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Zusammenfassung

Die langfristige und effiziente Behandlung des Glioblastoms, des haufigsten und aggressivsten
primdren Hirntumors, ist trotz jahrzehntelanger intensiver Forschung noch immer ein
ungeldstes medizinisches Problem. Folglich konzentriert sich dieses Promotionsvorhaben auf
die Entwicklung gezielter Behandlungen gegen Glioblastomstammzell-dhnliche Zellen
(Glioma Stem-like Cells, GSCs), die als spezielle Tumorzellpopulation analog zu gesunden
Stammzellen beschrieben werden. GSCs gelten mafigeblich als Grund fiir das Fortschreiten der
Krankheit und die Vermittlung von Therapieresistenzen. Aus diesem Grund wurden
methodische Ansitze der Prizisionsmedizin im Rahmen von priklinischen Modellen des
Glioblastoms, d.h. GSC-Zelllinien und primire Patientenzellen sowie neurale Stammzellen und
induzierte  pluripotente =~ Stammzellen  unter =~ Verwendung  von  etablierten
Sphiroidzellkulturtechniken getestet, um pathophysiologisch relevante Ergebnisse zu
gewinnen.

Das erste Originalarbeit berichtet iiber die praklinische Wirksamkeit von Rapalink-1 (RL1),
einer kiirzlich entwickelten chemischen Verbindung, die den mTOR-Signalweg weitgehend
hemmt, in Glioblastommodellen. Mechanistisch wird gezeigt, dass eine Therapie mit dieser
Substanz das stammzelldhnliche Verhalten und die Epitheliale-Mesenchymale Transition
(EMT) von GSC effektiv unterdriicken 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 wund eine
elektrophysikalische Therapie mit Tumor Treating Fields (TTFields), verstirken 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 mogliche 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-Gerdts durchgefiihrt. Dariiber hinaus wurde die
Wirkungsweise von THP durch mechanistische Untersuchungen analysiert.

Die zum Abschluss vorgestellte Originalarbeit berichtet tiber die Entwicklung einer Gold-
Nanopartikel-Trigertechnologie, die eine effektive Transfektion von GSCs ermoglicht und
somit als neuer Ansatz fiir wirksame Anti-GSC-gerichtete Behandlungen mittels
Pharmakotherapie oder Gentherapie fungieren kann.

Zusammenfassend zeigt diese Dissertationsschrift, dass Ansitze der Priazisionsmedizin mittels
in vitro Hochdurchsatzanalyse von Medikamenten, funktioneller in vitro Analytik und
Nanotechnologie-basierter Verfahren in Glioblastommodellen potentiell synergistisch zu
etablierten Behandlungsansatzen wirkende Effekte aufdecken konnen, welche die Entwicklung
neuer Wege in der Behandlung des Glioblastoms aufzeigen konnen.



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 ' . 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 *. 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 > 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) %, thereby
contributing to tumor progression 113, 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 °. 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 "»'*. 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 ''%!°.
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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 !¢, This is
the only treatment that has partially improved the overall survival in IDH-wildtype (IDH-wt)
glioblastoma patients in more than 15 years '°. 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 '8,

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 2°. 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 2!. In the context of cancer, mTOR is a key player in the
activation of cell growth, reprogramming of cell metabolism and structural cytoskeleton
remodeling '®. 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(¢2-23:24,

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
2326 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.



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 Diisseldorf (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 Diisseldorf. 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 Diisseldorf (#2019-484-FmB).



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

e 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

e The original publication is available under the journal webpage link:
https://www.mdpi.com/2072-6694/12/12/3859

e It can be accessed via PubMed wunder the following webpage link:
https://pubmed.ncbi.nlm.nih.gov/33371210/
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Simple Summary: Glioblastoma (GBM) resistance to standard treatment is driven by stem-like
cell behavior and epithelial-like-mesenchymal transition. The main purpose of this paper was to
functionally validate a novel discovered pharmacological strategy to treat GBM, the dual mTOR
pathway inhibitor Rapalink-1 (RL1) using relevant stem cell models of the disease to unravel
mechanistic insights. Our approach also interrogates combination studies with clinical treatment
options of tumor treating fields (TTFields) and the best standard of care chemotherapy, temozolomide
(TMZ). We provided clinical relevance of our experimental work through in silico evaluation on
molecular data of diverse patient samples. RL1 effectively impaired motility and clonogenicity of
GBM stem cells and reduced the expression of stem cell molecules. We elucidated a synergistic
therapeutic potential of the inhibitor with TTFields to minimize therapy resistance toward TMZ,
which supports its consideration for further translational oriented studies.

Abstract: Glioblastoma (GBM) is a lethal disease with limited clinical treatment options available.
Recently, a new inhibitor targeting the prominent cancer signaling pathway mTOR was discovered
(Rapalink-1), but its therapeutic potential on stem cell populations of GBM is unknown. We applied a
collection of physiological relevant organoid-like stem cell models of GBM and studied the effect of
RL1 exposure on various cellular features as well as on the expression of mTOR signaling targets
and stem cell molecules. We also undertook combination treatments with this agent and clinical
GBM treatments tumor treating fields (TTFields) and the standard-of-care drug temozolomide, TMZ.
Low nanomolar (nM) RL1 treatment significantly reduced cell growth, proliferation, migration,
and clonogenic potential of our stem cell models. It acted synergistically to reduce cell growth
when applied in combination with TMZ and TTFields. We performed an in silico analysis from

Cancers 2020, 12, 3859; doi:10.3390/cancers12123859 www.mdpi.com/journal/cancers
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the molecular data of diverse patient samples to probe for a relationship between the expression of
mTOR genes, and mesenchymal markers in different GBM cohorts. We supported the in silico results
with correlative protein data retrieved from tumor specimens. Our study further validates mTOR
signaling as a druggable target in GBM and supports RL1, representing a promising therapeutic
target in brain oncology.

Keywords: glioblastoma; rapalink-1; tumor treating fields; EMT;, therapy resistance; human stem cell
in vitro platform; drug development; risk assessment; mTOR

1. Introduction

Glioblastoma (GBM) is a fatal disease that can occur at any age, with a worse prognosis in
older patients. The disease is considered to be driven by glioblastoma stem cells (GSCs), a small
subpopulation of highly tumorigenic cells that have stem-like properties including self-renewal,
high proliferation rates, and an ability to generate and regenerate different progenies of the tumor [1-5].
GSCs also regulate the molecular process of epithelial-like-to-mesenchymal-like transition (EMT)
process, in which the cells acquire a greater motile and therapy resistant phenotype [6].

After maximal safe surgical macroscopic resection of a newly diagnosed GBM (ndGBM),
the consensus for best standard-of-care (BSC) involves treating the microscopic dissemination
and/or the remaining unresected tumor through a combination of the chemoagent temozolomide (TMZ)
and radiotherapy [1,7]. The constitution of the genomic loci of isocitrate dehydrogenase 1 (IDH1)
and the activation of O [6]-methylguanine-DNA methyltransferase (MGMT) have been identified to
be predictive for BSC response [8,9]. Additionally, sub classification of GBM into transcriptomic or
epigenetic subtypes, associated with different gene activation signatures and clinical features have been
described [10]; namely, proneural (PN), neural (NE), mesenchymal (MES), and classical (CL). Despite
this progress in clinical diagnostics, adequate advances on the therapeutic side, targeting molecular
features of the disease, are lagging behind. Anti-stem cell/anti-EMT directed therapies, ideally in a
disease subtype specific manner, are desirable [11].

Recently, a novel therapy termed tumor treating fields (TTFields) has been approved for clinical
treatment as both monotherapy for recurrent GBM (rGBM) and in combination with adjuvant
post-chemoradiation TMZ for ndGBM [12,13]. Itis believed to generate a main non-invasive antimitotic
effect on the cells by delivering low intensity, intermediate frequency, alternating electric fields, locally
targeting the tumor bed. However, the mode of action is not fully understood [14]. Additionally,
the available knowledge as to its therapeutic potential in combination with other treatment regimens,
or its potential to attack GSC/EMT is not fully known.

Mammalian Target of Rapamycin (mTOR) is a hallmark signaling pathway in cancer including
GBM, frequently taken into account as therapeutic targets in major clinical studies [15,16]. Elevated
mTOR signaling activity has been associated with the activation of EMT and GSCs maintenance [17-19].
Historically, the clinical translation of pharmacological strategies to block mTOR signaling has been
challenging due to the emergence of therapy resistance or infectivity in signal suppression under
therapy [20,21]. However, the recent generation of mTOR inhibitors directed simultaneously against the
two branches of the network (mTORC1 and mTORC?2) a.k.a. Rapalinks, have shown great therapeutic
potential in an experimental trial of GBM [22]. However, hardly anything is known on the effects of
Rapalinks on GS5Cs EMT biology in GBM.

Thus, we sought to tackle these knowledge gaps by using an in vitro platform composed of
well-characterized GSCs and non-cancer neural stem cells derived from fetal origin or human induced
pluripotent stem cells. Our drug characterization study employed a wide portfolio of functional
bioassays and also included an ex vivo analysis after an in silico interrogation of clinical datasets to
further validate the clinical relevance of our experimental findings. By integrating an experimental
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TTFields system in our experimental design, we believe our results are of interest for translational
oriented research community of neuro oncology and beyond.

2. Results

2.1. Rapalink-1 Inhibits Cell Growth in Glioblastoma Stem Cells (GSCs) Compared to Non-Cancerous Cells

We used established GSC models in order to corroborate the effect of a chosen compound of
the Rapalink class (Rapalink-1, RL1) [22] in our models. Details about the molecular properties of
the models can be found in Figure 1 and Table 1. The drug dose dependent decrease in cell growth
was just visible at two days with a clear effect peak at four days (Figure 1a). We then calculated the
respective half maximal inhibitory concentration (ICsp) values, leading to values in the nano-molar (nM)
range (Table 1). In order to have a non-cancerous control for the cell growth analysis, we treated and
calculated the IC5; from an induced neural stem cell (iNSC) model derived from induced pluripotent
stem cells (IMR90/4), and from fetal brain cortex (CTX) and cerebellum (CER) derived neural stem cells.
We then compared the main protein expression profiles of the mTOR pathway, namely eukaryotic
translation initiation factor 4E-binding protein 1 (4EBP1), ribosomal protein S6 (56), and Akt with a
clearly higher mTOR expression in cancer cells compared to non-cancerous stem cells, mainly with the
4EBP1 marker (Figure 1b). Based on curve analysis and ICs values, the cell line NCH644, characterized
as PN [23], was the most resistant cancerous model, followed by the CL-subtype cell line GBM1 [24].
The MES subtypes BTSC233 and JHH520 [25,26] followed in drug sensitivity, finally followed by the
pediatric glioblastoma model SF188, which was the most sensitive and only MGMT-unmethylated
cell line used (Figure 1c,d). All cell lines were classified accordingly by other institutions and verified
by our lab using RNA sequencing data from an ongoing project [10,27]. Furthermore, the effect of
RL1 was significantly more potent in cancerous models compared to the non-cancerous tested models
(Figure 1d).
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Figure 1. RL1 cell growth effects. (a) Cell growth of glioblastoma stem cells (G5Cs) measured with
MTT (3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide) absorbance assay after two and
four days of incubation, (b) main protein expression proteins of the mTOR pathway in cancerous
and non-cancerous cells, (¢c) cell growth dose dependent decrease comparison measured with MTT
absorbance after 4 days of incubation, (d) 4-day incubation significant difference of cell growth decrease
measured with MTT absorbance of cancer GSCs compared to non-cancerous NSCs. All the plots present
the mean and the standard deviation. The p-value < 0.05 was considered statistically significant in all
analysis. Statistical tests performed for two variables, unpaired Student’s f-test, for more than two
related variables, one-way-ANOVA. The significance of the difference between groups was described
as **** p < 0.0001.

Table 1. Cell line characteristics.

Molecular
. Color RL-1 TMZ Age MGMT IDH ALDH1A3
Type Cell Line Code ! IC50 nM 1C50 uM Gender Group (3:}_":55;) Status Status Expression
NCHé644 10.5 110 Female Adult Proneural Methylated Wildtype Negative
Glioblas GBM1 7 5 Male Adult Classical Methylated Wildtype Positive
loblastoma - prgross 3 10 Female  Adult  Mesenchymal — Methylated ~ Wildtype  Positive
stem cells JHH520 2.2 10 Female Adult Mesenchymal Methylated Wildtype Positive
SF188 18 40 Male Pediatric - Unmethylated ~ Wildtype Positive
Induced
Neural IMR 90/4 15.5 - - - - - - -
Stem Cell
Neural Cortex 12 - - -

Stem Cells  Cerebellum 11 - - - - - - -

! Color code defined to simplify the interpretation of the figures.

2.2. RL1 Inhibits mTOR Pathway Signaling Activity

Next, we undertook a protein expression analysis to validate if the described effect of RL1
on mTORC1/2 applied to our GSCs (Figure 2a,b). For mTORC1 activity, we used the downstream
markers phospho-4EBP1-Ser® and phospho-56-Ser*”3, and for mTORC2, we used phospho-AKT-Ser?”3.
Phosphorylation of most of the proteins used to quantify signaling pathway activity was inhibited
by RL1, only the phosphorylated S6 marker was not inhibited in NCH644 (Figure 2a,b). We thus
confirmed a dual inhibition of RL1 in the mTORC1 and mTORC2 downstream pathway markers
in G5Cs.
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Figure 2. RL1 effect on mTOR signaling protein marker expression. RL1 protein expression analysis
validates the inhibition of both (a) mTORC1 and (b) mTORC?2 in our GSCs. Statistical tests performed
for two variables with the unpaired Student’s t-test. The significance of the difference between groups
was described as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.3. RL1 Induces Cell Cycle Arrest, Apoptosis, and Proliferation Inhibition

After determining that the cell growth and mTOR pathway inhibition capacity of RL1 extends to
GSCs, we aimed to further characterize the mode of action of this therapy. There was a significant cell
cycle arrest in the GO/G1 phase of all models (Figure 3a), corroborating a clear antimitotic effect.

In parallel, there was a slight increase of apoptosis in all the cell lines as an additional effect,
but this was only statistically significant in the NCH644 and BTSC233 lines (Figure 3b). In line with
this, there was a significant decrease in proliferation for all the tested cell lines (Figure 3c).
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Figure 3. RL1 mechanistic effects. (a) Cell cycle arrest in the G0/G1 phase of all the models given DNA
content %, (b) small apoptosis increase in all cell lines only statistically significant in NCH644 and
BTSC233, with numerical increase in the other cell lines, (c) significant decrease in GSC proliferation
given by Ki67% expression. Statistical tests performed for two variables with the unpaired Student’s
t-test. The significance of the difference between groups was described as * p < 0.05, ** p < 0.01,
# numerical-nonsignificant.

2.4. RL1 Inhibits Steminess and EMT

Since we identified a wide functional effect of RL1 on our G5Cs, we sought to probe for the effects
on markers indicating stem cell properties. We chose the validated neural stem cell markers, CD133
and SOX2, and the mesenchymal transformation markers CD44 and ZEB1 and quantified their total
protein abundancy. We could not observe all markers in all of our models. CD133 and SOX2 were
suppressed by RL1 in NCH644, BTSC233, and JHH520; while CD44 expression was reduced by the
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same drug in MES BTSC233 and JHH520, the only cell models that were found positive for this protein
(Figure 4a). Phenotypically, the ability to form GSC colonies was strongly and significantly inhibited in
all cell lines by RL1 (Figure 4b). The master EMT transcription-factor marker ZEB1 was inhibited by
RL1 in the BTSC233 and JHH520 MES-type models, but not in PN NCH644 (Figure 4a). The indication
of suppressed EMT was phenotypically supported by the fact that RL1 treatment strongly inhibited
cellular migration in all cell lines except NCH644, which after several attempts continued to form
consolidated neuro-spheres before undergoing migration (Figure 4c).
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Figure 4. RL1 effect on stemness and EMT protein marker expression. (a) RL1 protein expression
analysis validates the inhibition of neural stem cell markers and mesenchymal transformation markers
in our GSCs, (b) RL1 strongly inhibited colony formation in all GSCs in agar assays, (¢) RL1 strongly
inhibited migration in all cell lines except NCH644 in Boyden chamber assays. Statistical tests performed
for two variables, unpaired Student’s t-test. The significance of the difference between groups was
described as * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.
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2.5. Association between mTOR Biomarkers and EMT/Mesenchymal Markers Biosamples of GBM Patients of
Western and Eastern Ethnicity

To probe for clinical relevance of our experimental data, we performed a data-mining analysis
from established clinical cancer sample datasets. To this aim, we used an American cohort (The Cancer
Genome Atlas, TCGA) and a Chinese cohort (Chinese Glioma Genome Atlas, CGGA) of patients. In our
analysis, we put special emphasis on probing the potential correlation between the expression of two
main mTOR signaling genes, namely EIF4EBP1 (gene encoding 4EBP1) and RPS56 (gene encoding 56),
and one EMT marker, namely ZEBT as well as one mesenchymal marker, namely ALDH1A3, a recently
identified marker for mesenchymal transformation in GBM [28]. We found that while EIF4EBP1
and ZEB1 expression were negatively correlated, even though minimally, in the American cohort,
this was not observed in the Chinese dataset (Figure 5a,b). There was a significant positive correlation
of EIF4EBP1 and ALDH1A3 mRNA expression levels in samples from Chinese patients, but not
in the American dataset (Figure 5a,b). When analyzing the expression levels of RPS6 in the same
datasets, we found RPS6 and ZEBI mRNA expression levels to be positively correlated in both cohorts
(Figure 5c,d). While the expression levels of ALDH1A3 was negatively correlated with RPS6 in the
American cohort, it was positively correlated with RPS6 expression in samples from Chinese patients
(Figure 5c¢,d).

Moreover, we verified our in silico analysis with primary GBM samples (pGBM) derived
from surgical subjects of our institution. We tested the same relevant markers above-mentioned.
We confirmed a high expression of the mTOR signaling pathway molecules in all of the samples.
As for the phosphorylation defined proteins, the RPS6 marker was widely activated, in contrast to
EIF4EBP1, which was clearly phosphorylated in four samples (pGBM#2, pGBM#4, pGBM#8, pGBM#9).
Correlating ZEB1 activity, the samples pGBM#2 and pGBM#4 featuring the highest ZEB1 activity
showed a clear correlation of ZEB1 with mTOR activity, whereas pGBM#1, pGBM#5, and pGBM#6 had
a mild correlation between mTOR activity and EMT.
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Figure 5. Bio-informatic in silico analysis. (a) TCGA EIF4EBP1 mRNA data, (b) CGGA EIF4EBP1
mRNA data, (¢) TCGA RPS6 mRNA data, (d) CGGA RPS6 mRNA data, (a—d) the graphs were organized
from left to right as ZEB1 and ALDH1A3, (e) protein expression on surgical samples, (f) all proteins are
normalized to loading control (GADPH), for EIF4EBP1 and RP’S6 the ratio between total protein and
phosphorylated form are calculated. The significance of the difference between the groups of data was
analyzed by unpaired T test.

2.6. TTFields, RL1, and TMZ Synergistically Reduced Cell Growth

Finally, given the recent advances in the clinic in treating GBM [7,13,28], we included experimental
TTFields therapy and TMZ treatment in our study. To identify the ICsy of TMZ of our models,
we performed the cell growth assays under a range of TMZ treatment concentrations for up to six
days (Table 1, Figure 6, Figure S1). This data correlates well with previous literature reports and
MGMT promoter methylation characteristics of the respective models with SF188 (the only model with
unmethylated MGMT promoter status) having the second lowest ICsq. The fast ability to form spheres
may have increased the treatment resistance of the NCH644 model, which had the lowest ICs.

For TTFields, we applied the clinically relevant field frequency of 200 kHz. With our setup,
we thus achieved a field intensity of 1.7 V/ecm RMS. We then assessed growth on cells under different
treatment conditions to probe for any combinational effects when combining RL1 with the clinical
treatment scenarios using the Chou-Talalay method [29]. Our treatment setup can be found in Table 2.
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Figure 6. Synergistic effect of RL1, TMZ, and TTFields. (a—e) All color coded GSCs according to RL1
ICsg value showed a significant synergistic effect when combining RL1 with TMZ (colored lines), and an
increased significant synergistic effect when adding TTFields to the combination. Under each figure,
there is a small table with the multiplication fold values of RL1 and TMZ. The statistical test performed
was one-way-ANOVA. The significance of the difference between groups was described as * p < 0.05,
**p < 0.01, ** p < 0.001, *** p < 0.0001.

Table 2. Experimental setup for combination treatment study.

Dish Configuration Value Drug Concentration
Frequency 200 kHz 0.25%, 0.5%, 1%, 2%, 4%
Temperature 37°C ICapoldmolELL Plus DMSO control.
0.25x%, 0.5%, 1%, 2%, 4%
Current 12mA 1Cxy folds of TMZ Plus DMSO control.
Yoltaze L Ve B Combined ICsg folds of TMZ ~ 0.25+0.25,0.5+05,1+1,2+2,4+4

Incubation Time BTSA é;?g 1; 6h and RL1 in ascending order Plus DMSO control.
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A 48-h incubation was an adequate time frame to induce a synergistic dose dependent effect in
all the cell lines and groups, except for BTSC233, which required 96 h of incubation in order to show
significant synergistic combination index (CI) values -Cl < 1 referring to synergism, CI = 1 to additive
effect and Cl > 1 to antagonism-. NCH644, which was up to this point the most resistant GSC against
both RL1 and TMZ, showed the most potent synergistic effect CI < 0.02 p < 0.0001 with a tendency of
increased CI proportional to the drug concentrations applied, as opposed to the rest of the cell lines,
which showed opposite curve directions. Despite this effect, the additional TTFields treatment showed
a numerically enhanced, non-significant synergistic CI effect. The cell line JHH520, showed the second
muost potent synergistic effect of TMZ and RL1 with values CI < 0.2 p < 0.0001, which was significantly
strengthened by the TTFields treatment. The cell line GBM1 had a more discrete but significant drug
combination synergy with CI values lower than 0.75 p < 0.0001, however, TTFields treatment showed
a numerical, non-significantly stronger synergistic CI effect. For the other cell lines, namely SF188
(CI values < 0.5) and BTSC233 (CI values < 0.9), the synergistic effect was significant, both for the
drugs alone (p < 0.0001) and stronger with the addition of TTFields treatment (p < 0.0001). Our data
strongly indicate a synergistic therapeutic potential for RL1 on GSCs when combined with TTFields
and TMZ. The TTFields synergy bioassay results showing synergism can be found in Figure 6a—e.

3. Discussion

mTOR is a key player in the activation of cell growth, reprogramming of cell metabolism,
and structural cytoskeleton remodeling, amongst many others [30]. In the context of cancer,
many projects have been conducted dedicated to developing inhibition strategies to effectively
block the activation of mTOR signaling activity [31], with some promising clinical trials underway [32].
Additionally, in the context of brain tumors, targeting mTOR activation is considered a potent
therapeutic avenue [15,33]. However, given the complex nature of this signaling pathway comprising
two molecular distinct signaling branches, enabling the compensation of signal loss from either of the
two [30], it is generally accepted that clinically relevant anti-mTOR directed therapies will have to
block the entire pathway [34] to avoid the emergence of therapy resistance [31].

In this regard, recent development in campaigns aimed to generate dual mTOR complex
inhibitors [22,35] and their functional validation in experimental trials has raised hopes in advancing
our ability to treat lethal cancers. By choosing the most promising last generation mTOR inhibitor
drug candidate, termed Rapalink1, our study sought to validate its effects on state-of-the-art disease
models of the disease. Rapalink1 has previously been shown to effectively penetrate the blood brain
barrier and brain parenchyma of the rodent model of brain tumor [22]. We now extend the evidence of
the potential of this drug candidate to possess effective anti-cancer stem cell effects and to potentiate
clinical approved treatments, at least in vitro. Although we applied 3D organocid-like in vitro models
of the disease, future animal studies, especially incorporating the animal setup of TTF, are required
to unequivocally postulate the therapeutic relevance of our findings. Of note, our initial off target
characterization assay using non cancer cell models indicated that RL1 possesses a higher therapeutic
index on cancer cells, supporting this drug substance for further oncology studies.

Our results clearly demonstrated the potency of this drug candidate to be able block stem cell
markers and properties including migration and clonogenicity in GBM. The soft agar assay was chosen
because of our group’s previous experience using reduction of sphere formation as well as the reduction
of protein abundancy of stem cell markers such as ZEB1, as a biomarker combination to indicate
the blockade of stem cell phenotype in our disease models [36,37]. Interestingly, we found that the
strongest drug effects were seen in the most aggressive cell models of the MES subtype, a subtype with
the worst clinical prognosis for overall survival of the patients [38], and more moderate effects in the
PN cell model, further advocating this drug candidate to be particularly useful for targeting the highest
malignant cell population in GBM. Concordantly, the correlations of mTOR signaling regulating cell
cycle [39,40], stemness/EMT [18,30,41], and cellular survival [42] are generally accepted and our results
are well in line with those high-profile papers. Thus, together with the translational focus of our study
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to test the promising drug candidate in a clinical-near experimental setting, our data proved solid
ground for mode of action characterization of RL1 on GSCs featuring efficient target suppression,
consequently blocking stemness/EMT.

Next, we performed a confirmatory in silico study to probe for the clinical relevance of mTOR and
EMT biomarkers in large scale molecular datasets of clinical samples from cohorts of different genders
and ethnicities. We identified a tendency of direct correlation between the expression of the mTOR
gene RPS6 and the expression of the mesenchymal marker ZEBT in two different cohorts (TCGA and
CGGA cohorts), suggesting a link between the mTOR pathway and EMT in GBM patient samples.
This is in line with a previous study identifying the mTOR pathway as a prognostic gene set in the
MES subtype [43]. The results of our drug validation and patient sample studies are in line with the
work of others that have identified mTOR signaling as a promoter of EMT and stemness in various
diseases as well as in normal development [19]. Furthermore, previous recent work of others have
already identified the existence of an mTOR-ZEB1 signaling axis in GBM using various functional
attempts, which we now confirm in the context of a therapeutic relevant pharmacological in vitro
model [44-46]. Together with our correlative assays of transcript and protein abundancy in patient
samples, we hypothesize that the mTOR-ZEBLI axis extends to GSCs, but seems differentially aberrant
amongst individual GBM cases. However, in all tested cases, RL1 provides an efficient option to
effectively reduce their activation, leading to desired anti-cancer cell effects.

After corroborating an antimitotic and partially apoptotic effect of RL1 on GSCs, known to be
highly resistant to standard clinical treatments [47], we wanted to see if RL1 can augment the effectivity
of clinical GBM treatments. We executed detailed combination treatment studies in vitro featuring
RL1, BSC chemotherapeutic agent TMZ as well as TTFields. The widely used drug combination effect
method described by Chou and Talalay [29] was chosen to guide our experimental design and the
quantification of results to identify any potentiating effects. Applying inovitro™ settings that mimic
the TTFields therapy used in the clinical setting, we found a synergistic anti-cell growth effect when
combining RL1 with TMZ and TTFields. Follow up testing in vivo, using the recently launched animal
system for TTFields, inovivo™, will now need to be done to validate the therapeutic potential of this
treatment regime. Nevertheless, given the previously described therapeutic effect of RL1 in animal
models of human GBM [22], we believe that our results already support the consideration of this
treatment option from a clinician-scientist point of view.

It was demonstrated that the binding of RL1 to the factor termed FKBP12 is required to inhibit
mTOR activity and to mediate the anti-proliferative effect of Rapalink1 [22,48]. Therefore, it is highly
likely that the effect of Rapalinkl on stemness and EMT markers as well as its synergy with tumor
treating fields requires FKBP12. Since FKBP12 has not been proven as a clinically relevant marker,
this may be a relevant approach for further studies.

In summary, we used our diverse stem cell in vitro platform to perform mode of action analysis
and initial risk assessment of a novel drug candidate, and interrogated clinical treatment options to
benchmark its therapeutic potential in combination regimes. We used clinical specimens from ethnic
and gender diverse backgrounds to validate our experimental findings to benchmark relevance.

4, Materials and Methods

4.1. Cell Culture, Fresh Patient Samples, and Pharmacologic Substances

The in vitro cell models used were kindly provided as follows, glioblastoma neuro-spheres
JHH520 (G. Riggins, Johns Hopkins, Baltimore, MD, USA); SF188 (E. Raabe, Johns Hopkins, Baltimore,
MA, USA); BTSC233 (M.S. Carro, Freiburg University, Freiburg im Breisgau, Germany); NCH644
(C. Herold-Mende, Heidelberg University, Heidelberg, Germany); and GBM1 (A. Vescovi, San Raffaele
Hospital, Milano, Italy). Ethical approval for the use of cell models to study brain cancer biology was
from the ethical commission of the medical faculty of Heinrich-Heine University (study ID 5841R).
Cortical fetal neural stem cells were collected from human fetal cortical tissue grown in a neurosphere
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condition (ethical vote Study 1D #5206). Induced neural stem cells were differentiated from the human
iPSC line IMR 90/4 (WiCell, Madison, W1, USA), as previously described [49].

The primary GBM tumor samples were derived from the operation room of the department of
neurosurgery (Diisseldorf, Germany) and were snap-frozen in liquid nitrogen until the preparation
of lysates. All subjects gave their informed consent for inclusion before their participation in the
study. 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 the Heinrich-Heine University of
Duesseldorf (#2019-484-FmB).

All cells were grown in complete serum-free suspension media enriched with bovine fibroblast
growth factor (Peprotech, Rocky Hill, NJ, USA) and human epidermal growth factor (Peprotech),
as previously described [50]. These were incubated under standard conditions (S5Cs, humidified 37 °C,
5% carbon dioxide (COy)). Cells were regularly tested for mycoplasma accumulation and authenticity
using the short tandem repeat assay, as previously described [51]. Rapalink-1 was purchased from
Apexbio Technology (Houston, TX USA) and TMZ (Sigma-Aldrich, St. Louis, MO, USA). Both were
resuspended in a DMSO (dimethyl sulfoxide, Sigma-Aldrich) vehicle, according to their molecular
weight and the manufacturer’s instructions, after which we further diluted them to the required
concentrations and stored them at —20 °C.

4.2. Cell Growth (MTT Assay)

Cell growth of the different models was assessed using the MTT (3-(4,5-dimethylthiazol-2-yI)
2,5-diphenyl tetrazolium bromide; Sigma Aldrich) assay and plating 3000 cells per well in technical
triplicates of 100 pL growth-media each in clear-96-well plates (Corning Inc., Corning, NY, USA).
On each plate, we included a respective cell control triplicate (media, cells, and DMSO < 1%) and a
blank control (media, no cells) to normalize the cell growth and background reading. We tested RL1 at
the following concentrations of 1.5, 6, 12, 24, and 48 nM. For TMZ, 5, 10, 25, 50, and 100 uM. Cells were
then incubated with RL1, initially over six days, then finally over four days in SCs. In parallel, for TMZ,
this was done for six days in SCs. Starting from day 0 and then every other day (days 2, 4, or 6),
we measured the MTT absorbance values as follows: we added 10% of MTT reagent per well, incubated
the cells in SCs for three hours, verified the formation of crystals under bright field microscope,
and finally lysed the cells by incubating them with HCl-isopropanol-TritonX for 10 min. The resulting
relative absorbance was finally measured with the Paradigm micro-plate reader (Molecular Devices
LLC, San Jose, CA, USA). All experiments were done in three independent biological repetitions before
statistical analysis and ICsj calculations.

4.3. Tumor Treating Fields

The inovitro™ preclinical laboratory research system dishes (Novocure, Saint Helier, Jersey)
were plated in parallel to the 35 mm cell culture dishes and similarly contained 40,000 cells in 2 mL of
complete media per plate. Using the previously calculated ICsy; different multiplication folds of drug
concentrations were applied to each condition in the inovitro™ dishes as follows:

e ICg, fold of RL1 (0.25x, 0.5%, 1%, 2x, 4X) plus DMSO control.

e ICs fold of TMZ (0.25, 0.5, 1, 2, 4) plus DMSO control.

e  Combined ICs folds of TMZ and RL1 in ascending order (0.25 + 0.25,0.5+ 05,1+ 1,2+ 2,4 + 4)
plus DMSO control.

Immediately after, they were treated with TTFields (1.7 V/cm RMS) via the inovitro™ system by
using perpendicular pairs of transducers insulated by a high dielectric constant ceramic. TTFields
were applied for 48 h (except BTSC233 with 96-h treatment) at a frequency of 200 kHz, the optimal
frequency established clinically for glioblastoma patients at final temperature of 37 °C, in a humidified
incubator with 5% CO,.
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In parallel, identically plated non-TTFields control 35 mm cell culture dishes were incubated in
SCs. All dishes/plates/conditions had an equal DMSO concentration of less than 1%.

After 48 h of treatment or incubation, the different cell lines were re-plated in clear 96-well-plates
and processed as described above for the MTT assays. All experiments were done using three
independent biological repetitions before statistical analysis.

4.4, Synergy Assays

The CI, based on the unified theory of the median effect equation, was calculated using the Chou
method, as previously described [36,52] using the CompuSyn Software® (ComboSyn Inc., Paramus,
N]J, USA). The software algorithm detined as CI < 1 referring to synergism, Cl = 1 to additive effect,
and CI > 1 to antagonism.

The significance of the synergistic effect of all treatments was calculated compared to the additive
effect (CI = 1), using the resulting CI values of each triplicate. The closer to CI = 0, the stronger the
synergy, and the closer to CI = 1 or >1, the lower the synergism. Using this, the significance of the RL1
effect compared to TMZ was calculated comparing the resulting CI values of each combination.

4.5. Flow Cytometry—Muse©) Assays

Using the Muse © Cell Analyzer Flow Cytometer device (Merck, Darmstadt, Germany)
as previously described [53], we tested apoptosis assays with the Annexin V & Dead Cell Kit
(Luminex, TX, USA), proliferation assays with the Ki67 Proliferation Kit (Luminex), and the cell cycle
assay with the Cell Cycle Kit (Luminex), according to the manufacturer’s protocols. All kits used a
7aad fluorophore marker. All assays were performed after 48 h, in order to have an earlier drug effect
incubation, with the previously calculated ICsy drug concentration, in independent biological triplicates.

4.6. Migration-Boyden Chamber Assay

Assessment of the cellular migration was performed using a modified 24-well Boyden Chamber
assay similar to the invasion assay described before [50], but without coating, in order to determine
the migration effect. 75,000 cells were suspended in 500 mL of DMEM and placed on top of each
insert membrane (Life Technologies, Carlsberg, CA, USA). The bottom was filled with 700 mL DMEM
media containing 10% fetal calf serum. All Boyden chamber assays were analyzed 14 h after cell
plating. The upper side of the membrane was then wiped with a moist PBS (phosphate-buffered
saline) cotton swab to remove the remaining plated cells. The membrane was then fixed at —20 °C
with methanol for 15 min and stained with hematoxylin. The invasion of the cells was evaluated by
counting the cell nuclei on the lower side of the membrane under a bright field microscope, counting
five random high-power fields per insert in three independent biological repetitions. The migrated
cells were quantified using Image] software (National Institutes of Health, Maryland, USA), before
statistical analysis.

4.7. Clonogenicity—Colony Formation Assay

To evaluate the clonogenic capacity of our cell models, we performed a colony formation assay in
soft agarose as described previously [37]. Clear six-well plates (Corning Inc.) were initially coated
with a bottom layer of 1.5 mL of 1% agarose (Life Technologies) and complete media, then incubated
for at least 1 h at room temperature. Afterward, a 2 mL layer of 0.6% agarose with 5000 cell per
well was plated for all cells except SF188, which required 10,000 cells per well to generate clear
clones. It was then covered with an additional 2 mL of fresh media, which was changed every three
days. After three weeks, colonies were stained with 1 mg/mL 4-nitro blue tetrazolium chloride (NBT)
solution (Sigma-Aldrich), and incubated overnight in SCs; three independent biological repetitions
were performed before the colonies were quantified using Clono-Counter software [54], and the
statistical analysis was performed. This assay was established to functionally verify the stem cell
properties of our cell models [37,55].
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4.8. Protein Expression—Western Blot

Western blotting was done as previously described [50]; antibodies were used as per the
manufacturer’s instructions (for specifications, see Table S1 and Figure 52. Western blots membranes).
The total protein content of each cell line was extracted using RIPA Buffer, then determined
colorimetrically using the DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA), according to the
manufacturer’s instructions, and measured with the Paradigm micro-plate reader. Primary antibodies
(asreported in Supplementary Table S1) were incubated overnight at 4° on a rocking platform. Secondary
antibodies (goat-anti-rabbit, IRDye800CW LI-COR #926-32211; goat-anti-mouse, IRDye680RD LI-COR
#926-68070; goat anti-rabbit-HRP, Jackson Immuno Research #111-035-144; all 1/10,000) were incubated
for 1 h at room temperature. All antibodies were diluted in blocking solution containing either
5% bovine serum albumin (BSA) for phosphorylated proteins, or 5% milk powder for the rest of
the non-phosphorylated proteins; both diluted in Tris-buffered saline with Tween20 (TBST). For the
phospho-proteins, we used a BSA blocking agent that allowed clear bands, since albumin tends to notbe
phosphorylated; and we normalized the resulting inhibited proteins with the total non-phosphorylated
corresponding mTORC1 and mTORC2 markers. Signals were detected using either a film-based
system by applying a Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific) or a
luminescence-based system in a LI-COR Odyssey CLx Imager (LI-COR). Densitometry quantification
was done either with the supplied software from LI-COR or Image] software for the films. Experiments
were performed using three independent biological repetitions before statistical analysis.

4.9. Bio-Informatic Analysis

Transcriptome sequencing data and clinical data of glioma patients were obtained from the CGGA
(Chinese Glioma Genome Atlas) database (https://www.cgga.org.cn) and TCGA (The Cancer Genome
Atlas Program) database (https://tcgadata.ncinih.gov). For stemness, we tested the ALDHI1A3 in order
to complement the limited reports of this marker in the published literature. For EMT, we explored the
master transcription factor ZEB1. The statistical computations and figure drawing were performed
with R package ‘ggplot2’.

The data used from CGGA were approved by the Beijing Tiantan Hospital Institutional Review
Board and tumor specimen quality control.

4.10. Statistical Analysis

All graphs and analyses were calculated with Prism GraphPad 8 software (San Diego, CA, USA)
except for the bioinformatics analysis, which was performed with the R package above-mentioned.
The media control absorbance value average was rested from all wells. The average absorbance value of
every DMSO-vehicle-control cell containing wells was used as the control for normalization. ICsg values
were calculated using a logarithmic nonlinear regression formula in the aforementioned software.
The performed statistical tests depended on the related variables; for two variables, the unpaired
Student’s t-test, and for more than two related variables, one-way-ANOVA was applied. All plots
present the mean and standard deviation. The p-value < 0.05 was considered statistically significant in
all analysis. The significance of the difference between groups was described as * p < 0.05, ** p < 0.01,
*#**p < 0.001, **** p < 0.0001.

5. Conclusions

We validated the therapeutic potential of RL1 against GBM using advanced human stem cell
disease modeling technology and identified its synergistic effect potency when combined with TTFields
and TMZ, two of the main clinically approved treatment options for this disease. By showing fewer
toxic effects on non-cancer stem cells, we validated our platform technology to be of benefit for drug
development and for projects that assess the risk of substances applied in experimental or clinical
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contexts. Given the previous report on the effectiveness of RL1 in animal models of human GBM,
our results support clinical trials of RL1 in patients with GBM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3859/
s1, Figure 51: TMZ cell growth and ICsy; Figure S2: Western blots membranes. Table S1: Western blot
antibody concentrations.
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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 Hanggi and Ulf Dietrich Kahlert
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Figure S2. Western blots membranes.

Relevant Notes: All bands were scanned digitally except otherwise written. Separate images
were membranes that were cut physically before processing. Immuno Blots for the Screening of
Figure 1b, were visually analysed without quantification before testing the drug (RL1). Quantified
upon demand. Molecular weight estimation markers, performed with Precision Plus Protein ™ Dual
Color Standards, 500 pl # 1610374.
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Table S1. Western blot antibody information.

Antibody MW (kDa) Brand Catalog Number Concentration
p-4EBP1-565 15-20 #9451 1:500
Total 4EBP1 15-20 #9644 1:1000

p-S6-5240/244 32 #2215 1:2000
Total Sé6 32 #2217 1:2000
p-Akt-5473 60 Cell Signaling Technology, Danvers, MA, USA #9271 1:250
Total Akt 60 #4691 1:1000
Sox2 35 #L1D6A2 1:1000
B-Actin 42 #4970 1:5000
CD44 ~82 #3570 1:100
ZEB1 200 Sigma #HPA027524 1:2000
CD133 ~100 Miltenyi, Germany #W6B3C1 1:100
GAPDH ~37 Proteintech #60004-1-Tg 1:10000

© 2020 by the author. Licensee MDP], Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
[

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Robot technology identifies a Parkinsonian
therapeutics repurpose to target stem cells
of glioblastoma
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Muhammad', Daniel Hanggi' & UIf Dietrich Kahlert*'-23
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Aim: Glioblastoma is a heterogeneous lethal disease, regulated by a stem-cell hierarchy and the neuro-
transmitter microenvironment. The identification of chemotherapies targeting individual cancer stem cells
is a clinical need. Methodology: A robotic workstation was programmed to perform a drug concentration
to cell-growth analysis on an in vitro model of glioblastoma stem cells (GSCs). Mode-of-action analysis of
the selected top substance was performed with manual repetition assays and acquisition of further param-
eters. Results: We identified 22 therapeutic potential substances. Three suggested a repurpose potential
of neurotransmitter signal-modulating agents to target GSCs, out of which the Parkinson’s therapeutic
trihexyphenidyl was most effective. Manual repetition assays and initial mode of action characterization
revealed suppression of cell proliferation, cell cycle and survival. Conclusion: Anti-neurotransmitter sig-
naling directed therapy has potential to target G5Cs. We established a drug testing facility that is able
to define a mid-scale chemo responsome of in vitro cancer models, possibly also suitable for other cell
systems.

First draft submitted: 11 March 2020; Accepted for publication: 6 May 2020; Published online:
28 May 2020

Keywords: cancer stem-like cells o drug repurposing e glioblastoma e in vitro pharmacogenomics e neurotransmit-
ters e personalized medicine e robot e translational research

Cancer is a global health problem for which the most frequently used treatment is chemotherapy. Given the
molecular and cellular heterogeneity of cancer as an enrity, the identification of railored chemotherapies for each
individual tumor is considered to improve the response to treatment [1,2]. In this study, we focus on glioblastoma,
the most frequent malignant primary brain tumor and one of the most lethal cancers (3. Tumors, including
glioblastoma, are thought be organized in a hierarchical manner with cells possessing stem cell properties which are
the main determinants of disease malignancy and progression. Moreover, the interaction of tumor cells with the
microenvironment is believed to determine tumor therapy resistance [4,5]. Consequently, there is growing evidence
suggesting a strong relationship between brain cancer and the neurotransmitter microenvironment and intervening
in these signals was recently suggested as a promising strategy to fight the disease [4,6].

In vitre pharmacologic testing is an early stage of drug development and is the fundament of various in vitro-
diagnostic technologies. Liquid handling systems allow large-scale, reproducible and accurate allocation of solved
components and represent a standard tool in both industry laboratories and routine diagnostics [71. By using an
embedded robotic automation equipment, we applied an industry-standard technology into an academic preclinical
research laboratory and performed a medium-size screening analysis by correlating drug-concentration with cell-
growth. We established a screening library composed of market-approved substances with reported blood-brain
barrier permeability to potentiate a rapid clinical translation of the results. Using this robotic-based strategy, we
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identified 22 anti-cell-growth compounds, out of which three were neurotransmitter signal-modifying substances,
with previously unreported therapeutic relevance in the contexr of glioblastoma.

Methods

A custom-made 10 mM drug library (dissolved in dimethyl sulfoxide; DMSQO) consisting of 167 US FDA approved,
molecularly diverse compounds with reported brain tissue penetration was assembled and purchased (TargetMol,
MA, USA; Supplementary Tables 1 & 2). We programmed the robot to deliver drugs into 384-well plates using
duplicate wells for each drug (V-bottom 384-well plates, Axygen, Corning Inc., NY, USA). The prepared plates
were sealed and stored at -80°C. The following drug concentrations: 100,000, 10,000, 1000, 100 and 10 nM per
well, previously diluted in Dulbecco’s Modified Eagle’s Medium to reduce DMSO content (in concordance with
the manufacturer of the compound library) were generated by using a robot-mediated dilution assay. For each
dilution, a separate 384-plate was used, and the final dispensed volume was 10 pl.

For manually executed validation assays, DL-trihexyphenidyl hydrochloride (THP; Sigma Aldrich, MO, USA)
was resuspended to a final concentration of 50 mM in methanol, MeOH, (in concordance with the manufacturer
instructions), after which serial dilutions for the above mentioned working concentrations were prepared; then it
was stored at +4°C.

The glioblastoma neurosphere model GBM1 [8,9] was cultured as previously described (10). Cells were passaged
every other day.

The Beckman Coulter Biomek® FxP robotic workstation with attached micro-plate reader (Paradigm, now
Molecular Devices, CA, USA) was programmed according to software instructions provided by the manufacturer
to perform a high-resolution (5 different molar concentrations per substance plus vehicle control) drug response
testing through determination of response on cellular growth. We exclusively used the multichannel arm for
pipetting.

To determine the compatibility of the cell-growth readout assay and the plastic labware selection with the
robotic workstation experiments, we performed manual assays comparing the readout robustness and sensitiv-
ity of MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich), XTT assay
(sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate; Ab-
cam, Cambridge, UK) and CellTiter-Glo® (CTG) assay (Promega, Walldorf, Germany) in our robot setup (data
not shown). Given the result that the most reliable readouts were of modified CTG (1:1, v:v dilution of CTG
solution with PBS [phosphate-buffered saline]) luminescence over XTT and MTT absorbance in this specific set-up
(Supplementary Figure 1B & C), we decided to use CTG as our reporter assay.

First, we determined the optimal cell number to be plated in our setting, ensuring exponential growth rate and
maximum signal-to-noise intensity. Therefore, we tested the CTG reporter with 500, 1000, 2000, 3000, 6000,
8000, 10,000 and 15,000 GBM1 cells per well in white 384-well plates (Corning Inc.). On each plate; we included
a respective blank control (media, no cells) to normalize the background reading. Single-cell dissociation of the
spheres was performed using TrypLLE (Thermo Fisher Scientific, MA, USA) and cell counting was performed using
Muse™ Count & Viability Kit (Luminex, TX, USA). Robotic cell plating was assisted using 96-deep-well plates
(Eppendorf, Hamburg, Germany) as reservoirs for cell suspension. The luminescence reagent (CTG) was pipetted
immediately afterward and readout was performed after 2 min of shaking followed by 10 min of incubation at
room temperature. We decided to use 10,000 cells in 40 pl media/well as our cell plating setup for subsequent
robotic in vitro drug screening.

Second, we thawed the pre-assembled drug plates, carefully took off the seals and combined the dispensed drug
solution with the cells (for a total volume of 50 pl; resulting in working drug concentrations of 20,000, 2000, 200,
20 and 2 nM and vehicle control). Cells were then incubated with the drugs for 72 h in standard culture conditions
(humidified 37°C, 5% CO,). Afterward, the plates were placed in the robot deck where 40 pl of incubated cells
were transferred to our white 384-well readout plates and CTG assay was performed as described. The transfer to
white plates maximizes light output signal in the reaction wells and decreases noise signals compared with clear
plates (data not shown). Given the fully automated nature of this transfer step, we hypothesize that it would not
have introduced additional error or risk of error. All assays were performed in biological quadruplicates.

Third, the raw-values were arranged in a logarithmic dose-response curve with which ICs, concentrations were
calculared. Sraristically significant responses result in ranking the tested substances according to their therapeutic
potential using curve analysis and ICsg values.
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Fourth, for the manual THP cell growth/viability assays, GBM1 cells were dissociated with TrypLE, washed
once with PBS and adjusted to 2000 cells in 100 pl complete media per well and pipetted in technical triplicates
of a 1:1000 drug dilutions on black 96-well plates (Nunc A/S, Roskilde, Denmark), resulting in concentrations of
10, 20, 30, 40 and 50 uM of THP and a MeOH control. All assays were performed in biological triplicates.

Finally, apoptosis assays were performed with the Annexin V & Dead Cell Kit (Merck, Darmstadt, Germany),
proliferation assay with the Ki67 Proliferation Kit (Luminex), cell cycle assay with the Muse® Cell Cycle Kit
(Luminex) and used with the Muse® Cell Analyzer flow cytometer, according to the protocol from the manufacturer.
All assays were performed after 48 h incubation with the calculated half maximal inhibitory concentration (ICsq)
drug concentration in biological triplicates.

Statistical analysis was performed with Prism Graphpad 8 software. The media control luminescence value
average was rested from all the wells. The average luminescence value of the wild-type GBM1 containing wells was
used as a control for normalization. The performed statistical tests depended on the number of variables; for two
variables unpaired two-sided Student’s #-test, and for more than two variables, two-sided one-way-ANOVA were
used.

Results

We acquired data for all the library compounds (Supplementary Tables 1 & 2) and observed diverse responses and
curve characteristics (Supplementary Figure 1A). Afterward, we made a logarithmic dose—response curve analysis
and obtained 1Csy values. With these variables, we then classified the drugs as compounds with intermediate
potency — between 25 and 50% cell growth decrease and substances with high potency — <75% cell growth
decrease. Drugs with atypical dose—response curves and 1Csq values not correspending to the cell growth decrease
were excluded for further consideration.

From reperitive drug-dose generated response profiles, 22 compounds exhibited a homogeneous decrease of
cellular growth in the low micromolar concentration range compared with that of vehicle treatment control
(p < 0.001) (Table 1; Figures 1; Supplementary 2 & 3). Out of which, 13 showed intermediate potency response
and 9 exhibited high potency response (Figure 2). Out of these 22 drugs, nine were tested in preclinical studies
related with glioblastoma, and ten drugs are investigated in clinical trials with glioblastoma patients. In addition,
five of them have a confirmed mode of action related to neurotransmitter activity regulation including acetylcholine
(ACh), serotonin (5-HT), dopamine and GABA signaling (Table 1).

From these compounds, we identified three novel repurposes for drugs without any previous reported annota-
tion to neuro-oncology: THP, a ACh receptor antagonist used in symptomatic treatment of Parkinson’s disease;
homatropine, an ACh drug mainly used in ophthalmology for mydriasis induction, uveitis; as well as rizatriptan, a
neurologic medication used primarily as an anti-migraine agent (Tables 1 & 2).

Furthermore, we classified the additional 19 drugs according to their clinical applications. Out of these, five were
repurposed drugs that had main clinical application for neuropsychiatric conditions such as migraine, epilepsy,
psychosis, schizophrenia and bipolar disorder among others (Supplementary Table 2). The rest of the drugs from
this classification were mainly cytotoxic drugs used to treat a variety of cancers, including the DNA-alkylating agent
temozolomide, the standard of care chemotherapeutic agent to treat glioblastoma patients.

With having the highest potency scoring in our screening list and given the novelty of this compound in the
context of brain cancer, we chose THP for our validation experiments to manually confirm the effects found with
the robot (Figure 1C). Sequential drug concentration to cell-growth assays reported logarithmic decrease of viability
with increasing drug concentrations (p < 0.001; Figure 2A, calculated ICsq of ~20 uM). We then went ahead
and performed mode of action analysis. After 48 h of incubation of the cells with the ICsq dose of THP, there
was a 19% increase in apoptosis compared with control (p < 0.001); supported by an increase of cells containing
shredded DNA as revealed by higher 8% more subG1-fraction in our cell cycle analysis (p < 0.001). Moreover,
THP causes 8% reduction of cell proliferation (p < 0.05), supported by an increase of 7% in G0/G1 of the treated
cells in the cell cycle analysis (p < 0.001) (Figure 2B-D).

Discussion & conclusion

Our data expand the recent accumulating evidence that brain tumors can be treated by neurotransmirter targeting
compounds, in two main points. THP has not been reported to possess therapeutic potential against glioblas-
toma, thereby expanding the opportunities of pharmacological compounds in this context. We also show data
characterizing the mode of action underlying this observation, thereby contributing to fundament the proposed
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Table 1. mpound description.

Group

High potency

Intermediate Potency

Compound

Palbociclib
Trihexyphenidyl

Clonidine

Nilotinib

Homatropine

Doxorubicin

Brexpiprazole

Dasatinib

Nintedanib

Vinblastine

Imiquimod

Phenoxybenzamine

Rizatriptan
Letrozole

Divalproex

Regorafenib
Everolimus
Paclitaxel

Romidepsin
Topotecan
Gefitinib

Temozolomide

able 2. Repurpose suggestion

Molecular 3D
stucture

Trihexyphenidy|

{

Homatropine

F. 7

Rizatriptan

a

Vargas-Toscano, Khan, Nickel et al.

Main indication

Breast cancer
Parkinson’s disease

Arterial hypertension

Leukemia and
Philadelphia positive
chronic myeloid

Mydriasis induction

Multiple types of cancers

Psychosis

Leukemia, Philadelphia
positive accute and
chronic

Lung cancer

Multiple types of cancers

Skin cancer

Arterial hypertension

Migraine
Breast cancer

Psychosis /epilepsy

Multiple types of cancers
Multiple types of cancers
Multiple types of cancers

Leukemia

Multiple types of cancers
Lung cancer

Glioblastoma

Mechanism

CDK inhibitor (CDK4/6)
Anticholinergic

Central
alpha-adrenoceptor
agonist

BCR/ABL tyrosine kinase
inhibitor

Anticholinergic

Anthracycline, topo
isomerase 2 inhibitor

Serotonin-dopamine
activity modulator

Tyrosine kinase inhibitor,
SRC-family

FGFR and VEGFR protein
inhibitor

Antimicrotubule

Immune response
modifier

Alpha-adrenoceptor
blocker

Serotonin agonist
Aromatase inhibitor

GABA agonist/histone
deacetylase inhibitor

VEGFR protein inhibitor
mTOR inhibitor
Antimicrotubule

Histone deacetylase
inhibitor

Topoisomerase 1 inhibitor
EGFR inhibitor
Alkylate/methylate DNA

Research phase in GBM
treatment

Clinical trial
None

Pre-clinical

Clinical trial

None

Clinical trial

Pre-clinical

Clinical trial

Clinical trial

Clinical trial

Clinical trial (indirect*)

Pre-clinical

None
Pre-clinical

Pre-clinical

Pre-dlinical
Clinical trial
Pre-clinical

Clinical trial

Pre-clinical
Pre-clinical

Clinical use

Table 52 correlation no.

20
21
22

Molecular properties Clinical properties
Molecular Molecular Mechanism of Brands/other Indications Adult dosing
formula weight action names
CoH3i1NO 301.5 g/mol Muscarinic Artane, Trihex Parkinsonism Up to
receptor-ACh and 15 mg/day, oral
antagonist extrapyramidal  administration
symptoms
Ci5H21NO3 275.34 g/mol Anticholinergic  Isopto Mydriasis, Up to 5 daily
Homatropine uveitis drops from 2%
ocular solution
CisHygNs 269.34 g/mol 5-HT agonist Maxalt Migraine Up to
headache 30 mg/day, oral

ACh: Acetylcholine; 5-HT: Seratonin.

administration

Ref.

[11]

(1l

(1l
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Figure 1. Compound response classification in robotic screening assay. (A) High potency drugs with >75% cell growth decrease. (B)
Intermediate potency drugs between 25 and 50% cell growth decrease. (C) ICsp calculation for high potency drugs with the validated
drug trihexyphenidyl highlighted. (D) ICsp calculation for intermediate potency drugs.

ICsp: Half maximal inhibitory concentration.

drug repurposing. Second, we extend the little existing data that the stem cell population in glioblastoma can be
effectively treated with neurotransmitter pathway-targeting chemotherapy (s1. THP is a Parkinson’s disease approved
treatment with a mACh/ACh modulating mode of action. This mechanism has been described as a glioblastoma
disease modulator in recent literature [4], as well as other similar mechanisms, such as monoamines which in-
clude 5-HT, dopamine and norepinephrine [6,12). Our results are in line with recently accumulating evidence that
neurotransmitter biology promotes glioblastoma development 1131.

We are aware that cell models only simplify the complexity of the disease and lack pathophysiological recapitu-
lation of the tumor microenvironment, therefore results must be considered as an abstract guidance. The authors
note that a 3D model system, more commonly referred to as HSR-GBM1 and derived from a single tumor of a
patient operated in Milan, Iraly, was used in this study. Those spheroidic systems are suggested to most closely
recapitulate tumor conditions in vitre 1141. We acknowledge that our data cannot exclude that THP toxicity is
caused by off-target effects and does not affect neurotransmitter signaling or members of the neurotransmitter
signaling pathways in glioblastoma. Further characterization of the response of glioblastoma cells to the drug,
such as through pharmacometabolomics [15] shall be conducted to validate target specificity and is required before
this novel approach would be applied in the management of this fatal disease. Even if target specificity cannot
be confirmed, clinical testing could possibly be proceeded since many clinical cancer drugs act in an unknown
off-target way [16].

From a clinical-translational prospective, we think that this technology would be useful to determine personal
chemo-responsome of primary cells freshly derived from surgical resection specimens. Our robotics complete the
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Figure 2. Targeted manual validation of robot screening results (trihexyphenidyl). (A) Cytotoxic effect of Trihexyphenidyl on GBM1
measured with normalized-to-control CellTiter-Glo® luminescence. (B) Increase of 8% of the apoptosis indicator subG1-fraction against
MeOH control (p = 0.001), significant increase of 7% in GO/G1 of the treated cells in the cell cycle against MeOH control (p = 0.001) and
flow cytometry gating. (C) Apoptosis increase and flow cytometry gating against MeOH control (p < 0.001). (D) Proliferation decrease

(p < 0.05) supported by increase in GO/G1 in cell cycle results. All after 48 h drug exposure in GBM1 cell line. Unpaired two-sided student

T test.

*p < 0.05; **p < 0.01; ***p = 0.001.

MeOH: Methanol.
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list of liquid handling devices to do drug testing on tumors in vitro [2,17], thereby allowing this approach to be
implementable in different lab settings and suitable for a variety of disease types and disease modeling strategies. We
argue that our system will also be useful for testing drug resistance on more complex cell model culture systems that
require pre-coating of culture plates — such as human induced pluripotent stem cells — mainly due to the detailed
and programmable pipetting basis of liquid transfer in our device, which emulate manual pipetting on a high scale
and cannot be facilitated by printing-based drug screening assays [18]. We considered the identification of known
anti-glioblastoma drugs among the 22 identified effective treatments, as an additional validation indicator for our
screening method.

Informing patients with advanced stages of the disease about individually tailored and clinical feasible treatment
options, as an alternative or addition to standard of care treatment, represents an innovation mark for modern
treatment centers. Given the overall challenges in glioblastoma therapy with standard of care, this tool at least
opens the opportunity of discussion to improve treatment based on functional and technological fundaments.
Furthermore, since the costs to execute such a screening are considerably low (approximately 350 EUR including
all consumables, media and drugs; excluding personnel costs), we think that it could be ethical and economically
feasible to include this in standard diagnostics for selected patients such as those with recurring glioblastoma and
cerebral metastasis. We propose the utilization of this technology in drug discovery and personalized medicine.

Moreover, we note that our technology development project is well in line with recently stated consensus findings
for research integrity [19]; and given the opportunity that we count with simple embedment of the robot-acquired
clectronic data in modern data -storage, -reporting and -archiving strategies, we hypothesize that the inclusion of
lab-ware automation in academic laboratory routine is a useful strategy to improve reproducibility and transparency
in preclinical research [201.

Summary points

e \We extend the recent accumulating evidence that using a neurotransmitter targeting strategy is an innovative

treatment route for glioblastoma and extend it with two principle novelties:

e We identified a previously unrecognized, clinical approved neurotransmitter-targeting drug to possess
therapeutic effect on glioblastoma.

+ We found that following the scope of using anti-neurotransmitter directed treatment kills stem cells in
glioblastoma.

We developed a robotic strategy to score therapy resistance in vitro in mid- to large-scale ranges.

¢ The pipetting fundaments of liquid aspiration and dispersion will allow the application in more complex culture

systems that require coating of the cell culture plate.

In this context, the technology is superior than printing-based liquid handling solutions.

Our technology is well in line with recent stated guidelines on research integrity, addressing transparency and

reporting of experimental studies.

e \We propose the utilization of this technology in drug discovery and personalized medicine.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at:
www. futuremedicine.com/doi/suppl/10.2217 /cns-2020-0004
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Table S1. All compounds used.

well Compound Name No. well Compound Name No. well
A1 Almotriptan Malate 1 D17 Enzalutamide 42 H11
A3 Dasatinib 2 D19 kinotecan 43 HI3
A5 Aminoglutethimide 3 D21 Imatinib 44 H15
AT DLl 4 E1 Rp 45 H17
A9 Ewerolimus § E3 Bosutinib 46 H19
A11 Nintedanib 6 E5 Sunitinib Malate a7 n
A13 Temozolomide 7 E7 Olanzapine 48 13
A15 Topotecan hydrochloride & E9 Fubestrant 49 15
A17 Glonidine hydrochloride 9 E11 Oxaprozin 50 17
A1 Gefitinib 10 E13 Amitriptyline hydrochloride 51 19
A21 Benziropine mesylate 11 E15 Regorafenib 52 11
B1_ Netupitant 12 E17 Ethambutol dihydrochloride 5 13
B3 Romidepsin 13 E19 Chlomromazine hydrochloride 5 115
B35 Quetiapine Fumarate 14 E21 Fluconazole 5% 17
B7 Rizatriptan benzoate 15 F1 Trifluridine 56 119
B9 Lenalidomide 18 F3 (E/Z}Endoxifen 57 N

lastine sulfate 17 F5 Encorafenib 58 4
B13 Alpelisib 18 F7 brtinib 59 Js
B15 Abemaciclib 18 F9 Teriflunomide 60 J7
B17 Tramelinib 20 F11 LDK378 61 J9
B19 Binimetinio 21 F13 Dacarbazine 62 1
B21 Decitabine 22 F15 Paclitaxel 63 M3
C1 Calcium folinate: 23 F17 Flumazenil 64 15
C3 Acamprosate calcium 24 F19 Sorafenib tosylate 65 N7
C5 Bortezomib 25 F21 Fludarabine 66 1189
G7 Rasagiline 26 G1 Oxybutynin 67 K1
C9 Mebendazole 27 G3 Proparacaine hydrochloride 68 K3
C11 Phenoxybenzamine hydrochloride 28 G5 Oxaliplatin 69 K5
€13 Cytarabine 28 G7 Erotinib 70 K7
C15 Podophyllstoxin 30 GY9 Lomustine 71 K8
€17 Lamotriging 31 G11 Tipiracil hydrochloride 72 Ki1
€19 Medlizine dihydrochloride 32 G13 Ponatinib 73 K13
€21 Desipramine hydrochloride 33 G15 Panobinostat 74 K15
D1 Divalproex Sodium 34 G17 Olaparb 75 K17
D3 Gilteritinib 35 G19 Cabazitaxel 76 K19
D5 Vandetanib 36 G21 Dacomitinib 7 u
D7 Pemetrexed Disodium Hydrate 37 H1 Eslicarbazepine Acetate 78 L3
D9 Pazopanib 38 H3 Amantadine hydrochloride 79 LS
D11 Osimertinib 38 H5 Plerixafor BHC| (AMD3100 8HC) 80 L7
D13 Plerixafor 40 H7 kabepilone 81 e
D15 Neratinib 41 H9 Gelecoxib L1

Compound Name
Mercaptopuring
Phenytoin sodium
Primidone

Procaine

Imiquimod

(Cabozantinib Malate
Fluoxetine hydrochloride
Gemcitabine

Rogcuronium bromide
Nintedanib Ethanesulfonate Salt
Apatinib mesylate
Cabozantinib hydrochloride (849217-88-1(free base))
Cariprazine

Rucaparit

Larotrectinib sulfate
Nilotinib

Lorlatinib
Phenazopyridine hydrochloride
Copanlisib

Mitoxantrone hydrochloride
Maprotiline hydrochloride
Homatropine Bromide
Leweliracetam
Pratriptyline hydrochloride
Sumatriptan succinate
Carfilzomib

Lurasicone hydrochlonde
Floxuridine
Hydrocortisone butyrate
Niraparib

Erdafitinin

Mitomygin G
Pramipexale

Axitinib

Memantine hydrochloride
Alectinib

lloperidone

Duvelisib

Garbamazepine
Dimenhydrinate
Nimedipine

Table S2. Compound classification

Characteristics

Number of Compounds

Characteristics

100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123

wel
L13
L15

Compound Name
Riluzole

Timolol Maleate

L17 Lenwatinib

L18 Scopolamine HBr trihydrate
M1 S-Azacytidine

M3 Afatinib Dimaleate

M5 Idelalisib

M7 Molindone hydrochloride
M3 Eliglustat

M11 Cobimetinib

M13 Acalabrutinit

M15 Homeharringlenine

M17 hosidenib

M19 Ribociclio

N1 _Brexpiprazole

N3 Neostigmine bromide
N5 Cisplatin

N7 Pimozide

NS liraconazole
Cyclophosphamide menohydrate
Docetaxel

liosfamide

Zolmitriptan

Mifepristone

©1 Doxorubicin hydrochloride
03 Nortriptyline hydrochloride
05 Belincstat

7 Vemurafeniby

08 Atomoxetine hydrochloride
©11 Tamoxifen Z4somer citrale
013 Acetazolamide

015 Metformin hydrochloride
017 Ethosuximide

©19 Rifampicin

P1 Palbociclib Isethionate
P3 ABT198

PS5 Deferoxamine Mesylate
P7 Crizotinib

P8 Arlicaine HCI

P11 Dabrafenib

P13 NVP-LDE225

P15 Vorinostat

P17 Exemestane

P19 Letrozole

3

Drug Correlation numbers Table 1

Preclinical phase 2 3,7, 12,14, 15, 16, 18,20, 21
Clinical trials/use 10 1,4,6,8,9 10,11, 17,19, 22
New identified drugs 3 2,513
Neurotransmitter modulation 5 2,57 13,15

Clinical Indication

1,4,6,89, 10, 14, 16, 17, 18, 19, 20,

Oncological 14 21,22
Multi-cancer indication 6 6,10, 16,17, 18, 20
Breast cancer 2 1,14
Lung cancer 2 621
Leukemia 3 4,8,19
skin cancer* 1* 1*
Glioblastoma 1 22
Non-oncological 8 2,3,57,11,12,13,15
Neurclogic / Psychiatric 4 2,7,13,15
Parkinson’s disease 1 2
Migrane 2 13, 15%
Antipsychotic 1 7
Mood stabilizer 1 15*
Epilepsy 1 15*
Antihypertensive 2 3,12
Ophthalmologic 1 5
Dermatologic 1 1
Total 22 22
*Marked pound: lassified in different but were only counted once.

No.
124
125
126

128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

167



Figure S1

a. All compounds before classification
b. and. c. Reagent comparison.
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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, 