBB per-

meability, such as conjugation of the drug with BBB trafficking molecules or con-

vection-enhanced delivery (CED), could help to exploit the potent antitumor ef-

fects in clinical use (Vitanza et al., 2021; Wang & Guo, 2015; Zhou et al., 2017). 

Surprisingly, less potent effects on DBO tumor burden compared to romidepsin 

were observable with panobinostat. 100 nM of the FDA approved HDAC inhibitor 

halved the tumor burden after 14-days of treatment. Stronger reductions would 

have been expected here, as studies with H3K27-altered DMG cells showed that 
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cell viability decreased by more than 50 % with 100 nM panobinostat after only 

72 hours (Grasso et al., 2015; Hennika et al., 2017; Lin et al., 2019). This may 

indicate a lower sensitivity of H3K27M cells in DBOs, which could be due to the 

realistic DMG subpopulation composition induced by DBO culture. The treatment 

data showed further that predominantly OPC- and OC-like cells were reduced, 

while the AC-like subpopulation was less affected. Nevertheless, one of the 

strongest proliferation inhibitions was induced by panobinostat, which could be 

the result of downregulated proliferation-associated genes, as observed in other 

studies (Grasso et al., 2015; Hennika et al., 2017). The capability to specifically 

reduce proliferating and potentially tumor initiating, undifferentiated OPC-like 

cells could be a very interesting feature of panobinostat, possibly leading to ben-

eficial effects in the clinic. Second line treatments, which are capable to eliminate 

the remaining non proliferating and mostly AC-like differentiated tumor cells 

would be of special interest here to increase tumor cell reduction. When consid-

ering therapeutic regimens with higher concentrations of panobinostat to increase 

tumor shrinkage, the question is whether they can be used in children without 

causing intolerable toxicity. In vivo studies with daily panobinostat administration 

achieved concentrations higher than 500 nM in the mouse brain stem, but exces-

sive toxicities made a dose de-escalation necessary. Unfortunately, well-toler-

ated concentrations of panobinostat did not prolong overall survival of mice, 

which could indicate that the use of higher panobinostat concentrations is limited 

(Hennika et al., 2017). Whether the reduced sensitivity of cancer cell fractions 

also occurs in patients and potentially affects treatment outcomes remains to be 

investigated but would fit the current picture that H3K27-altered DMGs generally 

respond poorly to many drug interventions in the clinic. The ability of panobinostat 

to reach DMG cells by crossing the BBB seems to be limited but existing (Aziz-

Bose & Monje, 2019; Grasso et al., 2015). This makes the inhibitor an interesting 

drug candidate for the future treatment of H3K27-altered DMG patients and the 

results of current clinical trials can be eagerly awaited.      

A compound that showed particularly strong effects on DBOs was the second-

generation proteasome inhibitor delanzomib. Here, the overall strongest reduc-

tion of DBO tumor burden by 97 % was observed with 100 nM and proliferation 

rates were drastically reduced. The degradation of regulatory proteins by the pro-

teasome is often deregulated in cancer (Kitagawa et al., 2009). Therefore, an 
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upregulation of proteasome activity is a known mechanism in cancer cells to 

avoid cell death induced by the accumulation of defectively synthesized proteins 

(Rashid & Niklison-Chirou, 2019). The inhibition of proteasome activity by 

delanzomib might therefore greatly reduce this survival mechanism in H3K27M 

cells and explain the strong antitumor effects observed in DBOs. Consistent with 

the presented DBO data, delanzomib also demonstrated strong potency against 

several malignancies, including H3K27-altered DMG cells in vitro (Lin et al., 2019; 

Piva et al., 2008). This further supports delanzomib as an interesting candidate 

for the treatment of H3K27-altered DMGs. However, BBB permeability as well as 

potential limiting toxicities still need to be investigated. A different proteasome 

inhibitor which in the case of H3K27-altered DMGs has become more central in 

therapy research is marizomib. A high-throughput drug screening and xenograft 

studies identified marizomib as a potent agent and BBB penetrable properties 

were demonstrated in vivo (Di et al., 2016; Lin et al., 2019). A phase I clinical trial 

is currently running evaluating the combination of marizomib and panobinostat in 

H3K27-altered DMGs (Table1, NCT04341311). The presented DBO data 

showed that 100 nM of marizomib reduced tumor burden only about half after 14 

days. This finding is surprising, since H3K27-altered sphere culture showed IC50 

values around 17 nM post 72 hours incubation (Lin et al., 2019). Similar to pano-

binostat, this may suggest lower sensitivity of tumor cells in DBOs due to realistic 

subpopulation compositions induced by DBO culture. OC- and OPC-like cells 

were again affected more compared to AC-like cells, leading to increased AC-like 

proportions, which could be an interesting feature for drug combinations. Never-

theless, it remains to be clarified whether such lower sensitivities also occur in 

the clinic and affect treatment outcomes. Higher concentrations of marizomib 

could increase the overall antitumor effects, but information from the clinic re-

garding dose limiting toxicities are consequently important here.  

The CDK inhibitors dinaciclib and zotiraciclib strongly inhibited proliferation of tu-

mor cells at 1 µM with dinaciclib especially showing pronounced tumor reducing 

abilities in DBOs (tumor burden reduction of 95 %). CDKs are key regulators of 

cell cycle checkpoints and the inhibition of this protein class is already in clinical 

use for treating malignancies (Zhang et al., 2021). H3K27-alterd DMG samples 

revealed amplifications in cell cycle associated genes, including CDKs (Paugh et 

al., 2011), and clinical studies to investigate CDK-inhibition in this tumor entity 
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were already initiated (Becher, 2019). Dinaciclib and zotiraciclib were tested by 

Lin et al., 2019 on H3K27M DMG cells and showed promising effects with di-

naciclib being the more potent agent. These findings were also supported by the 

results of this work. The strong antiproliferative effects of dinaciclib and zoti-

raciclib can most likely be explained by the central role of CDKs in cell cycle con-

trol. Tumor cell composition analysis after zotiraciclib treatment showed a rela-

tively equally distributed reduction of all subpopulations. This prevented the en-

richment of one specific and less sensitive subpopulation, which could be bene-

ficial for clinical use. However, it is important to mention that a concentration of 

100 nM was used here, as 1 µM would have resulted in excessive tissue debris 

and insufficient cell numbers, consequently complicating the analysis. Therefore, 

changes of the observed subpopulation reduction pattern at other concentrations 

cannot be excluded. Overall, due to the tumor reducing and antiproliferative ef-

fects presented here, dinaciclib and zotiraciclib are interesting candidates for fu-

ture clinical trials, with particular emphasis to dinaciclib due to its increased po-

tency. Both drugs are theoretically able to cross the BBB (Lin et al., 2019), which 

increases their translational potential. However, this needs to be further validated 

and considered along with potential dose limiting toxicities regarding the thera-

peutical use in pediatric patients. 

The DRD2 antagonist ONC206 led to drastic tumor burden reduction and an al-

most complete proliferation inhibition in the DBO model at 1 µM. Thereby, 

ONC206 exceeded the effects of its analogue ONC201 at the same concentra-

tion. In line with these findings, several preclinical studies also showed increased 

potency of ONC206 over ONC201 (El-Soussi et al., 2021; Ishida et al., 2018; 

Wagner et al., 2017). ONC201 already induced objective tumor responses in 

H3K27-altered DMGs during clinical use (Chi et al., 2019; Hall et al., 2019). Con-

sidering the similar structural and mechanistic properties of ONC206 and 

ONC201 (El-Soussi et al., 2021), it is likely that the enhanced antitumor capabil-

ities of ONC206 will also be reflected in clinical application. ONC206 could there-

fore not only lead to greater tumor regression in the clinic compared to ONC201 

but could eventually benefit the progression-free survival of patients. Further-

more, ONC206 showed a quite balanced reduction of all subpopulations in DBOs. 

It is important to note that a lower concentration of 100 nM was used as 1 µM of 

ONC206 would have complicated the analysis by low cell numbers and tissue 
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debris. The more equally distributed reduction of subpopulations by ONC206 

could counteract a possible selection of a more treatment-insensitive tumor sub-

population. However, it remains questionable whether higher concentrations of 

the drug would not increasingly affect specific subpopulations. This was observ-

able in case of ONC201, were especially the OPC-like and OC-like cell popula-

tions were affected at 1 µM. This strong reduction of a possible tumor driving 

population within an in vivo achievable intratumoral drug concentration could ex-

plain the particularly strong and persistent response observed in individual pa-

tients with H3K27-altered DMGs (Arrillaga-Romany et al., 2020; Chi et al., 2019). 

Overall, the DBO data, together with the mentioned findings from other preclinical 

experiments and clinical trials, suggest that the DRD2 antagonists, and ONC206 

in particular, have a strong translational potential and are therefore promising 

drug candidates for the treatment of H3K27-altered DMGs. 

As mentioned earlier, paxalisib is a particularly interesting drug for the treatment 

of pDMGs due to its preclinical antitumor activity and BBB permeability. DBO 

treatments with paxalisib led to tumor burden reductions of around 60 %, but only 

when using a high concentration of 5 µM. Paxalisib has therefore been exceeded 

in potency by several compounds that demonstrated DBO tumor burden reduc-

tions of 80 % or greater at concentrations of 10 – 1000 nM (e.g. daporinad, 

delanzomib or ONC206). However, orthotopic glioblastoma xenograft mouse 

models showed, that the BBB permeability of paxalisib at tolerable doses is suf-

ficient to reach concentrations around 5 µM in the brain, resulting in similar tumor 

reduction of around 70 % as seen in the treated DBOs (Salphati et al., 2016). 

Results from a phase II clinical trial with glioblastoma patients showed encourag-

ing antitumor effects, further supporting the finding that the drug could reach clin-

ically active concentrations in the brain  (Wen et al., 2022). Combination therapies 

could be a way to increase antitumor effects of paxalisib. DBOs showed for ex-

ample, that subpopulation reductions mainly affected the potentially tumor driving 

OPC-like subpopulation, shifting the cell composition more toward AC-like cells. 

Combination therapies of paxalisib with other drug candidates that enhance ef-

fects on paxalisib insensitive tumor cells could therefore further increase the tu-

mor shrinkage. Recent preclinical and clinical data already showed promising ef-

fects by combining paxalisib with ONC201 in H3K27-altered DMGs (Jackson et 

al., 2023). Another dual inhibitor that was included in DBO treatments based on 
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an increased interest from a clinical perspective is fimepinostat, with a phase I 

trial ongoing in H3K27-altered DMG patients (Table 1: NCT03893487). The 

PI3K/HDAC inhibitor already demonstrated potency against H3K27M-altered 

cells in concentrations below 20 nM in vitro after 72 hours (Lin et al., 2019; Pal et 

al., 2018). Interestingly, the strong effect of fimepinostat could not be found in the 

data shown here. Tumor burden was only halved after 14 days of treatment with 

100 nM. The reduced tumor burden reduction potentially suggests a lower sensi-

tivity of H3K27M cells in DBO culture, when considering the aforementioned na-

nomolar potencies after 72 hours. Therefore, higher concentrations of fimepi-

nostat would certainly be needed here to increase antitumor effects, but it is ques-

tionable, if sufficient levels of the drug can be achieved in the brain, as the BBB 

permeability seems to be limited (Pal et al., 2018). Nevertheless, 100 nM fimepi-

nostat reduced specifically OC- and OPC-like cells, which may be of interest for 

combination therapies that are more likely to target the less affected tumor cells. 

In vivo experiments showed that especially the combination of fimepinostat and 

irradiation significantly prolonged survival of H3K27-altered DMG xenograft mice 

(Pal et al., 2018), which further supports the potential benefit of combination ther-

apy here.      

HSP90 inhibitors substantially reduced proliferation of H3K27M DMG cells in 

DBOs. All used drug members of this inhibitor class were therefore found among 

the most potent antiproliferative agents. In particular, AUY922 and HSP990 

demonstrated the highest antiproliferative potencies here with almost complete 

proliferation inhibition at 100 nM. The strong antiproliferative properties are po-

tentially a result of cell cycle arrest, as observed in in vitro studies with several 

human cancer cell lines, including glioblastoma cells (Eccles et al., 2008; Wachs-

berger et al., 2014). The tumor burden reductions of DBOs were less pronounced 

than expected with HSP990, AUY922 and alvespimycin. High-throughput drug 

screens using H3K27M-DMG cells have identified the HSP90 inhibitors as being 

cytotoxic at significantly lower nanomolar concentrations (Grasso et al., 2015; Lin 

et al., 2019). In particular, AUY922 and HSP990 excelled here with IC50 values 

below 30 nM after a 72-hour treatment period. 31 % to 46 % of tumor cells were 

still present after two weeks of DBO treatments with 100 nM to 1000 nM of the 

drugs. The lower sensitivity of DMG cells to HSP90 inhibitors may indicate that 

the tumor-like cell composition in DBOs results in a different response to drugs 
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than compared to conventional cell culture models. This finding further empha-

sizes the importance of more realistic models for drug testing, to potentially in-

crease the translation of preclinical drug testing. Nevertheless, the strong anti-

proliferative effect of HSP90 inhibition is of particular interest for rapidly growing 

tumors such as H3K27-altered DMGs and could have a positive impact on clinical 

outcomes. Combinations with other therapeutic agents to increase cytotoxicity 

would be conceivable. Especially AUY922 and HSP990 could be of value due to 

their potent effects at relative low concentrations, but clinical studies investigating 

the antitumor effectiveness of both drugs in brain tumor patients are lacking so 

far. In this context, HSP990 would be of particular interest, as it is assumed that 

the drug can cross the BBB, which remains questionable in the case of AUY922 

(Babi et al., 2022; Lin et al., 2019).  
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4.3 Conclusion 

The aim of this work was to develop a representative in vitro H3K27M model 

system for drug testing. This was achieved by co-culturing cerebral organoids 

with H3K27M DMG tumor spheres, resulting in the formation of DBOs. CODEX 

analysis revealed a tumor cell composition in DBOs that more closely reflects the 

situation found in primary tumor samples compared to common model systems. 

Subsequently, a treatment regimen was developed to characterize the effects of 

promising drug candidates from current research. As demonstrated by the pre-

sented treatment results, DBOs could be a useful tool for detailed analysis of 

individual therapeutic effects. The possibility to analyze treatment surviving cells 

potentially helps to identify new combinatorial therapies. Compared to published 

results from conventional cell culture based in vitro assays, H3K27M DMG cells 

in DBOs showed lower sensitivity to several drugs, which might be an intriguing 

model feature for therapy-resistant tumor behavior in the clinic. This could help 

to increase the predictive power of preclinical drug screens.  
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