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I 

 

Zusammenfassung 

 

Die langfristige und effiziente Behandlung des Glioblastoms, des häufigsten und aggressivsten 

primären Hirntumors, ist trotz jahrzehntelanger intensiver Forschung noch immer ein 

ungelöstes medizinisches Problem. Folglich konzentriert sich dieses Promotionsvorhaben auf 

die Entwicklung gezielter Behandlungen gegen Glioblastomstammzell-ähnliche Zellen 

(Glioma Stem-like Cells, GSCs), die als spezielle Tumorzellpopulation analog zu gesunden 

Stammzellen beschrieben werden. GSCs gelten maßgeblich als Grund für das Fortschreiten der 

Krankheit und die Vermittlung von Therapieresistenzen. Aus diesem Grund wurden 

methodische Ansätze der Präzisionsmedizin im Rahmen von präklinischen Modellen des 

Glioblastoms, d.h. GSC-Zelllinien und primäre Patientenzellen sowie neurale Stammzellen und 

induzierte pluripotente Stammzellen unter Verwendung von etablierten 

Sphäroidzellkulturtechniken getestet, um pathophysiologisch relevante Ergebnisse zu 

gewinnen. 

 

Das erste Originalarbeit berichtet über die präklinische Wirksamkeit von Rapalink-1 (RL1), 

einer kürzlich entwickelten chemischen Verbindung, die den mTOR-Signalweg weitgehend 

hemmt, in Glioblastommodellen. Mechanistisch wird gezeigt, dass eine Therapie mit dieser 

Substanz das stammzellähnliche Verhalten und die Epitheliale-Mesenchymale Transition 

(EMT) von GSC effektiv unterdrücken kann. In weiteren Versuchen konnte gezeigt werden, 

dass die Gabe von RL1 synergistisch das therapeutische Potenzial von klinisch zugelassenen 

Glioblastombehandlungen, wie eine Chemotherapie mit Temozolomid und eine 

elektrophysikalische Therapie mit Tumor Treating Fields (TTFields), verstärken kann.  

 

Parallel dazu wird in der zweiten Originalarbeit die Identifizierung von 22 in vitro gegen GSC 

wirksamen Medikamenten, darunter ein mTOR-Inhibitor und das klinisch zugelassene 

Parkinson-Medikament Trihexyphenidyl (THP), als mögliche Repurpose-Kandidaten zur 

Behandlung von Glioblastomen beschrieben. Diese Experimente wurden mit Hilfe eines in 

vitro Hochdurchsatz-Screens von Substanzen nach der Implementierung eines automatisierten, 

robotergesteuerten Liquid-Handling-Geräts durchgeführt. Darüber hinaus wurde die 

Wirkungsweise von THP durch mechanistische Untersuchungen analysiert.  

 

Die zum Abschluss vorgestellte Originalarbeit berichtet über die Entwicklung einer Gold-

Nanopartikel-Trägertechnologie, die eine effektive Transfektion von GSCs ermöglicht und 

somit als neuer Ansatz für wirksame Anti-GSC-gerichtete Behandlungen mittels 

Pharmakotherapie oder Gentherapie fungieren kann. 

 

Zusammenfassend zeigt diese Dissertationsschrift, dass Ansätze der Präzisionsmedizin mittels 

in vitro Hochdurchsatzanalyse von Medikamenten, funktioneller in vitro Analytik und 

Nanotechnologie-basierter Verfahren in Glioblastommodellen potentiell synergistisch zu 

etablierten Behandlungsansätzen wirkende Effekte aufdecken können, welche die Entwicklung 

neuer Wege in der Behandlung des Glioblastoms aufzeigen können.  
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Summary 

 

The long-term and efficient treatment of glioblastoma, the most common and most aggressive 

primary brain tumor, is still an unsolved medical problem despite decades of intensive research. 

Consequently, the experiments of this doctoral project were focused on the development of 

targeted treatments against glioblastoma stem-like cells (GSCs). GSCs are a special tumoral 

cell population that shares biological features of normal stem cells and is considered to be 

largely responsible for the progression of the disease and the mediation of therapy resistance. 

Therefore, we developed precision medicine technologies to test preclinical models of 

glioblastoma, including GSC cell lines and primary patient-derived cells, as well as neural stem 

cells and induced pluripotent stem cells by using spheroid suspension cell culture techniques in 

order to obtain pathophysiologically relevant findings. 

The first paper reports on the preclinical efficacy of Rapalink-1 (RL1), a recently developed 

chemical compound that broadly inhibits the mTOR signaling pathway, in glioblastoma 

models. Mechanistically, it is shown that RL1 can effectively suppress stem-like behavior and 

the epithelial-to-mesenchymal-like transition (EMT) of GSCs. Further findings showed that 

exposure to RL1 synergistically reinforced the therapeutic potential of clinically approved 

glioblastoma treatments, namely chemotherapy with temozolomide and electrophysical therapy 

with Tumor Treating Fields (TTFields).  

In parallel, the second paper reports on the identification of 22 drugs with in vitro activity 

against GSCs, including an mTOR inhibitor and the clinically approved Parkinson’s drug 

trihexyphenidyl (THP), suggesting potential repurpose-candidates for glioblastoma therapy. 

The experiments involved an in vitro high throughput screening of drugs enabled by the 

implementation of an automated, robotically-mediated liquid handling device. Moreover, the 

mode of action of THP was investigated by mechanistic investigations.  

The final paper included in this thesis reports on the development of a gold nanoparticle carrier 

technology that allows for effective transfection of GSCs and thus can function as a scaffold to 

increase efficacy of anti-GSC-directed treatments such as pharmacotherapy or gene therapy. 

In summary, this dissertation shows that precision medicine approaches in GSC models 

involving in vitro high throughput drug screening, functional in vitro analyses, and 

nanotechnology-based methods can reveal potentially synergistic effects to established 

treatments, which may pave the way towards novel strategies for glioblastoma therapy. 
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1. Introduction 
 

1.1. Motivation and overview 

 

In the current evolving era of precision medicine, complex diseases like cancer and especially 

brain tumors require the rapid implementation of advanced technologies to develop effective 

treatments 1–3. Particularly, the complex field of glioblastoma requires the development of novel 

effective treatments because the overall survival of patients with glioblastoma has not improved 

substantially since the introduction of temozolomide (TMZ) more than 15 years ago 4. On the 

other side, advances in the molecular genetics of glioblastoma have revealed that patients whose 

tumors lack mutations in the isocitrate dehydrogenase 1 and 2 genes, i.e. are IDH-wildtype 

glioblastomas 5,6 which have a less favorable prognosis and show poorer response to standard 

treatment of surgery, radiotherapy and TMZ when compared to patients with IDH-mutant high-

grade gliomas 7.  

Moreover, glioblastomas are composed of heterogeneous cell populations that may demonstrate 

a hierarchical behavior, with the most aggressive cells sharing equivalent characteristics and 

molecular markers with normal stem cells, fetal cells and induced stem cells. Thus, these cells 

with stem-like traits are referred to as glioblastoma stem-like cells (GSCs) and show a direct 

correlation between biological aggressiveness and their degree of stemness or differentiation. 

This behavior is complemented by the highly invasive and proliferative pattern of cells that 

transition from a static epithelial-like behavior (proneural), to a higher invasive (mesenchymal) 

behavior through the process of epithelial-like-to-mesenchymal transition (EMT) 8,9, thereby 

contributing to tumor progression 7,10–13. This stem-like-cell hierarchy has been evidenced in 

some of the most aggressive human cancer types, both solid and hematopoietic, consolidating 

the tumor stem cell theory and creating opportunities for interdisciplinary research between 

developmental neurobiology and brain tumor research.  Therefore, the rationale and potential 

implications of developing precision medicine technologies in stem cell-like glioblastoma 

models are the main motivation drivers of this dissertation. 

 

1.2. Precision medicine in cancer and glioblastoma 
 

Cancer is a highly adaptable, genetically complex disease. For this reason, traditional “one size 

fits all” approaches, such as broad spectrum chemotherapies, have fallen short and are being 

replaced by molecularly-tailored, highly targeted medical treatments and procedures in several 

cancer types 1,3. This is the core of most precision medicine approaches. Originally, this concept 

was called ‘personalized medicine’ but due to misunderstandings the European Society for 

Medical Oncology (ESMO) and the National Research Council of the United States established 

the term “precision medicine” as the new standard 1,14. It is defined by the ESMO as a healthcare 

approach with the primary aim of identifying which interventions are likely to be of most 

benefit to which patients, based upon the features of the individuals and their disease 1,14,15. 
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Applied to glioblastoma and GSCs, if we have an extensive knowledge of the molecular 

characteristics of the tumor in individual patients and know several available tools to target 

these specific features, we would theoretically ensure the development of highly efficient 

treatments with minimal adverse reactions. An interesting example of precision medicine in 

glioblastoma treatment, is the GBM AGILE (Adaptive Global Innovative Learning 

Environment) fast-track research system, which is further combined with translational research 
4. 

 

1.3. Overview of electric fields, drug repurposing and nanoparticles in glioblastoma 

 

In the past years, a new category of cancer therapy called Tumor Treating Fields (TTFields) or 

alternating electric fields was approved for the treatment of glioblastoma patients 16–18. This is 

the only treatment that has partially improved the overall survival in IDH-wildtype (IDH-wt) 

glioblastoma patients in more than 15 years 19. Mechanistically, it applies low intensity 

alternating electric fields to the scalp of the patient, thereby supposed to produce an antimitotic 

effect in the tumor, with limited toxicity and improved overall survival of the patients after two 

and five years. However, specific interactions with other treatments and the effects on GSCs 

remain widely unknown 18.  

Moreover, there are several approved drugs that are currently used for the treatment of 

oncological and non-oncological diseases, which have a high chance of being repurposed for a 

novel treatment indication in different types of cancer 20. For this reason, an industry-grade, 

liquid dispensing robotic system for in vitro drug screening in the research setting was 

established and used for performing a high throughput drug screening on molecularly 

characterized GSC models. Based on this approach, Rapalink-1 (RL1), a highly potent 

Mammalian Target of Rapamycin (mTOR) pathway inhibitor was identified as a drug showing 

in vitro efficacy against GSCs 21. In the context of cancer, mTOR is a key player in the 

activation of cell growth, reprogramming of cell metabolism and structural cytoskeleton 

remodeling 18. Thus, mTOR inhibitors have been broadly used as chemotherapeutic agents in 

glioblastoma and other types of tumors (i.e. subependymal giant cell astrocytoma, meningioma, 

advanced renal cell carcinoma, etc.), as well as immunomodulators indicated in kidney 

transplantation and other medical conditions 22(p2),23,24.  

Finally, this thesis focused on nanotechnology as an innovative field of research with increasing 

applications in medicine during the past years. Specifically, nanoparticles may function as novel 

treatment vectors that offer many applications in both preclinical research and clinical medicine  
25,26. Therefore, locally-synthesized colloidal gold nanoparticles (AuNP) were developed, 

making use of the highly customizable and biocompatible characteristics of this material, as a 

potentially novel tool for glioblastoma therapy and further research.  
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1.4. Aim of the thesis 

 

The main aim of this thesis was to generate preclinical evidence that may lead to the 

development of novel targeted next-generation therapies against glioblastoma through 

precision medicine approaches. The project involved state of the art technologies, 

pathophysiologically relevant three-dimensional culture techniques, and either in vitro, ex vivo, 

or in silico models. In the chapters 3-5 the employed precision medicine technologies and 

obtained results are explained in detail within the individual papers, starting with the most 

recently published one. 

 

1.5. Ethics approval 
 

Ethics approval for the use of cell models to study brain cancer biology was obtained from the 

Ethics Committee of the Medical Faculty of Heinrich Heine University Düsseldorf (study ID 

5841R). Cortical fetal neural stem cells were collected from human fetal cortical tissue grown 

under neurosphere conditions (study ID #5206). Primary glioblastoma tumor tissue samples 

were obtained from patients treated at the Department of Neurosurgery, Heinrich Heine 

University Düsseldorf. All patients gave their informed consent for the use of their tissue 

samples and clinical data for research purposes. The study was conducted in accordance with 

the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the 

Medical Faculty of Heinrich Heine University Düsseldorf (#2019-484-FmB). 
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2. Paper 1 - Rapalink-1 Targets Glioblastoma Stem Cells and Acts Synergistically 

with Tumor Treating Fields to Reduce Resistance against Temozolomide. Andres Vargas-

Toscano, Ann-Christin Nickel, Guanzhang Li, Marcel Alexander Kamp, Sajjad Muhammad, 

Gabriel Leprivier, Ellen Fritsche, Roger A Barker, Michael Sabel, Hans-Jakob Steiger, Wei 

Zhang, Daniel Hänggi and Ulf Dietrich Kahlert. Cancers (Basel), 12(12):3859; Dec (2020)  

 

The paper with supplementary data embedded in this chapter was reprinted with the following 

considerations: 

• Published in the year 2020 by the Open Access journal Cancers (Basel) from the 

publisher MDPI (Multidisciplinary Digital Publishing Institute) under the Creative 

Commons Attribution License BY 4.0, allowing the reprint of academic non-

commercial Dissertations/Thesis as explained in the following webpage link: 

https://www.mdpi.com/openaccess  

• The original publication is available under the journal webpage link: 

https://www.mdpi.com/2072-6694/12/12/3859 

• It can be accessed via PubMed under the following webpage link: 

https://pubmed.ncbi.nlm.nih.gov/33371210/  

 

 

 

https://www.mdpi.com/openaccess
https://www.mdpi.com/2072-6694/12/12/3859
https://pubmed.ncbi.nlm.nih.gov/33371210/
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3. Paper 2 - Robot Technology Identifies a Parkinsonian Therapeutics Repurpose to 

Target Stem Cells of Glioblastoma. Andres Vargas-Toscano, Dilaware Khan, Ann-Christin 

Nickel, Michael Hewera, Marcel Alexander Kamp, Igor Fischer, Hans-Jakob Steiger, Wei 

Zhang, Sajjad Muhammad, Daniel Hänggi and Ulf Dietrich Kahlert. CNS Oncology. 9 no. 2: 

CNS58; Jun (2020) 

 

The paper with supplementary data embedded in this chapter, was reprinted with the 

following considerations: 

• Published in the year 2020 by the journal CNS Oncology from the publisher Future 

Medicine. 

• It was adapted to the doctoral project with permission of Future Medicine Ltd, which 

allows the reprint of academic non-commercial Dissertations/Thesis, as detailed in the 

following webpage link: 

https://www.futuremedicine.com/reprints  

• The original publication is available under the journal webpage link: 

https://www.futuremedicine.com/doi/full/10.2217/cns-2020-0004  

• It can be accessed via PubMed under the following webpage link: 

https://pubmed.ncbi.nlm.nih.gov/32462934/  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

https://www.futuremedicine.com/reprints
https://www.futuremedicine.com/doi/full/10.2217/cns-2020-0004
https://pubmed.ncbi.nlm.nih.gov/32462934/
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4. Paper 3 - Influence of Synthesis Methods on the Internalization of Fluorescent 

Gold Nanoparticles into Glioblastoma Stem-like Cells. Beatriz Giesen, Ann-Christin 

Nickel, Alba Garzón Manjón, Andres Vargas Toscano, Christina Scheu, Ulf Dietrich Kahlert* 

and Christoph Janiak*. *equal contribution, Journal of Inorganic Biochemistry, 203: 110952; 

Feb (2020)  
 

The published manuscript with supporting information embedded in this chapter was 

reprinted with the following considerations: 

• Published in the year 2020 by the Journal of Inorganic Biochemistry from the 

publisher Elsevier. 

• The publisher states that “Authors can include their articles in full or in part in a thesis 

or dissertation for non-commercial purposes”: 

https://www.elsevier.com/about/policies/copyright/permissions   

• The original publication is available under the journal webpage link: 

https://www.sciencedirect.com/science/article/pii/S0162013419306324 

• It can be accessed via PubMed under the following webpage link: 

https://pubmed.ncbi.nlm.nih.gov/31794896/  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.elsevier.com/about/policies/copyright/permissions
https://www.sciencedirect.com/science/article/pii/S0162013419306324
https://pubmed.ncbi.nlm.nih.gov/31794896/
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5.  Discussion 
 

We initially implemented a high throughput screening technology with the intrinsic benefit of 

testing multiple compounds at the same time in a time-efficient drug discovery context 14,27,28. 

This approach facilitated time-efficient transparent results with high accuracy and high data 

reproducibility given the direct electronic data transfer without human operator intervention.  

After finishing the drug screen on a highly specialized and characterized GSC in vitro model, 

it was of high interest that out of the 22 identified compounds showing evidence of efficacy, 

THP and other four high potency compounds had a neurotransmitter-modulating mode of 

action. To explain this finding, we correlated these results with previous publications, which 

demonstrated that the growth of gliomas depends on neurotransmitter activity of their 

neighboring neurons. This phenomenon is reported as neuro-glioma synapses 29,30. It basically 

describes how neurons and brain cancer cells form excitatory synapses and generate an 

electrically active tissue that signals other glioma cells in the network to promote their migration 

and growth. These findings might provide a possible explanation for the own observation that 

GSCs were susceptible to neurotransmitter-modulating compounds. Moreover, THP is 

currently being validated in our group using four additional glioblastoma models and is 

undergoing in vivo trials. 

Following the main molecular subtypes of glioblastoma as defined by Verhaak et al. in 2010, 

this transcriptome-based classification was used to perform a data mining in silico assessment, 

employing data sets from the TCGA8 and the more recent CGGA18 databases, which enabled 

to validate the relevance of the mTOR pathway in a glioblastoma stemness and EMT context. 

Therefore, we chose the potent mTOR inhibitor RL1 based on the results of the robotic-

screening and validated its therapeutic anti-stem cell and anti-EMT effects against multiple 

IDH-wt GSC models. These effects are probably attributed to the strong inhibition at low nM 

concentrations of RL1 that blocks the full mTOR pathway through the mTORC-1 and mTORC-

2 proteins, thereby closing the gap left by first generation mTOR inhibitors and promising a 

high predictive value of clinical efficiency, with lower chances of resistance 31. Moreover, we 

identified its synergistic effect when RL1 was combined with TTFields or TMZ. This might 

point to the benefit of this treatment strategy in a model representing one of the most 

challenging manifestations of the disease, namely an IDH-wt GSC model without MGMT 

promoter methylation. Ultimately, by showing fewer toxic effects on non-cancer stem cell 

controls and given the results and previous reports on the effectiveness of RL1 in animal models 

of human glioblastoma 21, RL1 was thus established as a promising candidate for future clinical 

evaluation. 

In parallel, we focused on nanoparticles, which are actually very common in nature and in our 

daily lives 32–34. However, only with the advancement of technology have scientist been able to 

build and customize highly efficient nanoparticles for medical purposes 26. Probably, the most 

recent and notable example is the effective RNA-lipid-nanoparticle vaccines developed against 

the COVID-19 virus in 2020 35. In the context of cancer research and oncology, their 
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applications cover targeted drug delivery, gene therapy, hyperthermia, radiation therapy, 

diagnostic mechanisms, controlled release, and others 36. Furthermore, there are currently 

numerous ongoing nanoparticle-based therapies in clinical trials 37. 

We specifically focused on AuNP because they are robust and biocompatible vessels for 

research, treatment and diagnosis in the medical field 38,39. Some of the main currently used 

examples of AuNP in oncological clinical trials are the NU-0129 RNA interference drug 

delivered on spherical AuNP for the treatment of glioblastoma, and the AuroLase drug, 

consisting of PEG-coated silica-gold nanoshells, for near infrared light thermal ablation in 

prostate cancer 38,40. 

Therefore, working closely with the inorganic chemistry department at Heinrich Heine 

University, it was possible to reproducibly synthesize fluorescent AuNP with optimal-sized 

cores between 3 and 6 nm. The use of a novel synthesis strategy called the “one-pot method” 

allowed to achieve fluorescent AuNPs in a rapid, inexpensive and simple manner. Furthermore, 

these nanoparticles were successfully used as a practical, effective and biocompatible approach 

for  transfection of GSCs. Thus, basic science nanotechnology was translated into a promising 

preclinical research nanocarrier for pharmacotherapy, gene therapy or equivalent future 

applications in the context of GSC research. This generation of a novel locally made product 

was enabled by a strong research collaboration backed by multiple specifically assigned 

researchers who continue to work in this project 25,41.  

Finally, some of the most relevant knowledge gained in this thesis was the ability to work in a 

multidisciplinary, multicultural environment, fostering the development of directed precision 

medicine therapies, with a strong translational approach. This experience will be one of the 

strongest foundations for my professional work in the future. 
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5.1 General Conclusions 

 

A wide array of modern precision medicine technologies were established and successfully 

used in our research group, including an industry-grade liquid-dispensing robotic device used 

for semi-automated drug screening. As shown in this thesis, this allowed for the identification 

of the repurpose-drug-candidate THP, along with 22 other promising compounds, and 

additionally fostered the extensive characterization of RL1 in glioblastoma models, including 

successful analyses for synergistic interactions with either temozolomide chemotherapy or in 

vitro TTFields treatment, the latter facilitated by the establishment of a respective TTFields 

treatment device for research purposes. In parallel, the generated cross-institutional 

collaboration allowed the translation of basic research inorganic chemistry to preclinical neuro-

oncology and neurosurgery, resulting in locally-produced inorganic AuNP nanoparticles as a 

novel vector for future treatment and other research studies on GSCs. Therefore, the main aims 

of this doctoral project were achieved by developing and preclinically evaluating novel targeted 

therapy approaches directed towards the development of targeted next-generation treatments 

against glioblastoma. 
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