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Abstract

Glioblastoma Multiforme (GBM) is an incurable, malignant, primary brain tumor.
The poor prognosis of patients relies on the ability of the tumor to evade therapy
regimen and rapidly develop tumor recurrences. The impeded entry of therapeutics
into the brain tissue by the blood-brain barrier (BBB) yields subletal doses of agents
in the tumor, resulting in chemotherapeutically triggered escape mechanisms like tu-
mor dormancy, a resting state of a cell or tumor mass. This study aimed at both a
more detailed understanding of molecular pathways as well as environmental influ-
ences on the therapeutically induced entry into and exit from dormancy of GBM cells
and, based on this knowledge, the improvement of therapy by introducing alternative
compounds and strategies.
Upon subletal treatment with temozolomide (TMZ), the standard therapeutic, GBM
cells remained unproliferative. This state was not only described by dormant but also
stem-cell features, indicated by an upregulation of typical dormancy and stem-cell
markers and a high ability of dormant cells to form spheroids. Moreover, dormancy
entry was characterized by an increased expression of CCL2 and SAA2, while in dor-
mancy exit, attained by further cultivation without TMZ treatment, THSD4, FSTL3
and VEGFC were upregulated. Interestingly, co-stimulation with chemokines, mim-
icking an inflammatory environment, delayed the entry into and exit from dormancy,
also mirrored in the reduction of the upregulation of identified genes.
The use of alternative drugs and stimulation schemes adapted to classic treatment
appeared to be promising in overcoming therapy escape including dormancy. Espe-
cially, sequential application of TMZ+AT101, the R-(-)-enantiomer of the cottonseed-
derived polyphenol gossypol, followed by AT101 alone increased glioma cell death in
mono-cultures, but was less harmful for astrocytes. However, co-culturing of primary
GBM cells, astrocytes and microglia in an incomplete tumor-resection model revealed
a protective effect of normal brain cells to tumor cell death, while glioma cells en-
hanced astrocytic cell death.
Considering sequential application of TMZ and AT101, encapsulation of AT101 into
cubosomes, to improve passaging across the BBB, resulted in an increased cytotoxic-
ity in glioma cells but not normal brain cells. In order to neglect BBB restrictions, a
PDMS implant with tetrapodal channels was developed showing a high drug loading
capacity and a sustained, long-term release of AT101 in artificial liquor.
In conclusion, TMZ drives GBM-cell escape into dormancy, thereby surviving treat-
ment and inducing tumor re-growth. Next to oral TMZ administration, sequential
application of alternative drugs such as AT101 via local release from implants or in
terms of nanoparticle co-treatment might improve therapy success for patients.
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Zusammenfassung

Glioblastoma Multiforme (GBM) bezeichnet einen unheilbaren, malignen, primären
Hirntumor. Die schlechte Prognose für Patienten beruht auf der Eigenschaft des Tu-
mors, sich der Therapie zu entziehen und schnell Tumorredizive zu bilden. Durch
das behinderte Eintreten von Therapeutika in das Hirngewebe durch die Blut-Hirn-
Schranke erreichen lediglich subletale Wirkstoffkonzentrationen den Tumor. Dies
führt zu einem chemotherapeutisch induzierten Resistenzmechanismus wie Tumor-
dormanz, ein Ruhestadium von Zellen oder dem gesamten Tumor. Ziel dieser Ar-
beit war es, einerseits ein genaueres Verständnis der molekularen Eigenschaften und
der Einflüsse der Umgebung auf das Therapie-induzierte Eintreten in und Austreten
aus der Dormanz von Glioblastomzellen zu schaffen und andererseits aufgrund dieser
neuen Erkenntnisse alternative Wirkstoffe zu erproben und verbesserte therapeutische
Strategien zu verfolgen.
Durch die Verabreichung einer subletalen Dosis Temozolomids (TMZ), des Standard-
therapeutikums, verblieben GBM-Zellen unproliferativ. Dieses Stadium war nicht
nur durch dormante, sondern auch Stammzelleigenschaften charakterisiert, was sich
über die Hochregulation von typischen Dormanz- und Stammzellmarkern und die er-
höhte Fähigkeit von dormanten Zellen, Spheroide zu bilden, zeigte. Darüber hinaus
wurde beim Eintreten in Dormanz die Expression von CCL2 und SAA2 hochre-
guliert, während das Austreten aus der Dormanz, welches über die Fortführung der
Kultivierung ohne TMZ-Behandlung erlangt wurde, über die erhöhte Expression von
THSD4, FSTL3 und VEGFC gekennzeichnet wurde. Interessanterweise hat die Ko-
Stimulation mit Chemokinen, um eine inflammatorische Umgebung zu suggerieren,
sowohl den Eintritt in als auch den Austritt aus der Dormanz verzögert, welches sich
ebenfalls in der Reduktion der Hochregulation der identifizierten Gene widerspiegelte.
Die Verwendung alternativer Wirkstoffe und Stimulationschemata, die an die klas-
sische Behandlung adaptiert sind, stellte sich als vielversprechend heraus, um Ther-
apieresistenz einschließlich Dormanz zu umgehen. Insbesondere die sequenzielle Ve-
rabreichung von TMZ+AT101, dem R-(-)-Enantiomer des Polyphenols Gossypol aus
der Baumwolle, gefolgt von AT101 allein erhöhte den Zelltod von Gliomzellen in
Monokulturen und war weniger schädlich für Astrozyten. Allerdings zeigte sich in der
Kokultur von primären GBM Zellen, Astrozyten und Mikroglia in einem inkomplet-
ten Tumorresektionsmodel, dass normale Gehirnzellen protektiv auf den Tumorzelltod
wirken, während Gliomzellen den Zelltod in Astrozyten induzierten.
Unter Betrachtung der sequenziellen Gabe von TMZ und AT101 erhöhte die
Einkapselung von AT101 in Kubosomen, um den Transfer über die Blut-Hirn-Schranke
zu verbessern, die Zytotoxizität in Gliomzellen, jedoch nicht in normalen Hirnzellen.
Um die Beschränkungen der Blut-Hirn-Schranke zu umgehen, wurde ein Implantat
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aus PDMS mit tetrapodalen Kanälen entwickelt, welches eine hohe Ladekapazität
von Wirkstoff und eine kontinuierliche, langfristige Freisetzung von AT101 in arti-
fiziellem Liquor aufwies.
Abschließend lässt sich sagen, dass TMZ GBM-Zellen in die Dormanz treibt, in der sie
die Behandlung überleben und dann das Tumorwachstum wieder induzieren. Neben
der oralen Verabreichung von TMZ könnte die sequenzielle Applizierung von alterna-
tiven Wirkstoffen wie AT101 über lokale Freisetzung aus Implantaten oder in Form
von Nanopartikeln den Erfolg der Therapie für Patienten verbessern.
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1 Introduction 1

1 Introduction

1.1 Characteristics of Glioblastoma multiforme

1.1.1 Epidemiology and etiology

Although primary tumors of the brain and the central nervous system (CNS) only
represent a small fraction (1.4%) of all new cancer cases in western countries in com-
parison with other tumors such as breast (15.5%) or lung cancers (13.5%), they show
by far the highest death rate (70.5%) when diagnosed [American Cancer Society, 2018].
Strikingly, 74.5% of malignant primary brain and CNS tumors are classified as astro-
cytomas, a large group of tumors in which the most malignant form, termed Glioblas-
toma multiforme (GBM) has a global incidence rate of 2.98 newly diagnosed cases
per 100, 000 individuals per year [Ostrom et al., 2018, Leece et al., 2017]. Since 2016,
the World Health Organization defines Glioblastoma multiforme as diffuse astrocytic
grade IV tumor. In detail, the whole group of diffuse infiltrating astrocytic tumors
are graded with increasing malignancy into diffuse astrocytoma grade II, anaplastic
astrocytoma grade III, as well as oligodendroglioma grade II and III, and astrocytoma
grade IV or glioblastomas [Louis et al., 2016]. Furthermore, the most malignant form,
glioblastoma, is subcategorized into primary and secondary evolving tumors. While a
primary glioblastoma is able to evolve de novo in patients within three to six months,
a secondary one arises from low-grade astrocytomas of grade II or III during two to
five years depending on the precursor [Pisapia, 2017, Ohgaki et al., 2004, Nobusawa
et al., 2009]. Additionally, men have an 1.5 higher susceptibility for the development
of glioblastomas compared to women and the mean age of diagnosis is 65. Despite the
general possibility to treat glioblastoma patients with conventional therapies includ-
ing surgical resection of tumor tissue and consecutive radio- and chemotherapy, only
5.6% of patients receiving this therapy survive more than five years after GBM diag-
nosis [Ostrom et al., 2018, Stupp et al., 2005]. This corresponds with an extremely
low median progression-free survival of only eight months after surgery [Rapp et al.,
2017]. By contrast, secondary gliomas are more frequent in women compared to men
and arise more often in people of younger age (mean age: 45) [Ohgaki et al., 2004,
Louis et al., 1993]. Differences in therapy efficiency between primary and secondary
glioblastomas have not been proven [Hamisch et al., 2017].

1.1.2 Pathology

Besides environmental factors that were identified to affect glioma growth, such as
ionizing radiation and the protecting effects of allergies, genetic factors play a more
important role in glioma pathogensis and progression [Sadetzki et al., 2005, Amirian
et al., 2016]. Although most cases of glioblastoma are sporadic, approximately 5% are
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associated to be family-related [Wrensch et al., 1997]. In particular, distinct genetic
abnormalities are associated to gliomagenesis and progression. Especially primary
and secondary tumors show different genetic variations. An early event in gliomagen-
esis is the mutation of the isocitrate dehydrogenase 1 (IDH1 ) gene which potentially
determines whether a low-grade astrocytoma or a glioblastoma arises [Yan et al., 2009,
Ichimura et al., 2009]. The question about the cell of origin for gliomagenesis is still
not yet solved. Different evidences exist that astrocytomas may either develop from
normal astrocytes, neural stem cells or oligodendrocyte precursor cells (for review see
Zong et al. [2015]). Nevertheless, mutations in the tumor protein 53 (TP53 ) gene
are frequently observed in low-grade and secondary tumors. By contrast, loss of het-
erozygosity at 10q, epidermal growth factor receptor (EGFR) amplification, as well as
mutations in the phosphatase and tensin homolog (PTEN ) gene and cyclin-dependent
kinase inhibitor 2A (CDKN2A) deletion, are predominantly found in primary glioblas-
tomas, that develop de novo. During tumor progression, secondary glioblastomas are
also able to acquire those genetic variations [Ohgaki et al., 2004].

1.1.3 Conventional therapy

The overall survival (OS) and the progression-free survival (PFS) of patients suffer-
ing from astrocytic tumors is mainly dependent on the grade of malignancy, age of
the patient at diagnosis, the performance status and the extent of resection as unin-
fluencable factors [Li et al., 2011b]. After diagnosis by magnetic resonance imaging
(MRI) and biopsy analysis, the first-line therapy starts with the fluorescence-guided
maximal-safe surgical resection of the tumor followed by a concomitant radio- and
chemotherapy with temozolomide (TMZ) [Stummer et al., 2006, Stupp et al., 2005].
The extent of resection is highly dependent on the location of the tumor, for that
a gross total resection in eloquent areas, in which the removal would cause major
disabilities, is difficult to achieve. In general, the gross total resection is preferable in
comparison with a subtotal or incomplete one [Chaichana et al., 2014, McGirt et al.,
2009a, Bette et al., 2018, Kreth et al., 2013, Li et al., 2011b], resembled by an in-
creased OS of 17.1 months in cases of gross total resections compared to 11.8 months
for incomplete resections [Stummer et al., 2008].
Other prognostic factors on the molecular level include the IDH status and the 6-O-
methylguanine-deoxyribonucleic acid methyltransferase (MGMT ) promotor methyla-
tion. Especially IDH1-mutated tumors mainly appear in younger patients in line with
low-grade astrocytomas or secondary glioblastomas as explained above. Therefore,
they are associated with an enhanced OS for patients compared to the IDH-wildtype
ones [Hartmann et al., 2010]. Moreover, methylation of the MGMT promotor leads
to an epigenetic silencing of the corresponding gene, which is, in general, responsible
for the de-methylation of the deoxyribonucleic acid (DNA) [Watts et al., 1997]. Since
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the conventionally used chemotherapeutic TMZ alkylates DNA, thereby introducing
double-strand breaks during DNA replication, active DNA methyltransferases, such
as MGMT are able to remove such methyl residues and by this means impede the
temozolomide’s way of action [Zucchetti et al., 1989, Pieper et al., 1991]. Thus, pa-
tients with glioblastomas, that reveal a methylated MGMT promotor, profit far more
from the TMZ therapy compared to those with tumors that show an unmethylated
promotor [Hegi et al., 2005]. In summary, treatment regimens are adapted to prog-
nostic values, which is illustrated in fig. 1.1. Moreover, additional treatment of the
tumor with TMZ only yielded a slight increase in survival rates from 12 to 14.6 months
[Stupp et al., 2005, 2009]. Alongside with manifold adverse effects of TMZ itself and
its systemic administration [Trinh et al., 2009] and despite maximal surgical resection
followed by an intense radiotherapy, the tumor tends to recur within a tumor margin
zone of 2 cm length [Hochberg and Pruitt, 1980, Watanabe et al., 1992].

Figure 1.1: Current therapy for patients diagnosed with malignant astrocytomas. Af-
ter a maximal safe resection of the tumor by surgery, patients with a tumor, characterized by an
IDH-mutant status (A) as well as of low-grade, are treated either with radiotherapy (RT) alone or
radiotherapy followed by chemotherapy with TMZ. By contrast, patients with IDH-mutant grade
IV tumors receive combined radio- and chemotherapy followed by chemotherapy alone. In case of
wild-type IDH tumors (B), the methylation status of the promotor of the MGMT gene is further
analyzed. If unmethylated, patients obtain radiotherapy, while methylated tumors are treated with
concomitant radio- and chemotherapy. Furthermore, the age of patients is crucial for the treatment
of grade IV astrocytomas (The figure is based on Reifenberger et al. [2017]).

1.1.4 Therapy challenges

Manifested by the short OS and PFS of patients suffering from astrocytomas, the
tumor cells acquire and develope several mechanisms to escape from or adapt to
conventional treatment regimen. Those are either based on molecular differences of
distinct cells gained during gliomagenesis, the molecular adaption on certain thera-
peutic or environmental stimuli or the close communication of tumor cells with their
microenvironment.



1 Introduction 4

1.1.4.1 Heterogeneity
As all genetic variabilities, described in chapter 1.1.2, are not ubiquitously found in
glioblastomas but rather appear sporadically in different patients, the existence of
distinct molecular subtypes becomes obvious. Therefore, the pioneers Godard et al.
[2003] and Phillips et al. [2006] classified grade IV glioblastoma subgroups by their
molecular patterns. Furtheron, Verhaak et al. [2010] performed a genome-wide mi-
croarray analysis of 202 patients and identified four distinct molecular subtypes with
striking differences in gene expression profiles, mutations and copy number alter-
ations. This was further correlated with corresponding variances in the metabolome
of each subtype [Cuperlovic-Culf et al., 2012]. In accordance with The Cancer Genome
Atlas (TCGA), the identified subtypes were termed proneural, neural, classical and
mesenchymal associated to certain cell type properties of oligodendrocytes, neurons,
astrocytes and cultured astroglia. The dominant differences between the subtypes are
1) the intense amplification of chromosome 7 and the concomitant higher EGFR ex-
pression, as well as the CDKN2A deletion in the classical subtype, 2) the hemizygous
deletion of the long arm of chromosome 17 including neurofibromin 1 (NF1 ) corre-
sponding to the mesenchymal subtype and 3) the high amplification of platelet-derived
growth factor receptor A (PDGFRA) and the IDH1 mutation within the proneural
group. Recently, Wang et al. [2017b] postulated, that the neural subtype was only
identified due to contaminations with normal neuronal cells of the brain. There-
fore, the glioma subtypes were re-defined into three categories instead of four. As
implicated, the distinct subtypes show different responses to therapy. For instance,
the proneural subtype was predominantly observed in younger patients and is highly
present in low-grade astrocytomas alongside with their IDH-mutation status, whereas
recurrent tumors tend to switch to the mesenchymal subtype. Patients with proneu-
ral tumors have a better prognostic survival due to their IDH1 mutation, correlated
with an increased production of 2-hydroxyglutarate resulting in an enhanced chemo-
and radiosensitivity [Verhaak et al., 2010, Wood et al., 2016, Johnson et al., 2014,
Bleeker et al., 2010]. Especially the tumor microenvironment, mainly consisting of
tumor-associated immune cells (see chapter 1.1.4.3), drives glioblastoma subtyping
and, thereby impacts the responsiveness to therapy [Wang et al., 2017b].
Further investigations revealed, that glioblastomas are described not only by those
distinct molecular subtypes and their potential to change during tumor progression,
but also by a pronounced intratumor heterogeneity. By a spatial collection of tu-
mor samples and a single-cell analysis, Sottoriva et al. [2013] and Patel et al. [2014]
displayed the presence of different molecular subtypes within one tumor. This cor-
responds with the finding of certain molecular and biological characteristics of cells
depending on their location within the tumor mass affected by their environment. In
detail, cells located in the tumor margin tend to show a pro-survival and infiltrative
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phenotype, while high proliferation and inflammation strongly correspond to the core
area [Aubry et al., 2015, Ross et al., 2017]. The highly infiltrative phenotype belongs
to the most prominent characteristics of glioblastomas, as invasive cells use perivas-
cular spaces around blood vessels and axons to migrate to distant areas into healthy
brain parenchyma, first described by Hans-Joachim Scherer [Scherer, 1938]. The mi-
gratory phenotype is frequently induced by hypoxic conditions in the core area of the
tumor. Those migrating cells are unaffected by surgery, thereby most likely causing
fast recurrences in the tumor margin zone (reviewed in De Vleeschouwer [2017]). Be-
yond this, another cell subpopulation found in solid glioblastomas are cancer stem
cells, that are very likely to be responsible for the tumor growth and maintenance
[Singh et al., 2003, 2004]. Those glioma stem cells are thought to originate either
from neuronal stem cells or by de-differentiation from normal brain cells [Schneider
et al., 2016]. Moreover, glioma stem cells are also categorized either into a mesenchy-
mal or a proneural subtype with a distinct responsiveness to therapy [Ricci-Vitiani
et al., 2008]. Mesenchymal glioma stem cells are predominantly found in primary
glioblastomas revealing a more aggressive and invasive phenotype, while proneural
ones are mostly observed in grade III astrocytomas and are less resistant to treatment
[Mao et al., 2013]. Especially mesenchymal glioma stem cells are characterized by a
reversible non-proliferating or quiescent phenotype triggered by the tumor microenvi-
ronment. In particular, quiescent cancer stem cells have a high self-renewal capacity
and are associated with a strong therapy resistance [Tejero et al., 2019].

1.1.4.2 Tumor dormancy
Besides the high invasive potential of tumor cells, aberrant self-renewal properties,
as well as the genomic instability influencing the tumor progression and molecular
subtyping, tumor dormancy was recently postulated to be a new hallmark of cancer,
describing a certain state of tumor growth arrest [Yeh and Ramaswamy, 2015]. The
clinical relevance is given, as the dormant tumor itself becomes and remains unde-
tectable and unsusceptible for therapy for weeks, years or even decades, until a local
relapse or metastatic disease emerges [Friedl and Herfarth, 1992, MacKie et al., 2003].
Tumor dormancy is divided into an immunogenic, angiogenic and cellular type (see fig.
1.2). In the immunogenic dormancy, the interplay between immune cells of the tumor
microenvironment, that try to eliminate the tumor, and tumor cells, which block those
cytostatic effects, reaches an equilibrium state. As the tumor is no longer suscepti-
ble to the immune surveillance, the tumor cells ultimately escape the immunogenic
dormancy and start re-growth (reviewed by Mittal et al. [2014]). Beyond this, the
tumor expansion relies on the availability of oxygen and nutrients provided by blood
vessels. Thus, an avascularity results in an angiogenic dormancy, which is exited by
an angiogenic switch established by the communication between the tumor and its
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microenvironment [Naumov et al., 2006]. At least, single tumor cells are able to enter
the cellular dormancy characterized by a reversible cell-cycle arrest [Hadfield, 1954,
Naumov et al., 2002]. Elevated levels of mitogen-activated protein kinase (MAPK)
p38 compared to reduced levels of the MAPK p42/44 (ERK) are essential factors in
cellular dormancy [Aguirre-Ghiso et al., 2004].

Figure 1.2: Tumor dormancy mechanisms. Tumors are prone to enter a resting state under
specific circumstances that either lead to a so called tumor mass or cellular dormancy. Tumor
mass dormancy is further classified into an immunogenic and angiogenic type. In the immunogenic
dormancy, the elimination of the tumor by the immune system (orange and red cells), exemplified by
(brown) apoptotic cells, and the proliferation of the other (brown) tumor cells reach an equilibrium
state. By contrast, the angiogenic dormancy is driven by the limitation of nutrients and oxygen, until
an angiogenic switch occurs that drives vascularization (red vessel). The least well-defined cellular
dormancy is described as a quiescent, Ki67-negative state of the cell, in which the cell division is
arrested but reversible, further characterized by an altered ratio of ERK and p38 levels.

This temporary mitotic arrest was first described by Hadfield [1954]. Apart from
senescence, which represents a permanent loss of the proliferative potential [Demi-
denko et al., 2009], also quiescent cells persevere in a prolonged G0/G1 phase upon
a withdrawal of growth factors and loss of adhesion molecules. By the addition of
growth factors, those quiescent cells are able to re-enter proliferation (reviewed in
Blagosklonny [2011]). Indeed, dormant cells seem to adapt mechanisms of quiescence.
Thus, a connection between dormant and cancer stem cells becomes obvious. Endaya
et al. [2016] observed the expression of typical stem cell markers in a non-proliferating,
dormant subpopulation in glioblastomas and Deleyrolle et al. [2011], Zeng et al. [2016]
identified a non-proliferative tumor-initiating subpopulation in glioblastomas. Fur-
thermore, Hofstetter et al. [2012] demonstrated an induction of dormancy in tumor
stem-like cells by certain signaling pathways triggered through the microenvironment.
A closer look on dormant cells revealed the upregulation of a small gene set con-
taining ephrin type A receptor 5 (EphA5 ), thrombospondin, angiomotin, insulin-like
growth factor-binding protein 5 (IGFBP5 ) and histone cluster 1 H2B family member
K (H2BK ), that are exclusively expressed in dormant glioblastoma tumors compared
to fast growing ones [Almog et al., 2009, Satchi-Fainaro et al., 2012]. Since many
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experiments highlighted the correlation of cell cylce arrest and a reduced chemosen-
sitivity [Naumov et al., 2003], it is of high interest, to understand the entrance and
exit mechanisms of dormancy and dealing with dormant tumor cells.

1.1.4.3 Tumor microenvironment
As already briefly mentioned in several chapters before, the tumor microenvironment
plays a crucial role in the development and the maintenance of important features
of glioblastoma cells such as their self-renewal capacity, highly invasive phenotype,
chemoresistance and distinct genetic profiles (for review see Zhang et al. [2019], Quail
and Joyce [2017]). The tumor microenvironment consists of endothelial cells surround-
ing blood vessels, tumor-associated inflammatory cells, neurons as well as extracellular
matrix proteins and other non-cellular factors (cf. fig. 1.3).

Figure 1.3: The tumor microenvironment. The interaction of tumor cells (brown) with their
microenvironment is essential for the maintenance of the tumor. Especially, endothelial cells (blue),
astrocytes (green), microglia (yellow) and tumor-associated macrophages (dark orange) as well as
neurons (grey) and non-cellular factors such as the extracellular matrix and other molecules and
environmental factors play crucial roles.

Endothelial cells associated to glioblastoma cells show distinct characteristics, like a
faster migratory potential, a lower proliferation rate, a high production of growth
factors and an increased chemoresistance, compared to their counterparts in normal
brain [Charalambous et al., 2005, Hida et al., 2004]. In general, endothelial cells to-
gether with astrocytes and pericytes are critical for the maintenance of the blood-brain
barrier (BBB). This barrier protects the brain from diseases and, therefore, prevents
molecules such as anti-tumor agents to pass, which becomes a crucial problem in tu-
mor therapy (reviewed by Muldoon et al. [2007]). Moreover, endothelial cells play
an important role in the formation and the preservation of cancer stem cells by the
secretion of factors such as chemokines [Calabrese et al., 2007]. In return, those cancer
stem cells secrete angiogenic factors, that enhance the blood vessel construction [Bao
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et al., 2006].
Beside endothelial cells, astrocytes are the most abundant cell population in the nor-
mal brain (reviewed in Farina et al. [2007]). Tumor cells activate astrocytes, which
is described as cellular hypertrophy and genetic upregulation of the glial fibrilliar
acidic protein (GFAP) gene [Le et al., 2003]. Additionally, astrocytes are able to
de-differentiate into cancer-stem like cells, which is probably mediated by tumor cells
[Moon et al., 2011]. Direct communication of glioma cells and astrocytes is guaranteed
by the generation of gap junctions between adjacent cells [Lin et al., 2016]. Thereby,
astrocytes moderate tumor invasion by microRNA signaling and activation of the
matrix-metalloproteinase 2 [Oliveira et al., 2005, Hong et al., 2015, Le et al., 2003].
Moreover, by the additional release of growth factors and chemokines, reactive astro-
cytes maintain tumor cell survival and growth [Lin et al., 2016, Hoelzinger et al., 2007].
Recently, different experiments revealed, that the communication between glioblas-
toma cells and astrocytes reduced the responsiveness to chemotherapy of the tumor
cells [Lin et al., 2016, Chen et al., 2015, Yang et al., 2014]. Thus, astrocyte-glioma
cross-communication might play a pivotal role in the chemoresistance of tumors.
The majority of non-tumor cells in gliomas are tumor-associated or resident
macrophages of the brain called microglia (for review see Charles et al. [2011]). In
general, two different phenotypes of microglia and macrophages exist: M1, which is
activated in an inflammatory surrounding and M2, which is observed under homeo-
static conditions. Glioblastomas tend to secrete molecules such as the macrophage
colony-stimulating factor (M-CSF) that drive macrophages towards the M2 phenotype
leading to an enhanced tumor growth, in return. Therefore, the amount of microglia
in the M2 phenotype positively correlates with tumor malignancy [Komohara et al.,
2008, Wu et al., 2010]. The favoring of glioma invasion by microglial cells also con-
tributes to the increased malignancy [Bettinger et al., 2002]. Enhanced numbers of
microglial cells are correlated with poor survival of glioblastoma patients, since Lu-
Emerson et al. [2013] postulated that those reduce the sensitivity of tumor cells to
anti-angiogenic therapy.
Last but not least, non-cellular factors such as the extracellular matrix (ECM) play
important roles in glioblastomas. For example, the ECM was shown to activate mi-
croglial cells resulting in the secretion of interleukin-18 (IL-18), which leads to an
increased migration of tumor cells [Yeh et al., 2012]. Aside from that, the extracel-
lular matrix represents a crucial factor in drug release and diffusion of molecules and
particles, which has to be taken into account in therapy development [Kuppen et al.,
2001]. Further non-cellular environmental factors are hypoxic and acidic conditions in
the tumor area known as the Warburg effect [Warburg, 1956, Poteet et al., 2013]. An
acidic pH and low oxygen levels potentially decrease the sensitivity of tumor cells to
therapy and induce a shift to a more invasive phenotype in glioblastoma cells [Joseph
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et al., 2015, Cairns et al., 2006]. Considering the influence of the tumor microenviron-
ment in terms of understanding the tumor dynamics and invention of new therapies,
the necessity is given to also consider effects on other than tumor cells and intro-
duce multi-cell models, such as 2D and 3D co-culture models, tumor spheroids and
ECM scaffolds (for reviews see Caragher et al. [2019], Lenting et al. [2017], Xiao et al.
[2017]).

1.1.4.3.1 The role of chemokines
The classical role of chemotactic cytokines, also called chemokines, is the guidance of
leukocytes to inflammatory regions [Hayashi, 1982]. In general, they are part of the
cytokine family with chemoattractant properties. They obtained their name, since
they induce directed migration in receptor-carrying cells along a gradient of the cor-
responding secreted ligands. All in all, the chemokine family contains approximately
50 ligands and 20 receptors, which reveals that one receptor is able to bind more than
one ligand and vice versa. Furthermore, the chemokine group is divided into four
different subgroups according to their chemokine domain, in which one or two disul-
fide bonds occur. They are named CXC, CC, C and CX3C, respectively. Signaling
of chemokines is mediated by their corresponding G protein-coupled receptors with
seven transmembrane helical domains found on the plasmamembrane of cells (sum-
marized by Hughes and Nibbs [2018]). Usually, chemokine ligands are small molecules
secreted into the extracellular region, where they bind to their individual receptors.
The chemokines CXCL16 and CX3CL1 are an exception, since they possess an ex-
tra transmembrane domain followed by a mucin-like stalk in the extacellular lumen.
Nevertheless, after cleavage by a disintegrin and metalloproteinase (ADAM) 10 and
17 between the plasmamembrane and the mucin-like region, both chemokines also
exist as soluble forms and introduce signaling either as secreted or membrane-bound
ligands (reviewed by Ludwig and Mentlein [2008]). Structural information of chosen
chemokines and receptors are presented in fig. 1.4.
In particular, CXCL12, formally known as stromal-cell derived factor 1α (SDF1α) and
one of its receptors, CXCR4, are expressed on glioblastoma cells and have firstly been
detected adjacent to tumor necrosis in areas of a reduced oxygenation, where they are
upregulated according to the hypoxic conditions or by stimulation with vascular en-
dothelial growth factor (VEGF) [Rempel et al., 2000, Oh et al., 2001b, Zagzag et al.,
2008]. Further, signaling through CXCR4 induces several mechanisms: 1) increase
of glioma cell invasiveness, which is also partly mediated by autocrine stimulation of
glioma cells themselves [Ehtesham et al., 2006], 2) induction of glioma angiogenesis by
activation of hypoxia-inducible factor-1 (HIF-1) in an oxygen-deprived environment
[Zagzag et al., 2008] and 3) stimulation of proliferation of glioblastoma cell progen-
itors, as well as mediation of tumor progression [Ma et al., 2008, Ehtesham et al.,
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2009]. By contrast, signaling via the other CXCL12 receptor, CXCR7, is less well
described but associated with tumor progression in accordance with apoptosis resis-
tance in cells, tumor cell proliferation and, overall, reduced survival of patients [Deng
et al., 2017, Flüh et al., 2016, Liu et al., 2015, Hattermann et al., 2012].

Figure 1.4: Structure of CXCR4, CXCR7, CXCL16, CXCL12 and CX3CL1 chemokines.
Chemokine receptors are G protein-coupled receptors that contain seven transmembrane helices such
as CXCR4 and the atypical chemokine receptor CXCR7. Ligands for such receptors are, in general,
soluble molecules like CXCL12 with an conserved tertiar structure. Two exceptions are CXCL16
and CX3CL1 chemokines, that consist of an additional transmembrane region and a mucin-like
stalk. Nevertheless, those chemokines are also able to function as soluble ligands after shedding
between the plasmamembrane and mucin-like region is performed by ADAM10 and 17.

As opposed to this, CXCR6, the unique receptor for CXCL16, is detected on glioma
cells with stem cell properties, whereas CXCL16 itself is strongly expressed in glioblas-
toma, microglial, endothelial cells and astrocytes [Hattermann et al., 2013, Ludwig
et al., 2005]. Recent studies revealed, that microglial cells express CXCR6 and, thus,
are modulated by CXCL16 release from tumor cells towards the anti-inflammatory
phenotype [Lepore et al., 2018]. In connection to this, beside moderate expression
of CX3CL1 in microglia [Hattermann et al., 2014], the CX3CL1/fractalkine receptor,
CX3CR1, is exclusively found in microglial cells. Expression of CX3CL1 by tumor
cells promotes recruitment of microglia, which ultimately results in an increased tumor
invasion by the glial expression of matrix metalloproteinases [Held-Feindt et al., 2010].
In contrast, CX3CL1-CX3CR1 signaling in a restricted subset of tumor cells nega-
tively regulates tumor invasion by tumor aggregation [Sciumè et al., 2010]. Recently,
Hattermann et al. [2016b] introduced a novel signaling pathway of the transmembrane-
localized forms of these chemokines via binding of their own soluble ligands. This in-
verse signaling yields an enhanced proliferation and rescue from apoptosis and thereby
opens a new chapter in glioma biology regulation by CXCL16 and CX3CL1.
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1.2 Alternative forms of therapy

1.2.1 Alternative therapeutics for GBM therapy

The first chemotherapeutics for glioblastomas, established in the early 70’s, were
nitrosoureas [Rosenblum et al., 1973]. The group of nitrosoureas is also known as first-
generation DNA alkylating agents and includes, for instance, chloroethyl-cyclohexyl-
nitrosourea (CCNU, "lomostine") and bischloroethyl-cyclohexyl-nitrosourea (BCNU,
"carmustine") [Brisman et al., 1976]. Despite several observed severe side effects, both
first-generation compounds are still in use, as lomostine is administered as systemic
treatment option in recurrent glioblastomas [Batchelor et al., 2013] and carmustine
for other alternative therapy approaches (discussed in chapter 1.2.2.2). In the end of
the 90’s, temozolomide, the second-generation of DNA alkylating agents, superseded
BCNU, CCNU and others and became first-line chemotherapeutic for glioblastoma
ever since [Yung et al., 1999]. As described previously, TMZ is not only characterized
by many adverse effects, but it also only mildly improved survival of patients suffering
from glioblastoma tumors. Therefore, sensitizing of glioma cells to current therapies
is one great field of investigations.

Figure 1.5: Alternative treatment approaches in GBM therapy. The current gold standard
chemotherapy for patients suffering from GBM is DNA alkylation by temozolomide. Due to the
poor improvement of patient’s overall survival, various alternative therapeutic approaches have been
developed, including MGMT enzymatic activity regulation and drug efflux inhibition, as well as
immune and gene therapy attempts and addressing alternative cell death pathways.

In order to augment classical chemotherapy efficiency of TMZ, possible opportunities
comprise the inactivation or modulation of the MGMT enzyme activity, as MGMT
promotor silencing is associated with increased cytotoxic effect of TMZ [Pieper et al.,
1991]. However, a clinical phase I trial with O6-benzylguanine in combination with
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TMZ revealed limited use due to pronounced myelosuppression [Quinn et al., 2005,
Lun et al., 2016]. Additionally, since multi-drug resistance proteins (MRPs), that are
variously expressed in human glioma samples, are responsible for drug efflux into the
extracellular lumen [Calatozzolo et al., 2005, Debenham et al., 1982, Kartner et al.,
1983, Munoz et al., 2014], different attempts were made on the combined therapy of
anti-cancer drugs and compounds inhibiting drug efflux in vitro [Peignan et al., 2011,
Tivnan et al., 2015].
Further external factors addressed in GBM treatment are the innate and adaptive im-
mune system as part of the tumor microenvironment by the use of certain antibodies
[Presta et al., 1997, Sampson et al., 2008, Taube et al., 2014, Sangro et al., 2013].
However, clinical trials revealed an increase in PFS but no benefit in OS [Gilbert
et al., 2014, Brandes et al., 2019]. Other approaches focus on patient-specific immune
therapy, induction of natural killer (NK) cell cytotoxicity with natural killer-group
2D (NKG2D) receptors as well as viral and non-viral gene therapy (for reviews see
Tivnan et al. [2017], Golán et al. [2018], Caffery et al. [2019]).
One major aspect in the induction of glioma cell death is the choice of the cell death
pathway, e.g. apoptosis or autophagy. The current standard therapeutic TMZ influ-
ences both on different levels [De Salvo et al., 2011, Würstle et al., 2017, Kanzawa
et al., 2003]. While cellular resistance to TMZ is associated with the activation of
autophagy-related signaling pathways [Carmo et al., 2011], inhibition of autophagy re-
sulted in enhanced cytotoxicity during TMZ administration [Liu et al., 2013]. There-
fore, autophagy-inhibiting compounds, such as quinoline-based antimalarial drugs,
e.g. (hydroxy)chloroquine and quinacrine, represent promising agents for glioblas-
toma therapy. Indeed, Golden et al. [2015, 2014] observed the improvement of TMZ
cytotoxicity by co-administration of quinoline-based drugs in vitro, such as quinacrine
and chloroquine, that blocked autophagy-dependent cell death and induced apopto-
sis. Lee et al. [2015b] additionally proved the chemosensitizing effect of chloroquine
on TMZ-stimulated glioma cells. Both, chloroquine as well as its derivate hydroxy-
chloroquine, which has similar anti-cancer effects but is less toxic than its counterpart
[Gunja et al., 2009], were investigated in clinical trials in combination with stan-
dard therapy partly demonstrating increased survival rates for GBM patients [Sotelo
et al., 2006, Briceno et al., 2007, Rosenfeld et al., 2014]. Another natural molecule,
activating autophagy in glioblastomas by the inactivation of members of the B-cell
lymphoma 2 (Bcl-2) family, is gossypol, a polyphenol from cottonseed oil, and its
R-(-)-enantiomer AT101 [Keshmiri-Neghab et al., 2014, Voss et al., 2010]. Initially,
gossypol was associated with great cytotoxic effects on solid tumor cell lines, including
GBMs [Coyle et al., 1994]. Nevertheless, a first clinical trial with recurrent glioblas-
tomas only revealed little response rates, but good tolerance of the drug [Bushunow
et al., 1999]. However, Jarzabek et al. [2014] demonstrated synergistic effect of com-
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bined TMZ/gossypol stimulation of GBM cells resulting in a decreased proliferation
and invasion of tumor cells. In addition, advantages of gossypol and AT101 in tumor-
sphere and glioma stem-like cell treatment have recently been revealed [Park et al.,
2018, Linder et al., 2019], thus, highlighting AT101 as a molecule of great interest in
alternative GBM therapy. An overview of different alternative therapeutic applica-
tions for glioblastoma treatment is illustrated in fig. 1.5.

1.2.2 Alternative strategies

1.2.2.1 Nanomedicine
Beside the necessity of addressing other or multiple pathways in GBMs, another chal-
lenge in brain-tumor therapy is the limited passage of molecules across the blood-brain
barrier. This barrier mainly consists of endothelial cells closely connected to perivas-
cular cells like astrocytes and pericytes. In general, it is responsible for the prevention
of the entrance of harmful molecules into the brain, which is maintained by transport,
enzymatic, immunologic barriers and efflux transport systems (reviewed in Bernacki
et al. [2008], Wilhelm et al. [2011]). Under tumor conditions, the blood-brain barrier
becomes slightly leaky at highly angiogenic tumor sites resulting in an enhanced per-
meability and retention (EPR) effect [Matsumura and Maeda, 1986, Yuan et al., 1995,
Ambruosi et al., 2006]. Nanocarriers as drug delivery system take advantage of this
situation [Kreuter and Gelperina, 2008]. Such nanoparticles are composed of various
molecular formulations and shapes either acting as therapeutic agents themselves or
carrying respective compounds through encapsulation of or attachment to them (for
review see Játiva and Ceña [2017]). Further reasons for the application of nanoparti-
cles are their positive influences on drug bioavailability [Maincent et al., 1986] as well
as the enhancement of the systemic circulation of the compound [Gao et al., 2015, Jain
et al., 2016]. Moreover, encapsulation of chemicals prevents from biological degrada-
tion, reduces toxicity to healthy tissue and enhances water solubility (reviewed in
García-Pinel et al. [2019]. Due to the EPR effect, passive targeting of nanoparticles
of sizes between 20 and 200 nm in diameter after intravascular administration repre-
sents one option for the delivery of therapeutics to the brain. However, the possibility
of active targeting of nanoparticles by surfarce functionalization with tumor-specific
antibodies, peptides or aptamers is often favored [Lu et al., 1997, Monsky et al., 1999]
(for review see Kobayashi et al. [2013], Wanjale and Kumar [2017]). In the case of
glioblastomas, diverse approaches in the delivery of different substances, such as ther-
apeutic compounds, nucleid acids and antibodies, by nanoparticles have been made
so far. A selection of used nanoparticle systems in GBM therapy is displayed in fig.
1.6.
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Figure 1.6: Selected formulations and shapes of nanoparticles used in GBM therapy (mod-
ified after Játiva and Ceña [2017]).

High interest is laid on solid nanoparticles made of metals due to their valuable effects
concerning magnetic properties in case of iron oxide, structural variability regarding
gold nanoparticle production and antimicrobial qualities of silver [Jordan et al., 2006,
Jang et al., 2018, Aymonier et al., 2002] as well as self-mediation of toxicity by re-
active oxygen species (ROS) production of silver and zinc oxide (ZnO) nanoparticles
[Wu et al., 2016, Sruthi and Mohanan, 2015, Wahab et al., 2016]. Moreover, Ostro-
vsky et al. [2009] showed selective cell death initiation of ZnO nanoparticles in glioma
cells compared to normal astrocytes. Further experiments revealed effects on migra-
tory and invasive properties corresponding to the shape of ZnO nanoparticles [Wahab
et al., 2016]. Thus, ZnO itself represents a promising alternative tool for glioblastoma
therapy.
In addition to self-mediated toxicity of specific nanoparticle components, most par-
ticle formulations include either polymers or lipidic elements for their general use as
vehicles for molecules. In case of polymeric applications in gliomas, among many other
polymers, poly(ε-caprolactone) (PCL), in particular, as well as poly(dimethylsiloxane)
(PDMS) were used for the delivery of drugs such as paclitaxel and doxorubicin
[Xin et al., 2012, da Silveira et al., 2013, Gao et al., 2014, Figueiredo et al.,
2016]. Regarding lipidic compositions of particles, mainly 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE), poly(ethylene glycol) (PEG) and cholesterol are used
for their application in glioblastomas (reviewed in [Játiva and Ceña, 2017]). As TMZ
is the first-line chemotherapeutic for gliomas, some nanomedical attempts for TMZ
have already been investigated. An aim was the increase of TMZ stability and half-
life by its conjugation to chitosan and biotin molecules or poly(β-L-malic acid) [Fang
et al., 2015, Patil et al., 2010], while others used either poly(D,L-lactide-co-glycolide)
(PLGA) or mesoporous silica nanoparticles to encapsulate TMZ. However, despite an
enhanced cellular uptake of TMZ-loaded PLGA particles, its cytotoxic effect was not
improved [Jain et al., 2014, Ananta et al., 2016], only if co-administered with other
molecules or therapeutics [Bertucci et al., 2015, Maggini et al., 2016].
Among several studies on the discovery of alternative therapeutics and strategies in
gliomas, especially alternative drugs got into the focus of nanomedical research. Beside
nanomedical approaches in various other cancers [Mezzaroba et al., 2013, Sleightholm
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et al., 2017, Sun et al., 2015, Satapathy et al., 2018], in particular quinoline-based
compounds like quinacrine or hydroxychloroquine were encapsulated in liposomes for
a combined treatment of glioblastoma cells with other chemotherapeutics [Wang et al.,
2018, Li et al., 2014, Wang et al., 2017c]. By contrast, gossypol-loaded nanoparticles
have not been studied in glioblastomas, yet. However, Zhai et al. [2008] firstly en-
capsulated gossypol in liposomes, in order to use them as anti-cancer agents in breast
and cervical cancer cells. Thereafter, various other approaches for prostate, breast,
cervical, lung and ovarian tumors followed with focus on extended water solubility of
the drug [Li et al., 2011a, Liu et al., 2014, Tomada et al., 2017] or multiple chemother-
apeutic applications [Cho et al., 2013, Heleg-Shabtai et al., 2016, Shen et al., 2018].
Although an increase of the anti-tumor effect of encapsulated versus free gossypol was
not observed, synergistic effects with other therapeutic compounds and sensitization
to radiotherapy or goals in the pH-responsive and receptor-mediated drug release were
achieved.

1.2.2.2 Local-therapy approaches
Another opportunity to circumvent the poor transfer of molecules across the blood-
brain barrier is the local administration of therapeutic compounds into the tumor
area or the implantation of therapeutical devices into the resection cavity after surgery.
Several attempts regarding local administration of drugs and particularly nanocarriers
were already tested. Intratumoral or intracerebral stereotactical injection represents
the simplest method for direct administration of drugs. As a single application is
not sufficient, storage of therapeutic compounds was achieved by using an Ommaya
reservoir, for instance [Sheldon and Ommaya, 1963]. In this respect, an improvement
of treatment outcome for glioblastoma patients was established by either direct appli-
cation of nitrosoureas [Tator et al., 1977] or a combined therapy approach including
systemic administration of TMZ and local delivery of mitoxantrone in recurrent GBMs
[Boiardi et al., 2003, 2008]. However, this technique bears difficulties such as catheter
obstruction by tissue adsorption [Prados et al., 2003, Fetell et al., 1990], variable po-
sitioning of the catheter and a limited dose distribution of drugs [Saw et al., 1989,
Torres et al., 2008] as well as a propensity to infections [Fetell et al., 1990].
In order to overcome the limited distribution of chemicals, Bobo et al. [1994] in-
vented the convection-enhanced delivery (CED), in principle, an extended version of
the intratumoral-injection method. By this means, the applied therapeutical concen-
tration was reduced due to a greater penetration plus a deeper distribution of the
drug into the tumor area achieved by a pressure gradient [Sugiyama et al., 2007, Saito
et al., 2004, Sampson et al., 2007]. Although many clinical trials were performed for
brain-tumor administration (reviewed by Mehta et al. [2017]), constant physical lim-
itations and adverse effects of CED are the backflow of therapeutics into unwanted
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areas of the brain [Casanova et al., 2014, Sillay et al., 2014] as well as drug leakage
into the subarachnoid space and ventricles [Varenika et al., 2008, Lidar et al., 2004]
and heterogeneous distribution of the therapeutic due to the diverse structure of the
tumor tissue [Groothuis et al., 1999, Raghavan et al., 2006].
Another local-treatment approach was

Figure 1.7: Gliadel R© wafers implanted into
a brain tumor resection cavity (from Wolinsky
et al. [2012]).

first demonstrated by Brem et al. [1991],
who used an polyanhydride biodegrad-
able co-polymer made of a 20:80 ratio of
1,3-bis-(p-carboxyphenoxy)propane and
sebacic acid to incorporate BCNU. Af-
ter several clinical studies revealed a sur-
vival benefit of two months upon com-
bined radio- plus wafer therapy com-
pared to radiotherapy alone [Brem et al.,
1995b,a, Westphal et al., 2003, 2006], the
United States Food and Drug Adminis-
tration (FDA) approved the use of these
so called Gliadel R© wafers for the treat-
ment of recurrent glioblastomas in 1997 and of newly diagnosed gliomas in 2003. Since
eight wafers are able to be placed into the resection cavity (depicted in fig. 1.7), a
maximum of 60mg BCNU is administered locally [Brem et al., 1995b]. Upon the
degradation of the polymer matrix, the complete release of carmustine is attained
after six to eight weeks [Wu et al., 1994]. Nevertheless, in-vitro and animal studies
in monkeys revealed a maximum release of over 75% of the therapeutic within one
week. Additionally, the drug penetration was restricted to a maximum of 6.1mm
distance from the polymer, thereby hardly crossing the 2 cm margin zone [Fung et al.,
1998]. A comparison between a Gliadel R© wafer implantation and the classical glioma
therapy including radiotherapy plus concomitant TMZ administration exhibited un-
clear effects. On the one hand, McGirt et al. [2009b] showed no different effects in
the OS between wafer plus radiotherapy-treated patients compared to those receiving
classical therapy, but a significant increase in the OS of patients treated with BCNU-
wafer as well as radio- plus concomitant chemotherapy with TMZ in comparison with
classical therapy. On the other hand, Noël et al. [2012] had seen no differences be-
tween Gliadel R© wafer plus radio-/TMZ therapy compared to the classical treatment.
However, frequently reported adverse effects connected to Gliadel R© wafers included
myelosuppression, neurological deficits, healing abnormalities and seizures (literature
review of Ashby et al. [2016]).
As drug-releasing implants still represent an attractive way of local tumor therapy,
more advanced approaches are currently emerging. Those include partly the further
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development of the original Gliadel R© wafer system containing classical or alternative
drugs [Brem et al., 2007, Shapira-Furman et al., 2019, Harn et al., 2011] and partly
the investigation of other systems based on hydrogels. Hydrogels basically consist of
polymers, that are capable of absorbing a high amount of water in their 3D network
due to their hydrophilic structure (reviewed in Ahmed [2015]). For glioma treatment,
newly developed hydrogels, mainly built of PLGA, PEG or lipidic components, are
equipped with various features like thermoreversability, photopolymerization or else
[Vellimana et al., 2013, Ramachandran et al., 2017, Zhao et al., 2018, Bastiancich
et al., 2018]. Nonetheless, despite individual promising in-vitro and in-vivo results,
the research is still devoted to the invention of a device with a high loading capac-
ity, slow release rates and long-term effectiveness, in order to improve brain-tumor
treatment.

2 Aim of this study

After various treatment attempts in approximately 100 years of investigations since
the first successful brain-tumor removal by surgery in 1879 (reviewed in Preul [2005])
and the first description of the brain tumor Glioblastoma Multiforme [Bailey and
Cushing, 1928], the necessity of surgery as well as radiotherapy was proven to dras-
tically increase the overall survival of patients suffering from such astrocytic tumors
[Simpson et al., 1993, Miller et al., 1990]. However, only little proceedings were made
so far in chemotherapeutic treatment, which to date only reveal a severely limited
improvement of the patients’ outcome. This insufficiency of treatment relies on the
persistent unsatisfying knowledge about glioblastomas. On the one hand, the pro-
nounced molecular heterogeneity of tumor cells [Verhaak et al., 2010, Wang et al.,
2017b], which impedes addressing of different cell subpopulations by a restricted panel
of chemicals, is hardly conceived. On the other hand, the ability of gliomas to develop
escape mechanisms such as dormancy, to survive treatment regimen [Hadfield, 1954],
is not yet comprehensively understood. In order to improve glioblastoma therapy, a
deeper knowledge of the molecular pathways impacting tumor survival and therapy
resistance is indispensable. To gain a closer insight into molecular processes, which
affect therapy-escape mechanisms and thereby provide the basis for the development
of suitable, revised therapy approaches, this project was divided into three major
tracks:
1) For a comprehensive analysis of mechanisms that drive tumor-cell survival upon
therapy, in particular, triggers of tumor dormancy have to be investigated. Hereby,
in-vitro experiments under classical chemotherapeutic administration taking account
of environmental circumstances such as inflammation should reveal relevant molecular
pathways influencing dormancy entry and exit.
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2) The improvement and adaption of the current standard therapeutics to different
cell subpopulations considering therapy-escape mechanisms is mandatory. By this
means, the introduction of different compounds, that mediate cell death via distinct
pathways, as well as the application of various administration schemes should be eval-
uated in in-vitro tumor-cell systems. Consequently, not only responses of tumor but
also normal brain cells should be taken into account by mono- and co-culture stimu-
lation models.
3) An additional aspect of the failure of systemic chemotherapy is the limited access
of molecules to brain-tumor cells depending on blood-brain barrier restrictions (re-
viewed in Bernacki et al. [2008]). Thus, treatment approaches improving blood-brain
barrier passaging of drugs or local application attempts of therapeutic compounds in
line with the reduction of systemic side effects are favorable. Therefore, based on ob-
tained results of alternative theraputics and stimulations schemes, advanced therepy
approach should be established in collaboratory work with materials scientists, in
order to generate suitable drug carrier systems such as nanoparticles and devices for
local implantation, that overcome therapy limitations. Such systems have to be tested
and improved regarding their release kinetics and cytotoxic effects compared to free
drug administration in in-vitro cellular systems, to build the basis for further in-vivo
applications.
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3 Material & Methods

3.1 Material

3.1.1 Chemicals and prepared solutions

Table 3.1: List of used chemicals.
Chemical Provider
Acetone Honeywell International, Charlotte, NC,

USA
30% (w/v) Acrylamide/Bis Solution 29:1 Serva Electrophoresis GmbH, Heidel-

berg, DE
Ammonium persulfate (APS) Carl Roth GmbH + Co. KG, Karlsruhe,

DE
Agarose Carl Roth GmbH + Co. KG
Bovine serum albumin (BSA) Fraction V Serva Electrophoresis GmbH
Calcium chloride (CaCl2) Carl Roth GmbH + Co. KG
Casein Carl Roth GmbH + Co. KG
D-(+)-Glucose Carl Roth GmbH + Co. KG
Disodium phosphate (Na2HPO4) Merck, Darmstadt, DE
Dithiothreitol (DTT) Merck
Ethanol absolute 96% Carl Roth GmbH + Co. KG
Ethylenediaminetetraacetic acid dis-
odium salt dihydrate (EDTA)

Carl Roth GmbH + Co. KG

Glycerol Carl Roth GmbH + Co. KG
Glycine Carl Roth GmbH + Co. KG
Isopropyl alcohol Merck
Magnesium chloride (MgCl2) Carl Roth GmbH + Co. KG
Methanol Carl Roth GmbH + Co. KG
Monopotassium phosphate (KH2PO4) Merck
N-2-Hydroxyethylpiperazine-N’-2-
ethane sulfonic acid (HEPES)

Biomol GmbH, Hamburg, DE

Orthovanadate Merck
Paraformaldehyde Merck
Potassium chloride (KCl) Merck
Sodium bicarbonate (NaHCO3) Carl Roth GmbH + Co. KG
Sodium chloride (NaCl) Carl Roth GmbH + Co. KG
Sodium dodecyl sulfate (SDS) Serva Electrophoresis GmbH
Sodium hydroxyde (NaOH) Carl Roth GmbH + Co. KG
Tetramethylethylenediamine (TEMED) Carl Roth GmbH + Co. KG
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Trichlormethan/Chloroform Carl Roth GmbH + Co. KG
Tris Merck
Triton X-100 Merck
Trypsin from porcine pancreas Merck
Tween-20 Merck

Table 3.2: Compositions of buffers and solutions.
Solution Composition

Artificial cerebrospinal fluid (aCSF)

124mM NaCl
5mM KCl
26mM NaHCO3

1.3mM MgCl2
2mM CaCl2
10mM D-Glucose
0.05% (w/v) BSA
in H2O

Blocking buffer
0.1% (w/v) BSA
0.2% (w/v) Glycine
in phosphate-buffered saline (PBS)

Dissociation solution

10mM HEPES
5.4mM EDTA
2 g

L Trypsin
in Dulbecco’s Modified Eagle’s Medium
(DMEM)

Electrode buffer

25mM Tris
192mM Glycine
0.1% (w/v) SDS
in H2O (pH 8.3)

Lysis buffer

5mM Tris
10mM NaCl
0.1% (v/v) Triton X-100

0.2mM EDTA
2mM Orthovanadate
in H2O (pH 7.8)

PBS

137mM NaCl
2.7mM KCl
10mM Na2HPO4

1.8mM KH2PO4

in H2O (pH 7.2)



3 Material & Methods 21

Sample buffer

62.5mM Tris
10% (v/v) Glycerol
2% (w/v) SDS
10mM DTT
in H2O (pH 6.8)

Separating gel buffer
1.5M Tris
0.4% (w/v) SDS
in H2O (pH 8.8)

Stacking gel buffer
0.5M Tris
0.4% (w/v) SDS
in H2O (pH 6.8)

Transfer buffer

25mM Tris
192mM Glycine
10% (v/v) Methanol
in H2O (pH 9)

Tris-buffered saline (TBS)

20mM Tris
0.14mM NaCl
1mM EDTA
in H2O (pH 7.5)

TBST TBS + 0.1% (v/v) Tween-20

3.1.2 Biological Material

In this study, several tumor tissues from patients were processed and used for in-vitro
experiments. Freshly dissected tissues were kindly provided by the director Prof. Dr.
H. M. Mehdorn and afterwards Prof. Dr. M. Synowitz of the Department of Neu-
rosurgery of the University Medical Center Schleswig-Holstein (UKSH, Kiel, DE) in
accordance with the Helsinki Declaration of 1975 with approval of the ethics commit-
tee of the University of Kiel, DE (file reference: D536/15, D471/15 and D524/17).
The patients were informed beforehand and consented the use of their tumor tissue for
studies, respectively. Diagnosis was stated by the Department of Pathology (UKSH,
Kiel, DE).

Table 3.3: Information about obtained tumor tissue from patients used for immunocyto-
chemistry staining.

Name Classification Origin
Tissue 1 primary GBM WHO IV 49-year old man
Tissue 1.2 recurrent GBM WHO IV 50-year old man
Tissue 2 recurrent GBM WHO IV 71-year old woman
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Table 3.4: Information about used immortalized cell lines and self-generated primary cul-
tures.

Name Classification Source
A172 GBM, 53-year old man ECACC, Salisbury, UK
HMC3 human embroyonic microglia LGC Standards (ATCC), Wesel, DE
LN229 GBM, 60-year old woman LGC Standards (ATCC)
SVGA human astrocytes Prof. Dr. Hanssen Rinaldo, Univer-

sity Hospital of North Norway [Henrik-
sen et al., 2014]

U251MG GBM, man ECACC, Salisbury, UK
27/07 recurrent GBM WHO IV 38-year old woman
83/13 recurrent GMO WHO IV 52-year old man
116/14 primary GBM WHO IV 77-year old man
118/14 recurrent GBM WHO IV 65-year old man
124/15 primary GMO WHO IV 57-year old man
141/15 primary GMO WHO IV 45-year old man

3.1.3 Biochemicals

Table 3.5: List of CRIPSR/Cas9 plasmids used for gene knock-out in LN229 cells.

Name/Target Provider
Control CRISPR/Cas9 Plasmid Santa Cruz Biotechnology, Inc., Dallas,

TX, USA
CXCL16 CRISPR/Cas9 KO Plasmid Santa Cruz Biotechnology, Inc.
CXCR7 CRISPR/Cas9 KO Plasmid Santa Cruz Biotechnology, Inc.
CX3CL1 CRISPR/Cas9 KO Plasmid Santa Cruz Biotechnology, Inc.
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Table 3.6: List of primary antibodies used for immunofluorescent staining (IF) of cells or
tissue and Western Blot (WB).

Target Host Application Provider Catalog no.
β-Catenin mouse 1:100(IF) BD Biosciences, Franklin

Lakes, NJ, USA
610153

CCL2 mouse 1:500(IF/WB) ThermoFisher Scientific,
Waltham, MA, USA

MA5-17040

CX3CL1 mouse 1:200(IF) R&D Systems, Minneapolis,
MN, USA

MAB3651

CXCL16 rabbit 1:100(IF) PeproTech GmbH, Hamburg,
DE

500-P200

CXCR7 mouse 1:100(IF) R&D Systems MAB42273

FSTL3 goat 1:20(WB) ThermoFisher Scientific PA5-47106

FSTL3 rabbit 1:100(IF) Abgent, San Diego, CA, USA AP12300b
GAPDH rabbit 1:200(WB) Santa Cruz Biotechnology, Inc. sc-47724

pp38 rabbit 1:250(WB) Cell Signaling Technology,
Danvers, MA, USA

4511

pp42/44 rabbit 1:1000(WB) Cell Signaling Technology 9101

SAA2 rabbit 1:200(IF/WB) Proteintech Europe, Manch-
ester, UK

13192-1-AP

THSD4 rabbit 1:500(IF/WB) Proteintech Europe 20619-1-AP
VEGFC mouse 1:200(IF/WB) Abcam, Cambridge, UK ab106512

Secondary antibodies were used either for immunofluorescent staining of proteins in
cells or tissue or detection of proteins by Western Blot. Hereby, HRP-conjugated anti-
bodies were provided by Santa Cruz Biotechnology, Inc., while Alexa Fluor antibodies
were obtained from ThermoFisher Scientific.

Table 3.7: List of secondary antibodies used for immunofluorescent staining or Western
Blot.

Target Conjugation Host Application
α-goat IgG HRP donkey 1:100000(WB)
α-mouse IgG HRP donkey 1:30000(WB)
α-rabbit IgG HRP donkey 1:40000(WB)
α-mouse IgG Alexa Fluor 488 donkey 1:1000(IF)
α-mouse IgG Alexa Fluor 555 donkey 1:1000(IF)
α-rabbit IgG Alexa Fluor 488 donkey 1:1000(IF)
α-rabbit IgG Alexa Fluor 555 donkey 1:1000(IF)
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Table 3.8: Analyzed genes and respective assay details for TaqManTM primer-probes for
qRT-PCR.

Gene Interrogated Se-
quence

Assay location Amplicon length

ACTB NM_001101.3 53 171

CCL2 NM_002982.3 151 101

CDKN1A NM_000389.4 566 66

NM_001220777.1 511 66

NM_001220778.1 676 66

NM_001291549.1 718 66

NM_078467.2 513 66

CX3CL1 NM_002996.4 183 72

CXCL16 NM_022059.3 893 62

NM_001100812.1 893 62

CXCR4 NM_003467.2 107 78

CXCR7 NM_020311.2 564 73

FSTL3 NM_005860.2 540 84

GAPDH NM_001289746.1 229 122

NM_002046.5 243 122

MAP2 NM_001039538.1 1803 98

NM_002374.3 5404 98

NM_031845.2 1336 98

NM_031847.2 1429 98

SAA2 NM_001127380.2 297 97

THSD4 NM_001286429.1 1035 73

NM_024817.2 1986 73

VEGFC NM_005429.4 981 66

3.2 Methods

3.2.1 Cell biological techniques

3.2.1.1 Cell cultivation
Many results shown in this thesis were obtained by in-vitro experiments on different
immortalized cell lines and self-generated primary cultures (cf. tab. 3.4). For this
purpose, all experiments were performed under sterile conditions using a work bench
with an adjusted airflow (Heraeus GmbH, Hanau, DE) to prevent contaminations.
Furthermore, cell lines and primary cultures were routinely checked for Mycoplasma
contamination using the Venor R©GeM OneStep Mycoplasma Detection Kit (Minerva
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Biolabs, Berlin, DE) followed by gel electropheresis. Moreover, cell lines and primary
cultures were regularly stained regarding cell-type specific markers.
If not declared elsewhere, cells were cultivated in T25 or T75 flasks with DMEM
(ThermoFisher Scientific) containing 10% fetal bovine serum (FBS, Gibco R© Quali-
fied, ThermoFisher Scientific), 1% Penicillin-Streptomycin (10, 000 U

ml , ThermoFisher
Scientific) and 2mM L-Glutamine (ThermoFisher Scientific) at 37◦C in an humidified
atmosphere with 5% CO2 in a HeraCell 240i CO2 incubator (Heraeus GmbH). In the
following, this particular medium composition is referred to as "culture medium".
Depending on cell line or primary culture proliferation, cells were routinely passaged
at 80 − 90% layer density. For this purpose, the culture medium was carefully aspi-
rated with a sterile glass pipette. Then, cells were washed with prewarmed PBS and
detached with Trypsin-EDTA solution (Merck) for 5min at 37◦C/5% CO2. Finally,
cells were carefully resuspended in culture medium and transferred into a new flask.
For experiments cells were counted prior to seeding.

3.2.1.1.1 Determination of viable cell numbers
For counting of viable cells, detached cells were either transferred into a FalconTM

tube or an Eppendorf tube R©, depending on the used amount of culture medium for
resuspension, and centrifugated at 300 g for 5min. After centrifugation, the super-
natant was carefully removed. Before counting, the cell pellet was resuspended in
culture medium. To allow for identification of dead cells, 10µl cell suspension were
added to an equivalent volume of Trypan Blue solution (0.4%, Merck). Finally, this
mixture was filled into a Neubauer counting chamber. Viable, unstained cells were
counted and the amount of cells per ml was calculated with the formula

cell no.
ml

=
counted cell no. · 104 · dilution factor

number of counted squares
. (1)

3.2.1.2 CRISPR/Cas9 gene knock-out
The CRISPR/Cas9 genome editing system is a simple-to-use technique to knock out
particular genes in mammalian cells. At first, 1.5 · 105 LN229 cells were seeded in a 6-
well plate and cultivated over night at 37◦C/5% CO2. On the day of transfection, 1µg
of the respective CRISPR/Cas9 plasmid (listed in tab. 3.5) was diluted in Plasmid
Transfection Medium (Santa Cruz Biotechnology, Inc.) to reach an overall volume of
150µl. Simultaneously, 10µl UltraCruz R© Transfection Reagent (Santa Cruz Biotech-
nology, Inc.) was mixed with 140µl Plasmid Transfection Medium. Both solutions
were incubated for 5min at room temperature (RT). Afterwards, the solutions were
merged and further incubated for 20min at RT. Meanwhile, the medium on the cells
was aspirated, cells were washed with PBS and overlaid with 700µl DMEM contain-
ing 10% FBS. Finally, the CRISPR/Cas9 plasmid solution was added dropwise to
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the cells. Transfection was performed at 37◦C/5% CO2 over night. To ensure gene
knock-out, successfully transfected clones were antibiotically selected based on their
acquired Puromycin resistance. Thus, after the transfection, the medium was removed
and cells were washed with PBS. Subsequently, transfected cells were cultivated in cul-
ture medium supplemented with 1 µg

ml Puromycin (InvivoGen, San Diego, CA, USA)
at 37◦C/5% CO2 for two to three days. After exchanging the antibiotic-containing
medium to culture medium, single clones were picked, passaged and cultivated as de-
scribed in chapter 3.2.1.1. Knock-out efficiency was analyzed by quantitative real-time
polymerase chain reaction (qRT-PCR, chapter 3.2.4.3) and by immunocytochemistry
(chapter 3.2.3.1) regarding the existence of the respective messenger ribonucleic acid
(mRNA) or the corresponding protein.

3.2.1.3 Long-term stimulation
Glioblastoma cell lines were stimulated with the golden-standard therapeutic TMZ in
a long-term stimulation model. For this purpose, 1.5 · 105 LN229 cells were seeded
in 6-well culture plates and grown over night at 37◦C/5% CO2. On the next day,
cells were stimulated with 500µM TMZ (Merck) or 0.5% (v/v) Dimethyl sulfoxide
(DMSO, Merck), respectively, in culture medium for ten days. Hereafter, the medium
was changed and cells were cultivated for further 15 days without TMZ stimulation.
In between, DMSO-stimulated cells were detached and re-seeded with 1.5 · 105 cells
per well every third or fourth day. The medium on not-splitted cells was renewed,
likewise.
Furthermore, the influence of inflammatory molecules on cytotoxic and subcellular
effects during and after TMZ treatment was examined using the same long-term stim-
ulation model as described above. Additional to TMZ, 2 nM CXCL12, CXCL16 and
CX3CL1 (recombinant human proteins, PeproTech GmbH) were added individually
or as a chemokine cocktail. Stimulation with single chemokines and with the cocktail
was continued during the recovery period of 15 days after TMZ treatment. More-
over, investigated effects of single chemokines were proven by genetic CRIPSR/Cas9
knock-out of the gene encoding the corresponding protein, responsible for binding and
activation of particular chemokine signaling cascades. In addition, CXCR4 signaling
via CXCL12 binding was specificly inhibited by co-stimulation with 10µM AMD3100

(CXCR4 inhibitor, Merck). Clones were stimulated as explained above. Regulation of
mRNA expression and changes in the synthesis of the respective protein were analyzed
after ten days of stimulation and further 15 days of recovery.

3.2.1.3.1 Vital staining of cells
Vital cell staining was used to determine cell division upon stimulation over a certain
time frame, since dye molecules are equally distributed between daugther cells, which
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ultimately reduces the intensity of the staining upon proliferation.
After three days of stimulation with TMZ ± chemokine cocktail (cf. chapter 3.2.1.3),
cells were fluorescently stained with VybrantTM DiO Cell-Labeling Solution (Ther-
moFisher Scientific) according to manufacturer’s protocol for adherent cells. Briefly,
cells were stained with DiO reagent (1:200 in culture medium) for 20min at 37◦C/5%

CO2. First pictures were taken after overall ten days of stimulation with the
AxioObserver.Z1 microscope (Carl Zeiss AG, Oberkochen, DE) and the ZEN2 soft-
ware (Carl Zeiss AG). Parameter settings were set as reference for further image
acquisition. During recovery upon TMZ treatment, staining intensities were observed
after seven and 15 days. Finally, the ratio of stained versus total amounts of cells was
calculated based on pictures acquired at day 10, 10 + 7, 10 + 15.

3.2.1.4 Generation of primary cell cultures
To obtain primary cell cultures freshly resected tumor tissue was dissociated under
sterile conditions. Initially, the dissected tumor tissue was washed in cold PBS, at-
tached residues of vessels were removed and the tissue was roughly chopped with a
scalpel. Next, crushed tissue was digested in 5ml dissociation solution containing
10 µg

ml Deoxyribonuclease (DNase) I from bovine pancreas (Merck) at 37◦C for 30min
in a Hybridizer HB-1000 (Analytik Jena US LLC, Upland, CA) under continuous
rotation. In between, after 15min, the tissue residues were thoroughly resuspended
and further digested. Finally, tissue leftovers were sedimented and the supernatant
was carefully aspirated. The pellet was washed with 6ml culture medium, which was
discarded afterwards. In the end, primary cells grew from the tissue residuals in a
T25 flask containing 10ml culture medium. After two to three days bulk tissue pieces
were removed by carefully washing the attached cells with PBS. Handling of primary
cells was performed as described in sec. 3.2.1.1.

3.2.1.5 Cytotoxicity assay
Since this study deals with the improvement of therapy in GBMs, different therapeutic
compounds and strategies were tested concerning their cytotoxic effect in GBM cell
lines and primary cultures. To measure number of dead cells, the CytoTox-FluorTM

Cytotoxicity Assay (Promega) represented a suitable assay system, since alive cells
attached to the culture plate were further analyzable after cytotoxicity measurement.
For cytotoxic studies of different therapeutics, 1.5·105 LN229 or A172 cells were seeded
in 6-well cultures plates and cultivated over night at 37◦C/5% CO2. On the day of
stimulation, cells originally seeded in an extra well were firstly washed with PBS, de-
tached with Trypsin-EDTA and counted as noted in chapter 3.2.1.1.1 to estimate the
cell number on the day of stimulation. Then, cells seeded in 6-well culture plates were
treated with with different concentrations ranging from 0.5µM to 2mM, depending
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on substrate efficiency of TMZ, AT101 (Tocris Bioscience, Bristol, UK), Quinacrine
(QXN, Merck), Chloroquine (CQ, Merck) and Hydroxychloroquine (HCQ, Tocris Bio-
science) as well as Clomipramine (CIMP, Merck) and control stimulation with DMSO
or without additive, respectively. Since phenol red as colored indicator interferes with
assay measurement, DMEM without phenol red (Pan-Biotech GmbH, Aidenbach,
DE) containing 10% FBS (Pan-Biotech), 1% Penicillin-Streptomycin (10, 000 U

ml) and
2mM L-Glutamine served and is termed as stimulation medium in the following. After
three days of treatment, 50µl supernatant of each stimulation was transferred to an
opaque 96-well plate in duplicates. Subsequently, 50µl bis-alanyl-alanyl-phenylalanyl-
rhodamine 110 (bis-AAF-R110) Substrate (1:1000 in Assay Buffer) were added to the
samples. The bis-AAF-R110 Substrate is processed upon the presence of a certain en-
zyme in the supernatant, that is released upon loss of integrity of the cell membrane.
After an incubation of 90min at 37◦C/5% CO2, the fluorescent substrate conversion
was measured with the GENios-Basic plate reader (Tecan Group, Männedorf, CH)
at 485 nmEx/530 nmEm. For calculation of total numbers of dead cells in samples,
different concentrations of dead cells (25 ·103−100 ·103 per ml) for each analyzed cell
line were adjusted by treatment with 670 nM Digitonin (Merck) for 60min at 37◦C
before actual assay preparation. Likewise, 50µl of standard dead-cell amounts were
mixed with 50µl bis-AAF-R110 Substrate (1:1000 in Assay Buffer) in duplicates in
the opaque 96-well plate and measured as described above. Furthermore, viable cells
attached to the corresponding 6-well culture plate were washed with PBS once, de-
tached with Trypsin-EDTA and counted as depicted in chapter 3.2.1.1.1. Percentages
of dead cells were calculated by the following formula

dead cells 3d [%] =
amount of dead cells 3d

amount of dead cells 3d + amount of viable cells 3d
· 100 . (2)

3.2.1.5.1 Cytotoxic effect of preincubated drugs
Besides therapeutic compound testing, experiments that needed to analyze cytotoxic-
ity efficiency upon selected stimuli over a longer time frame were performed. For this
purpose, 3 · 104 primary culture cells of GBM 116/14 and GBM 118/14 were seeded
twice in 6-well culture plates and grown over night at 37◦C/5% CO2. Additionally,
stimulation medium supplemented with 50µM TMZ or 5µM AT101 was prepared
and incubated at 37◦C/5% CO2 24 h before stimulation. On the next day, the ac-
tual cell number was determined as described previously. Then, cells were stimulated
with either with 50µM TMZ or 5µM AT101 freshly added to stimulation medium
or with preincubated drugs. The cytotoxicity as well as the amount of viable cells
was first measured after three days of stimulation as noted above. In the other batch,
that was not used for cytotoxicity and viability measurements after three days, the
medium was renewed containing either fresh or preincubated 50µM TMZ or 5µM
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AT101 in stimulation medium. Ultimately, after further three days of stimulation,
the cytotoxicity of therapeutics and proliferation of cells was analyzed according to
the above-mentioned protocol. Percentages of dead cells after a total of six days of
treatment were calculated by

dead cells 6d [%] =
amount of dead cells 3d+6d

amount of dead cells 3d+6d + amount of viable cells 6d
· 100 . (3)

3.2.1.5.2 Co-culture experiments
Glioblastoma tumor tissue does not only consist of tumor cells, but also other cells
of the central nervous system are found to be associated to the tumor forming the
tumor microenvironment. The majority of cells of the tumor microenvironment are
glial cells representing about 30% of the total tumor mass. Glial cells are divided into
tumor-associated microglia/macrophages and reactive astrocytes composing roughly
29% and 1%, respectively [Roggendorf et al., 1996, Zeiner et al., 2018] (reviewed by
Matias et al. [2018], Guan et al. [2018]).
On that basis, an in-vitro co-culture resection model was established in collaboratory
work with Christina Schmitt (Institute of Anatomy, Christian-Albrechts university
(CAU), Kiel, DE). Since this model mimics the in-vivo situation after surgical re-
section of the tumor, it was furtheron used for cytotoxic studies on therapeutics and
therapeutic combinations. Two different scenarios were assumed: (1) resection of
the complete tumor, approximately, and (2) subtotal resection of the tumor termed
"incomplete resection". Scenario (1) was extensively studied by Christina Schmitt
(Institute of Anatomy), while scenario (2) is part of this thesis. To estimate the
numbers of cells needed to mimic an incomplete resection in vivo, different assump-
tions were made. Presuming a typical tumor diameter of 3 cm [Murray, 2012, Bette
et al., 2018, Kreth et al., 2013], the surface area and volume of the resection hole is
calculated with the assumption of a spherical cavity by equations

Surface area = 4πr2 (4)

and

Volume =
4

3
πr3 . (5)

Hence, within a spherical resection hole of 3 cm in diameter the surface area is de-
termined to be 28.3 cm2 and 14.1ml free volume are filled with liquor. Furthermore,
the mean 2D-size of A172 and LN229 tumor cells, HMC3 microglia and SVGA as-
trocytes was determined by scaling of cells in phase-contrast images taken with an
Axiovert200 microscope (Carl Zeiss AG) and the AxioVision 40 software (Carl Zeiss
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AG). Cell numbers to be found on the surface area of the resection hole for the in-
complete resection model were calculated (cf. tab. 3.9).

Table 3.9: Calculations on cells for the incomplete-resection co-culture model.

tumor cells astrocytes microglia
mean cell size [cm2] 3.3 · 10−5 2.6 · 10−5 3.1 · 10−5

number of cells (on 28.3 cm2) 6 · 105 104 2.6 · 105

actual seeded number 1.5 · 105 3 · 103 6 · 104

To create an in-vitro co-culture, different cell types had to be cultivated in one sys-
tem, in which medium exchange but no direct cell contact was guaranteed. Otherwise,
immune activation of cells might be triggered because of different human leukocyte
antigen (HLA) clusters present on each cell type. Hence, tumor cells were seeded
in 10 cm culture dishes, while SVGA and HMC3 cells were grown on cover slips in
Millicell R© cell culture inserts (0.4µm, Merck) placed into the culture dish on top of
tumor cells (illustrated in fig. 3.1). In this system cells were not able to migrate across
the 0.4µm pores, but molecules could be transferred. Overall, within the dish 10ml
and in the transwells 2ml culture medium was added, yielding a total of 14ml in the
system, which resembles the free cavity volume to be filled with liquor after resection.
Since cerebrospinal fluid (CSF) would continuously be exchanged in the cavity, which
could not be achieved in vitro, seeded cell numbers were reduced likewise, to guarantee
a longer availability of nutrients for the cells. Employing this co-culture system the
cytotoxic effect of sequential treatment with therapeutics was investigated. For this
purpose, tumor cells as well as SVGA and HMC3 were seeded in numbers as depicted
in tab. 3.9 in culture medium to adhere over night at 37◦C/5% CO2. SVGA and
HMC3 cells were first cultivated on cover slips (Ø 18mm) in transwells in 30µl for 3 h
to allow adhesion. Afterwards, the transwell was equipped with 2ml culture medium.
As the cytotoxic effect of drugs was analyzed over six days, cells were seeded for the
cytotoxicity assay after three and after six days, seperately. On the day of stimulation,
the actual amount of cells was determined as noted previously. For treatment, the
complete medium was exchanged with stimulation medium without phenol red plus
culture ingredients supplemented with 50µM TMZ and 2.5µM AT101 or 0.0525%

DMSO, respectively. After three days of stimulation, the CytoTox-FluorTM Cytotox-
icity Assay was performed according to the denoted protocol in chapter 3.2.1.5. In
the special case of co-culture, 50µl supernatant were taken from each compartment
in duplicates, the culture dish and both transwells, in order to measure cytotoxicity
for each cell type individually. Furthermore, viable cells were counted as mentioned
in chapter 3.2.1.5 and 3.2.1.1.1. Thereafter, the medium on the other batch was
changed to stimulation medium containing 2.5µM AT101 for further treatment. Ulti-
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mately, the cytotoxicity and cell proliferation were measured after three further days
of stimulation as described above.

Figure 3.1: Illustration of established in-vitro co-culture model of a subtotal resection.

3.2.2 Materials scientific techniques

An aim of this study was the development of an implant material loaded with a ther-
apeutic, which is continuously released, to use it as local device for glioblastoma ther-
apy. Florian Rasch (Institute for Materials Science, CAU, Kiel, DE) contributed with
his technical expertise in the field of materials science. In a collaborative approach
scaffold materials, based on ZnO 3D-networks [Mishra et al., 2015, 2013], were pro-
duced and parameters improved in order to yield optimal drug release. Furthermore,
in collaboratory work with Christina Schmitt (Institute of Anatomy) the administra-
tion of the material itself as well as material-drug combinations were investigated on
tumor and normal brain cells.
In a second approach, advantages of nanoparticles were taken regarding drug bioavail-
ability and stability enhancement. Thus, AT101, in particular, was encapsulated in
cubosomal-structured nanoparticles in collaboratory work with Dr. ing. Dorota Flak
(NanoBioMedical Centre, AdamMickiewicz university, Poznań, Poland). Accordingly,
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particles were characterized and cellular responses upon encapsulated compound were
investigated.

3.2.2.1 Quantitative measurement of molecules in aqueous solutions

3.2.2.1.1 Zn2+ ion release
To estimate the release of Zn2+ ions from scaffold materials primarily used for drug
loading and cell cytotoxicity analysis, a ZnO template was placed in a Millicell R©

cell culture insert into a 10 cm cell culture dish containing a total of 14.5ml culture
medium. Amounts of Zn2+ ions were measured in between one hour and six days of
incubation at 37◦C/5% CO2. In these experiments, the colored complexation of Zn2+

with Zincon was used for quantitative, photometric measurement of Zn2+ ions. At
first, 50µl Zn2+-containing solution to be analyzed were either immediately processed
or stored at −30◦C until measurement. For the reaction, the sample was diluted
1:500 in 5mM Borax buffer (pH 9) containing 194µM Zincon (Carl Roth GmbH +

Co. KG) and 1.2mM NaOH. After thorough mixing, the absorption of the complex
was measured at λ = 620 nm with the Libra UV/Vis spectrophotometer S60. For
quantification, a standard with defined Zn2+ concentrations was additionally prepared
in ranges from 10 to 500 µg

ml in culture medium. For this purpose, ZnO powder was
initially dissolved in little amounts of 1M HCl. After successful solvation, the solution
was diluted 1:33 in deionized water.
For further analysis regarding chemical activity of the template and saturation of ions
in solution, different attempts were made: 1) medium was exchanged after three days
of incubation, 2) the template was exchanged after three days of stimulation. The
concentration of Zn2+ ions in culture medium was determined as described above.

3.2.2.1.2 Drug release from bulk materials
In order to define release kinetics of drugs from scaffold materials, concentrations of
therapeutics in aqueous solutions were quantitatively determined according to their
photometric characteristics by ultraviolet/visible (UV/Vis) spectroscopy with the Li-
bra UV/Vis spectrophotometer S60 (Biochrom GmbH, Berlin, DE) with QS High Pre-
cision Cell cuvettes (Hellma GmbH, Müllheim, DE). In detail, TMZ and AT101 dis-
tinct absorption peaks were identified in absorption spectra between 250 and 450 nm
in aCSF.
Especially, AT101, diluted in an 1:2-mixture of aCSF-DMSO without supplemented
BSA, was loaded on PDMS scaffolds with a cylindric shape (1mm in height and
6mm in diameter) by wet infiltration in collaboration with Florian Rasch (Institute
for Materials Science). The rough structure inversely formed from the original 3D
ZnO network is shown in fig. 3.2.
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Figure 3.2: PDMS scaffold material used for drug loading.

To improve drug release, different approaches concerning material properties and load-
ing amounts of AT101 were evaluated in cooperation with Florian Rasch (Institute for
Materials Science) and Christina Schmitt (Institute of Anatomy). The release of the
therapeutic was monitored under sterile conditions at 37◦C/5% CO2 for a maximum
of three or six days. Equal distribution of drug in solution was assured by continuous
planar rotation at 25 rpm with the KM CO2-FL small shaker (Edmund Bühler GmbH,
Tübingen, DE). The AT101-loaded PDMS scaffold was put into a Millicell R© cell cul-
ture insert containing 1.5ml aCSF, which was placed in a 10 cm cell culture dish with
13ml aCSF solution. The concentration of AT101 was analyzed spectrophotometri-
cally at λ = 289 nm after different time periods ranging from 30min to ultimately
three days. For quantification, defined AT101 concentrations were freshly adjusted in
aCSF solution, that was incubated at 37◦C/5% CO2 for the exact time periods just
as the samples.

3.2.2.2 Production of blank and AT101-loaded nanoparticles
Cubosomes were prepared using the top-down approach [Ljusberg-Wahren et al.,
1996, Akhlaghi et al., 2016] (reviewed by Guo et al. [2010]). Glyceryl monooleate
(GMO) was used as structure-forming lipid and pluronic F-127 as surfactant stabi-
lizing the cubosome dispersion.
For blank cubosomes, GMO (IOI Oleo GmbH, Hamburg, DE) was melted at 40◦C
and mixed with pluronic F-127 (Merck) in a 4:1 ratio at 40◦C. In case of drug loading,
AT101, diluted in ethanol, was added at 10% (w/w) to the mixture. Afterwards,
ethanol was evaporated in vacuum over night. Next, prewarmed PBS was added to
molten compounds to gain a concentration of 20 mg

ml GMO in the solution. Afterwards
the solution was mixed to reach a homogeneous state. Cubic gel was formed over
night at RT. To obtain cubosomal dispersion, the cubic gel was sonicated with a
Branson Sonifier 250 (Emerson Electric Company, St. Louis, MO, USA) at 60W by
2 sec pulse and 2 sec pause for a total of 30min including pulse and pause phases.
Meanwhile, the solution was cooled by a jacketed vessel with water flux. On the
next day, the cubosomal dispersion was transferred into a fresh tube and stored at RT.
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3.2.2.3 Characterization of nanoparticles

3.2.2.3.1 Entrapment efficiency and drug loading capacity
Ultrafiltration centrifugation was performed prior to the determination of the en-
trapment efficiency and remowal of unbound drug from cubosomal particles. 500µl
of drug-loaded cubosomes were filtrated through the Amicon R© Ultra-0.5 or -15 Cen-
trifugal Filter Device (10000 molecular weight cut-off (MWCO), Merck) at 14000 g for
30min, according to the manufacturer’s protocol. During the centrifugation, unbound
AT101 was filtrated, while cubosomes remained on the filter membrane. To recover
cubosomes, the filters were placed upside down into a fresh Eppendorf tube R© and
centrifugated at 1000 g for 2min. The concentration of unbound AT101 within the
filtrate was determined spectrophotometrically at λ = 289 nm with the LAMBDA 950

UV/Vis/NIR spectrophotometer (Perkin Elmer, Waltham, MA, USA). As a prove of
principle, recovered cubosomes were disrupted with ethanol and the concentration of
encapsulated AT101 was analyzed likewise. The entrapment efficiency (EE [%]) and
the drug loading capacity (DLC [%]) were calculated by

EE [%] =
amount of entrapped AT101

total amount of AT101
· 100 . (6)

DLC [%] =
mass of entrapped AT101
total mass of cubosomes

· 100 . (7)

3.2.2.3.2 Particle size and morphologic analyses
Z-average, particle size distribution (by their number) along with polydispersity index
(PDI) and the zeta potential ζ of prepared cubosomes, as well as their stability over
a time and temperature, were measured on Zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK) based on non-invasive dynamic light scattering method (DLS) using an
angle of 173◦ and electrophoretic light scattering (ELS), respectively. For measure-
ments blank GMO cubosomes as well as AT101-loaded cubosomes were stored either
at RT or 37◦C. Measurements were performed for 40 µg

ml cubosome dispersion diluted
in distilled water at the 25◦C and 37◦C, respectively, and results are the mean ±
standard deviation of three individual analyses. In order to investigate the stability
of prepared cubosomes, measurements were performed at time intervals over a period
of 17 days.
Moreover, particle size and morphology of particles were observed by cryogenic trans-
mission electron microscopy (cryo-TEM) with a JEM-1400 transmission electron mi-
croscope (Jeol, Akishima, JPN) operating at 120000V with a maximum resolution
of 0.2 nm. For this purpose, samples were diluted in an 1:1 ratio with distilled wa-
ter. Then, 3 − 4µl sample suspension were deposited on a lacey/carbon grid (Ted
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Pella, Inc., Redding, CA, USA) and freeze-dried at −170◦C with the Cryoplunge 3

System (Gatan, Inc., Pleasanton, CA, USA). Cryo-TEM pictures were acquired with
the DigitalMicrograph software (Gatan, Inc.).

3.2.2.3.3 Thermal stability measurements
To estimate the thermal stability and physical behavior of cubosomes upon AT101

loading, samples were analyzed by differential scanning calorimetry (DSC). This ther-
moanalytical technique provides information about phase transitions as well as struc-
ture decomposition by the analysis of absorbed and emitted heat within the sample
upon heating and cooling cycles [Höhne et al., 2003]. Thus, 5-11mg GMO lipids,
GMO cubosomes and AT101-loaded GMO cubosomes were heated or cooled, respec-
tively, in a nitrogen atmosphere from 15◦ to 80◦C and cooled vice versa at a constant
rate of 10◦C per minute for three cycles with the DSC 8000 (Perkin Elmer). After
each cycle the temperature was hold at 15◦C for 2min.

3.2.2.3.4 AT101 release
The release of AT101 from GMO cubosomes was determined by dialysis [Gupta et al.,
1987]. For this purpose, 500µl AT101-loaded cubosome dispersion were filled into
a Spectra/Por R© 2 Dialysis Membrane (12000 - 14000 MWCO, VWR International,
Radnor, PA, USA), which was previously equilibrated with 0.1M NaOH, then rinsed
and stored in distilled water over night. Filled membrane was closed with bendable
clips to form a dialysis bag. Next, this bag was placed into 20ml aCSF solution at
a temperature of 37◦C and continuously stirred for 72 h. After 3, 6, 24, 48 and 72 h,
500µl sample in aCSF solution was withdrawn and replaced with fresh one. The
AT101 concentration in withdrawn samples was determined spectrophotometrically
at λ = 289 nm with the LAMBDA 950 UV/Vis/NIR spectrophotometer.

3.2.2.4 Uptake of nanoparticles into cells
To demonstrate uptake, AT101-loaded cubosomes were fluorescently labelled in order
to visualize their uptake into tumor cells. At first, 20 mg

ml GMO cubosomes encapsu-
lating AT101 were incubated with 5 µg

ml Nile Red (Merck) at 37◦C over night under
continuous shaking at 300 rpm in the dark. After 24 h, unattached Nile Red molecules
were removed by ultrafiltration centrifugation with Amicon R© Ultra-4 Centrifugal Fil-
ter Devices (10000 MWCO), according to manufacturer’s instructions. 250µl stained
cubosome dispersion were added onto the filter membrane and centrifugated at 3000 g
for 30min. Fluorescently labelled nanoparticles were recovered from the filter, re-
dispersed in the PBS solution up to the initial volume of 250µl and stored in a fresh
Eppendorf tube R©.
For visualization of nanoparticle uptake efficiency, 1.5 ·105 A172 and LN229 cells were
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seeded onto coverslips and cultivated over night at 37◦C/5% CO2. Moreover, uptake
of cubosomes in 3D tumor spheroids, reflecting a tumor environment, was investi-
gated. For this purpose, 104 A172 and LN229 cells were cultivated as hanging drops
on 6-well lids in 30µl culture medium with 2ml culture medium in the well under-
neath for two days at 37◦C/5% CO2. Afterwards, formed spheroids were transferred
into 6-well plates covered with 1% agarose overlaid with 3ml culture medium and
grown for further six days at 37◦C/5% CO2. After stimulation with 26 µg

ml fluores-
cently labelled AT101-loaded GMO cubosomes for 24 h at 37◦C/5% CO2 in culture
medium, spheroids were stained with Alexa Fluor R©-conjugated Concanavalin A (1:20

in PBS, ThermoFisher Scientific) for 30min at 37◦C after washing with prewarmed
PBS, to allow for membrane identification. Subsequently, cells were washed with
PBS for 3min and the nuclei was fluorescently marked with Hoechst 33342 (1:100

in PBS, ThermoFisher Scientific) for 10min at 37◦C. Next, cells were washed three
times with PBS, Live Cell Imaging Solution (ThermoFisher Scientific) was added
and pictures were acquired immediately with the AxioObserver.Z1 microscope (Carl
Zeiss AG) and the ZEN2 software (Carl Zeiss AG). By contrast, adherent native cells,
stimulated with 26 µg

ml fluorescently labelled AT101-loaded GMO cubosomes for 24 h,
were fixed and permeabilized with 4% (w/v) paraformaldehyde in deionized water for
10min at RT after washing with PBS once. Subsequently, cells were washed with
PBS twice and the coverslip was treated with 0.1% (v/v) Triton X-100 in PBS for
5min at RT. Unspecific binding sites were blocked with 1% (w/v) BSA in PBS after
further three washing steps with PBS for 60min at RT. Next, cells were stained with
β-Catenin antibody (information in tab. 3.6) for 60min at 37◦C, to indirectly define
the cell body. After three steps of washing with PBS, the secondary antibody was
applied as noted in tab. 3.7 for 60min at 37◦C. Then, unbound secondary antibody
was removed by washing with PBS three times. Finally, the nuclei were stained with
Hoechst 33342 (1:100 in PBS) for 10min at RT and fixed cells were embedded in
Immu-MountTM solution (ThermoFisher Scientific) on an object slide after washing
with PBS three times and once with deionized water. Images were acquired with
the AxioObserver.Z1 microscope (Carl Zeiss AG) and the ZEN2 software (Carl Zeiss
AG). Further image editing was performed with GNU Image Manipulation Program
(GIMP).

3.2.2.5 Determination of cell viability

3.2.2.5.1 Long-term viability analysis
The cell viability upon treatment with material and material-drug combinations based
on ZnO 3D-networks was analyzed by a cell counting technique (cf. chapter 3.2.1.1.1).
In a first approach, the biocompatibility of the material was analyzed in accordance
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with DIN EN International Organization for Standardization (ISO) 10993-5. For
this purpose, extract medium was generated by incubation of the material in cul-
ture medium under sterile conditions at 37◦C/5% CO2 for 72 h following DIN EN
ISO 10993-12 standards. Afterwards, the release of Zn2+ ions into the medium was
determined as described in chapter 3.2.2.1.1. Then, different concentrations of Zn2+

ions were adjusted in culture medium and tested regarding their effect on cells. 3 ·104

primary culture cells of GBM 27/07, 116/14 and 118/14 were seeded into 6-well plates
and grown over night at 37◦C/5% CO2. On the next day, cell numbers were counted
within an extra seeded well in a Neubauer counting chamber. Subsequently, cells
were stimulated with different concentrations of Zn2+ ions with or without 2.5µM
AT101 for six days in culture medium. In between, the reagent-containing medium
was renewed after three days of treatment. Cell numbers were counted after six days
as noted above.
Secondly, the effect of indirect contact of drug-loaded material to cells was investi-
gated. Thus, a ZnO 3D-network with cylindric shape (2mm in height and 6mm in
diameter) was loaded with 193µg AT101 included in poly(L-lactide-co-caprolactone)
(PLCL). The scaffold material was infiltrated six times with 1mM AT101-PLCL-
DMSO solution and dried in between. 3 · 104 previously seeded primary culture cells
of GBM 27/07 or 116/14 in 6-well plates were indirectly stimulated with this tem-
plate. The template was placed in a Millicell R© cell culture insert (0.4µm) on top of
the cell layer. The 6-well cavity was flooded with 2ml and the transwell with 1ml
culture medium. Proliferation of cells as well as Zn2+ ion and AT101 release were
analyzed after two, four and six days of stimulation (cf. chapter 3.2.1.1.1, 3.2.2.1.2,
3.2.2.1.1).

3.2.2.5.2 WST-1 assay
The effect of AT101-loaded GMO cubosomes on cells compared to free drug was eval-
uated in two different tumor cell lines (A172 and LN229), as well as normal cells of
the central nervous system such as astrocytes (SVGA) and microglia (HMC3), by the
determination of cell viability. For experiments, 6 · 103 cells were seeded into 96-well
culture plates and grown over night at 37◦C/5% CO2. To firstly estimate the toxicity
of blank GMO cubosomes, seeded cells were stimulated in triplicates with increasing
concentrations from 20 to 200 µg

ml GMO cubosomes in culture medium. Further, cells
were treated with different concentrations of AT101-loaded GMO cubosomes in com-
parison to the corresponding free drug concentration in culture medium. After 72 h
of stimulation, the cell viability was determined by the colorimetric assay based on
enzymatically triggered conversion of the tetrazolium salt 4-[3-(4-Iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) by cellular dehydroge-
nases to formazan which can be detected spectrophotometrically [Peskin and Winter-
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bourn, 2000]. In detail, stimulated cells were washed with PBS once and fresh culture
medium was added to the wells. Subsequently, Cell Proliferation Reagent WST-1
(Hoffmann-La Roche, Basel, CH) was added at a volume ratio of 1:10 to all samples.
After 90min of incubation at 37◦C/5% CO2, the absorbance at λ = 450 nm compared
to λ = 595 nm as reference was measured with the Infinite M Plex plate reader (Tecan
Group). Prior to measurement, the plate was orbitally shaked for 50 sec.

3.2.2.6 Cytoskeletal rearrangement experiments
For further analysis of intracellular effects triggered by nanoparticle treatment, the cy-
toskeletal rearrangement upon stimulation with AT101-loaded GMO cubosomes was
investigated on mRNA and protein level. Initially, 1.5 · 105 A172 and LN229 cells
were seeded either onto coverslips or into 6-well culture plates and cultivated over
night at 37◦C/5% CO2. On the next day, cells were stimulated with 26 µg

ml blank
and AT101-loaded GMO cubosomes as well as the respective concentration of free
drug for six and 24 h in culture medium. Regarding the evaluation of regulations in
cytoskeleton-associated gene expression, cells were harvested after 24 h and further
processed as described in chapter 3.2.4.1.1 and the following. For fluorescent visual-
ization of alterations in cytoskeletal structure, stimulated cells were washed with PBS
once, then fixed and permeabilized with 4% paraformaldehyde in deionized water for
10min at RT. Next, cells were washed with PBS twice and treated with 0.1% Triton
X-100 in PBS for 5min at RT. After three further washing steps with PBS, unspe-
cific binding sites were blocked with 1% BSA in PBS for 20min at RT. Then, actin
filaments were stained with Phalloidin-Atto 488 (1:75 in 1% BSA in PBS, Merck)
for 20min at RT. Subsequently, cells were washed with PBS twice and nuclei were
fluorescently marked with Hoechst 33342 (1:100 in PBS) for 10min at RT. At last,
cells were washed again with PBS three times, once with deionized water and finally
embedded in Immu-MountTM solution on an object slide. Fluorescent signals were
studied with the AxioObserver.Z1 microscope and pictures were taken with the ZEN2

software. Further processing of images was done with GIMP software.

3.2.3 Protein biochemical techniques

3.2.3.1 Immunocytochemistry
To fluorescently visualize subcellular proteins, they are labeled with antibodies
against a certain protein domain. To investigate the efficiency of genetic editing in
CRISPR/Cas9-transfected cells, the knock-out was visualized by fluorescent staining
of the corresponding protein. For this purpose, 1.5 · 105 CRISPR/Cas9-transfected
cells were seeded onto a coverslip and grown over night at 37◦C/5% CO2. Before stain-
ing, cells were incubated in serum-reduced DMEM containing 0.5% FBS for 60min in
total. In between, after every 20min, medium was aspirated, cells were washed with
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PBS and fresh serum-reduced medium was added. For staining, cells were washed
with PBS once, fixed onto the coverslip and permeabilized with an 1:1-mixture of
methanol and acetone for 10min at RT. Afterwards, cells were washed with PBS
three times followed by a blocking step of unspecific binding sites with blocking buffer
for at least 60min at RT. After removal of blocking buffer, binding of antibody to
the protein of interest was performed in a wet chamber in the dark over night at 4◦C.
Antibodies were diluted as noted in tab. 3.6 in PBS. To prove specificity of antibody
binding, an IgG control antibody - either mouse IgG (R&D Systems MAB002) or
rabbit IgG (R&D Systems AB-105-C) - was additionally used in the very same con-
centration as the respective antibody against the protein of interest. On the next day,
unbound antibody was removed by three washing steps with PBS. Thereafter, bound
antibody was stained with a fluorescence-conjugated secondary antibody diluted in
PBS as depicted in tab. 3.7. The secondary antibody bound to the respective species
of the primary antibody for 60min in a wet chamber in the dark at 37◦C. To dye
the nucleus, after further three washing steps with PBS, cells were incubated with
DNA-intercalating 4’,6-diamidino-2-phenylindole (DAPI, 1:30000 in PBS, Merck) for
at least 30min at RT in a wet chamber in the dark. Finally, the coverslip was washed
with PBS three times and once with deionized water followed by embedding in Immu-
MountTM solution on an object slide. The fluorescent signal was observed with the
AxioObserver.Z1 microscope and images were acquired and primary processed with
ZEN2 software. Furthermore, editing of pictures was performed with GIMP software.

3.2.3.2 Immunohistochemistry of tumor tissue
For the analysis of presence, abundance and localization of proteins of interst in solid
tumor tissue, proteins were fluorescently stained. Hereby, the staining procedures fol-
lowed the general protocol described in chapter 3.2.3.1. Slight differences are pointed
out in the further protocol. Initially, tissue sections already fixed on an object slide
were encircled with a grease pencil. After fixation of cells, the object slide was washed
three times with TBST for at least 5min, which is the typical washing procedure in
case of fluorescent staining of tumor tissue. In order to differentiate between single
cells in tissue, before fluorescent labeling, lipids of the cell membrane were stained
with Sudan black. Hence, tissue was primarily incubated in 20% ethanol for 2min,
then in 70% ethanol for 2min, and finally in Sudan black solution (1% (w/v) in 70%

ethanol, Carl Roth GmbH + Co. KG) for 10min. Afterwards, the object slide was
shortly washed in 70% ethanol for three times and in 20% ethanol for 2min. Espe-
cially in tumor tissue, high interest was laid on co-staining of more than one protein.
For this purpose, either the second primary antibody was added after fluorescent
conjugation of the first one or, if the respective antibodies were originated from the
same host animal, a Fab fragment step - a complete blockage of unbound domains
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of the respective host antibody - was introduced. After fluorescent conjugation of
the first primary antibody, the object slide was washed with TBST three times and
unbound domains were blocked with α-mouse or α-rabbit Fab fragment (1:1000, don-
key, Jackson ImmunoResearch, Cambridge, UK) for 60min in a wet chamber at RT.
Subsequently, the second primary antibody was applied as described previously. At
last, prior to staining of the nuclei and embedding, the object slide was additionally
washed in TBS and DAPI was diluted 1:30000 in TBS before use.

3.2.3.3 Preparation of cell lysates
After stimulation (cf. chapter 3.2.1.3), cells were washed with PBS once and stored in
lysis buffer containing 1% (v/v) HaltTM Protease Inhibitor Cocktail (ThermoFisher
Scientific) at −30◦C until further processing. After thawing, cells were harvested with
a scraper and centrifugated at 20000 g for 15min at 4◦C to pellet cell debris. The
supernatant containing proteins was transferred into a fresh Eppendorf tube R© and
protein concentration was determined using the Bradford assay. For this purpose, after
dilution of samples in deionized water, Protein Assay Dye Reagent Concentrate (Bio-
Rad Laboratories Inc., Hercules, CA, USA) was added in an 1:5-ratio. To quantify
protein concentration, a serial dilution of a BSA standard was prepared in deionized
water, likewise. After an incubation for 20min at RT, all samples were transferred in
triplicates into a transparent 96-well plate and the absorbance at 595 nm was measured
with the GENios-Basic plate reader (Tecan Group).

3.2.3.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)
After protein concentration measurement, samples were adjusted to equal amounts
in lysis buffer. Subsequently, secondary and higher structures of proteins were de-
naturated in sample buffer at 95◦C for 5min. For optimal electrophoretic separation
of proteins, different percentages of acrylamide in SDS gels were used, depending on
the size of the protein of interest. Preparation of SDS gels is displayed in tab. 3.10.
Separation itself was performed in electrode buffer at 35mA per gel and 300V by
placing prepared gels into a Mini-PROTEAN Tetra System (Bio-Rad). Depending
on the abundance of the respective protein to be detected, 3, 10, 12 or 30µg whole
protein lysate was loaded in each gel lane. For analysis of molecular weight of the
protein of interest, the PageRulerTM Plus Prestained Protein Ladder (ThermoFisher
Scientific) was carried along in each gel.
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Table 3.10: Pipet scheme for SDS gels.

10% gel 12.5% gel 15% gel Stacking gel
30% acrylamide 3.33ml 4.17ml 5ml 1.67ml
Separating gel buffer 2.6ml 2.6ml 2.6ml
Stacking gel buffer 2.6ml
deionized H2O 4.03ml 3.29ml 2.46ml 5.79ml
APS (10% (w/v) in H2O) 60µl 60µl 60µl 60µl
TEMED 30µl 60µl 60µl 60µl

3.2.3.5 Protein detection by semi-dry Western Blot
For immunodetection, separated proteins were transferred onto a AmershamTM

HybondTM PVDF blotting membrane (GE Healthcare, Chicago, IL, USA). There-
fore, the semi-dry technique was applied. Prior to protein transfer at 25V and 1A
for 30min in the Trans-Blot R© TurboTM Transfer System (Bio-Rad), the PVDF mem-
brane was shortly moistened in methanol, as well as the WhatmanTM filter papers
(GE Healthcare) were wetted in transfer buffer.
After blotting, the membrane was placed in a plastic box and incubated with TBST
containing 5% BSA for at least 60min. The primary antibody was diluted in the same
solution or 2% casein in TBST in concentrations noted in tab. 3.6. Antibody binding
to the protein of interest was performed over night at 4◦C in a hermetic chamber. On
the next day, unbound antibody was removed by washing with TBST for 15min three
times. Afterwards, the membrane was incubated with the corresponding secondary
antibody, diluted in TBST plus 2% casein, for 60min. Again, unbound antibody was
removed by three washing steps with TBST for 15min. Prior to immunodetection,
the membrane was washed with TBS for 10min once. The protein of interest was
detected by chemiluminescent reaction with an 1:1 mixture of ImmobilonTM Western
luminol and peroxide solution (Merck) for 5min. For documentation, chemilumines-
cent signals were visibly fixed on Amersham HyperfilmTM ECL (GE Healthcare).
Image processing and band intensity quantification was done with the ImageJ soft-
ware.
To ensure loading of equal amounts of protein, the membrane was shortly washed
in TBST and reblotted with an antibody detecting GAPDH as a loading control.
For this purpose, bound antibody on the membrane was stripped with Re-Blot Plus
stripping solution (Merck) for 15min per side. Afterwards, the membrane was incu-
bated in TBST containing 2% casein for at least 60min. For immunoredetection, the
protocol described above was performed except for chemiluminescent reaction, which
was carried out with an 1:1 mixture of AmershamTM ECL SelectTM Western Blotting
Detection Reagents solution "A" and "B" (GE Healthcare).
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3.2.4 Molecular biological techniques

3.2.4.1 RNA isolation
For several in-vitro experiments, mRNA expression of certain genes or alteration of
mRNA expression upon certain stimuli was analyzed (in cases of chapter 3.2.1.2,
3.2.1.3). Depending on the available amount of (stimulated) cells, RNA was isolated
either with the ARCTURUS R© PicoPure R© RNA Isolation Kit (for a maximum of∼ 2.5·
105 cells, ThermoFisher Scientific) or with TRIzolTM reagent (for higher cell amounts,
ThermoFisher Scientific). After isolation, RNA concentration and purification were
determined with the NanoDrop 2000c (ThermoFisher Scientific). Purification was
defined by absorption ratios at 260/280 and 260/230. Isolated RNA was stored at
−80◦C.

3.2.4.1.1 Isolation with TRIzolTM

This RNA isolation method is based on the guanidinium thiocyanate-phenol-
chloroform extraction. At first, medium was aspirated from the cell layer. After
washing with PBS, 1ml TRIzolTM reagent was added and cells were either stored at
−30◦C or harvested immediately. Next, cell debris was pelleted at 12000 g for 10min
at 4◦C. The supernatant was transferred into an new Eppendorf tube R© and shortly
incubated at RT for 5min. After addition of 200µl chloroform the sample was in-
verted 15 times and incubated at RT for 3min. For phase separation of proteins,
sugars and nucleic acids, the mixture was centrifugated at 12000 g for 15min at 4◦C.
The entire upper phase was carefully transferred into a new Eppendorf tube R©. After
thorough mixing with ice-cold 500µl isopropyl alcohol, the solution was incubated for
at least 40min at 4◦C. Afterwards, RNA was pelleted at 12000 g for 10min at 4◦C
and subsequently washed with 1ml 75% ethanol absolute by vortexing. For drying,
the RNA pellet was centrifugated at 7600 g for 5min at 4◦C, the supernatant almost
completely removed and the RNA dried at RT. At last, depending on pellet size, RNA
was solved in 20− 100µl RNase-free water (Carl Roth GmbH + Co. KG) at 58◦C for
10min during slow shaking.

3.2.4.1.2 Isolation with the ARCTURUS R© PicoPure R© RNA Isolation Kit
If only small amounts of biological material was available, cells were firstly lyzed in
50 − 100µl Extraction buffer (provided by the kit) at 42◦C for 30min after washing
with PBS once. Then, lyzed material was either stored at −80◦C or RNA isola-
tion was immediately performed according to the manufacturer’s instructions of the
ARCTURUS R© PicoPure R© RNA Isolation Kit. Ultimately, RNA was eluated from the
column with 15µl Elution buffer (provided by the kit).
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3.2.4.2 Reverse transcription
Prior to the investigation of mRNA expression by qRT-PCR, isolated RNA was con-
verted to complementary DNA (cDNA) by reverse transcription protocol. If possible,
RNA concentration was adjusted to 1µg in 7µl RNase-free water. Otherwise, the
maximal possible concentration of RNA in 7µl was used. Residual DNA was digested
by the addition of 1µl RQ1 RNase-free DNase (1 U

µl , Promega) and 1µl RQ1 DNase
10x Reaction Buffer (Promega) at 37◦C for 15min. Digestion was stopped with 2mM
EDTA at 65◦C for 10min. Breakage of secondary structures of RNA and followed
primer annealing was assured by the addition of 200 ng pd(N)6 Random Hexamer
5’-Phosphate Sodium Salt primers (GE Healthcare) at 70◦C for 5min. After cooling
on ice, the following reagents were added to each RNA sample:

Table 3.11: Amounts of used reagents per one sample for reverse transcription protocol.

Volume Reagent Provider
4µL 5x Reaction Buffer for RT ThermoFisher Scientific
2µL 10mM dNTP mix ThermoFisher Scientific
1µL RNase-free water Carl Roth GmbH + Co. KG
1µL RevertAid H Minus Reverse Transcrip-

tase, 200 U
µl

ThermoFisher Scientific

After gentle mixing and centrifugation, the sample was initially incubated at 25◦C
for 10min. Then, cDNA strands were synthesized at 42◦C for 60min. At last, the
enzyme was denaturated at 70◦C for 10min. cDNA was stored at −30◦C before
further processing.

3.2.4.3 qRT-PCR
For the quantitative detection of mRNA, the TaqManTM concept was used, which
is based on fluorescence resonance energy transfer (FRET) [Förster, 1965]. In gen-
eral, a fluorescent dye called 6-Carboxyfluorescein is quenched. Upon binding of the
TaqManTM probe to the respective gene sequence on the cDNA strand and primer
binding to an adjacent region, the TaqManTM polymerase is able to sequence the
strand and removes the quencher via its 5’-3’ exonuclease activity [Holland et al.,
1991]. For this purpose, cDNA templates were mixed with reagents as depicted in
tab. 3.12. Measurements were performed in technical duplicates in a 96-well plate
sealed with a transparent foil. After sealing, the plate was shortly centrifugated in
a mini plate spinner (Labnet International, Inc., Edison, NJ, USA) and the qRT-
PCR protocol shown in tab. 3.13 was applied with a QuantStudio5 (ThermoFisher
Scientific). To control for technical contaminations, a negative control lacking any
cDNA was measured for every gene whenever analyzed. Moreover, mRNA expression
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of Glycerinaldehyde 3−phosphate dehydrogenase (GAPDH), a housekeeping gene,
served as a reference. Genes of interest and respective assay details of the TaqManTM

primer-probes (ThermoFisher Scientific) are depicted in tab. 3.8. The expression of
the gene of interest was evaluated by the QuantStudioTM Design & Analysis software
(ThermoFisher Scientific). Ultimately, the cycle-of-threshold (CT) value of the gene
of interest was normalized to the GAPDH reference as follows:

∆CTgene of interest = CTgene of interest − CTGAPDH . (8)

Table 3.12: Pipet scheme for qRT-PCR.

Volume Reagent Provider
2µl 10 ng cDNA
1µL TaqManTM primer-probe ThermoFisher Scientific
7µL RNase-free water Carl Roth GmbH + Co. KG
10µL TaqManTM Gene Expression Master Mix ThermoFisher Scientific

Table 3.13: qRT-PCR programm.

Time Temperature Cycles Step
10min 95◦C 1 denaturation
15 sec 95◦C

40
denaturation

1min 60◦C elongation

3.2.5 Statistical analysis

The data were statistically analyzed using the GraphPad Prism 5 Software (Graph-
Pad Software, San Diego, CA, USA). Depending on the experimental setup either
a student’s t-test, a one-way analysis of variances (ANOVA) or a two-way ANOVA
was performed, as seperately annotated for each experiment. In general, the data
are presented as mean ± standard deviation (SD). Statistical significance is marked
with asterisks or hashtags depending on the p-value: */# p ≤ 0.05, **/## p ≤ 0.01,
***/### p ≤ 0.001 and ****/#### p ≤ 0.0001.
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4 Results

4.1 Entry and exit mechanisms of dormancy in GBM cells

4.1.1 Chemotherapeutic-induced dormancy in GBM cells is associated with
stem-like abilities

The primary brain tumor Glioblastoma Multiforme (GBM) is known to overcome
and adapt to therapy regimen in order to survive the treatment. This is achieved
through different mechanisms. On the one hand, the existence of cell subpopulations
with different molecular profiles resembles the tumor heterogeneity [Verhaak et al.,
2010, Wang et al., 2017b], for that chemical stimulation fails to address all tumor
cells equally. On the other hand, stem cell abilities of so called glioma stem cells are
responsible for tumor maintenance and progression after therapy [Singh et al., 2003,
2004]. Last but not least, the high migratory potential of a subset of tumor cells in line
with chemoresistant features additionally accounts for surgical escape [Scherer, 1938,
Claes et al., 2007]. Consecutively, the prognostic survival of patients is extremely
short despite extensive therapy [American Cancer Society, 2018]. Another recently
identified therapy-escape mechanism of cancer cells is dormancy, a state of tumor
growth arrest [Yeh and Ramaswamy, 2015]. While tumor mass, especially angiogenic
dormancy, in which the tumor persists in a dormant state due to avascularity, has
been comprehensively studied in glioblastomas [Naumov et al., 2006, Almog et al.,
2009, Satchi-Fainaro et al., 2012], dormancy on the cellular level and influences of
therapy have not been described so far.
Thus, to primarily determine the abundance and location of dormant cells in solid
GBM tumor samples, those were analyzed ex vivo concerning the expression of the
known dormancy markers ephrin type A receptor 5 (EphA5), insulin-like growth
factor-binding protein 5 (IGFBP5) and histone cluster 1 H2B family member K
(H2BK) [Almog et al., 2009, Satchi-Fainaro et al., 2012]. Immunohistochemistry stain-
ings and gene expression analysis revealed well-detectable amounts of such markers
on mRNA and protein level regardless of the grade of malignancy in Kiel-67 (Ki67)-
negative areas adjacent to blood vessels indicating a quiescent area of cells [Gerdes
et al., 1984]. Furthermore, an investigation of the abundance of typical embryonal
or neural stem cell markers like krüppel-like factor 4 (KLF4), octamer-binding tran-
scription factor 4 (OCT4), sex-determining region Y-box 2 (SOX2) and musashi-1
(MSI1) [Brembeck and Rustgi, 2000, Nichols et al., 1998, Avilion et al., 2003, Sakak-
ibara et al., 1996, Hattermann et al., 2016a] in solid GBM tissue revealed a partly
co-staining with those dormancy markers. This pointed to a possible connection be-
tween dormancy features and stem cell abilities, which has also been postulated by
others [Endaya et al., 2016, Deleyrolle et al., 2011].
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Furthermore, in order to estimate the impact of classical therapy with temozolomide
(TMZ) on dormancy induction, GBM cell lines and primary cultures with different
molecular profiles (see supplementary fig. A.1) were stimulated with a subletal dose of
TMZ for ten days. Indeed, GBM cell lines and primary cultures responded to differ-
ent extents to TMZ treatment and surviving cells exhibited an extended cytoplasm.
Additionally, vital-dyed cells, that were stimulated with TMZ, retained their staining
over the stimulation period of ten days, while those, that were treated with DMSO,
lost it rapidly due to cell division. This revealed a potential stop in proliferation of
TMZ-treated cells (shown for cell lines in fig. 4.1A).
Known by literature, dormant cells are not only characterized by an enhanced ex-
pression of dormancy markers, but also by an increased signaling via p38 compared
to decreased signaling through ERK [Aguirre-Ghiso et al., 2004]. Hence, to confirm
the induction of cellular dormancy, further experiments on mitogen-activated protein
kinase (MAPK) signaling-pathway induction and the expression of known dormancy
markers revealed an upregulation of dormancy-associated genes as well as an altered
signaling ratio for ERK/p38 MAP kinases (results regarding cell lines displayed in
fig. 4.1B and C) concluding that tumor cells entered cellular dormancy upon TMZ
treatment. Moreover, in a comparative analysis of DMSO- versus TMZ-pretreated
LN229 cells, TMZ-pretreated cells showed a reduced sensitivity to further stimulation
compared to the control representing a therapy resistance under dormant conditions.
Due to a possible connection of dormancy and stem cell abilities, which was already
indicated ex vivo, stem cell marker regulation was observed in line with dormancy
marker induction in TMZ-treated GBM cell lines. Furthermore, LN229 cells, previ-
ously characterized by an augmented expression of dormancy-associated genes upon
TMZ stimulation, exhibited an increased self-renewal capacity analyzed by an extreme
limiting dilution analysis (ELDA) assay (fig. 4.1D) indicating the acquisition of stem
cell features in association with dormancy entrance.
As previously mentioned, the extent of response to TMZ depended on the cell line
or primary culture. Thus for quantification, the amount of dead cells upon admin-
istration of TMZ was determined in a time-dependent manner. In order to improve
classical treatment, GBM cells were additionally treated with another therapeutic
compound, AT101, acting on autophagy-related pathways [Voss et al., 2010] after six
days of single TMZ stimulation. Interestingly, those cells, responding to a low extent
to classical therapy such as A172, could be effectively targeted with TMZ plus AT101

as well as single AT101 treatment. In contrast, LN229 and U251MG cells did not
reveal an increased cytotoxicity upon additional AT101 stimulation (cf. fig. 4.1E)
and were moderately affected by single AT101 administration.
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Figure 4.1: GBM cells show dormancy-like features, acquire stem cell abilities upon TMZ
treatment and are differentially affected by additional AT101 stimulation. To generate dor-
mant tumor cells in vitro, different GBM cell lines were stimulated with 500µM TMZ or DMSO,
respectively, for ten to twelve days. To allow for identification of non-proliferative cells, cells were
stained with DiI after three days of TMZ stimulation. Pictures were acquired after ten days of stimu-
lation (A). For further dormancy characterization, ERK/p38 signaling was analyzed in TMZ-treated
cells by Western Blot (n=3, B) and the expression of dormancy-associated genes was determined by
qRT-PCR (n=4, C). To draw connections between dormancy and self-renewal capacity, LN229 cells,
stimulated with TMZ for either three or ten days, were seeded according to an ELDA assay (D).
Since GBM cell lines responded differentially to TMZ treatment, exact numbers of dead cells were
determined over certain intervals and the cytotoxic effect of another treatment schedule including
TMZ ± 5µM AT101 after six days of single TMZ application was examined (n=5, E). In all cases,
statistical analysis was performed by paired student’s t-test (adapted from Adamski et al. [2017a],
attached in the appendix).
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Taken together, these findings suggest that GBM cells entered cellular dormancy in
order to survive classical treatment with TMZ. Moreover, entrance into dormancy
seemed to correlate with the acquisition of stem cell abilities, thereby providing the
basis for the re-induction of tumor growth afterwards. Apart from that, cell death
initiation in tumor cells, that were less sensitive to classical treatment, was improved
by the use of specific therapeutics, that mediate cell death through alternative path-
ways. In summary, inducing cell death through different pathways by multi-drug
administration was more successful for tumor treatment (these results were published
in Adamski et al. [2017a], which is attached in the appendix).

4.1.2 Entry and exit of dormancy is differentially regulated in tumor cells in
an inflammatory environment

One major aspect, proven in chapter 4.1.1, unveiled that glioblastoma cells tended to
escape classical treatment regimen by their entrance into a cell-cyle arrest. This ar-
rest state was characterized by the upregulation of dormancy markers, suggesting that
classical therapy with TMZ induced celluar dormancy in GBM cells. In principle, cel-
lular dormancy is designated to be a reversible growth arrest [Yeh and Ramaswamy,
2015] (reviewed in Aguirre-Ghiso [2007]) implying that upon some trigger the cell
starts to re-initiate proliferation. This was similarly shown in stem cells, that main-
tained a quiescent state and started differentiation in line with proliferation upon
external stimuli [Scognamiglio et al., 2016]. So far, some individual mechanisms of
dormancy entrance have been uncovered in different cancers [Hofstetter et al., 2012,
Vera-Ramirez et al., 2018]. Despite some identified factors, pertinent to exit angio-
genic dormancy [Almog et al., 2009], escape from cellular dormancy remains unclear.
Thus, the established model for cellular dormancy (chapter 4.1.1) was extended, in
order to observe re-initiation of cell division. For this purpose, LN229 cells, that have
been stimulated with TMZ for ten days to enter cellular dormancy, were left untreated
for further 15 days allowing for recovery upon chemotherapeutic treatment. Indeed,
dormant GBM cells continued to die within the first week but started to proliferate
again after 15 days when not targeted with TMZ (upper panel of fig. 4.2A) indicating
for the reversibility of cellular dormancy.
Certainly, glioblastoma cells stay in close contact with their environment, that on
cellular basis mainly consists of immune cells such as astrocytes and microglia, that
facilitate tumor progression and maintenance (described in chapter 1.1.4.3). Beside
immunogenic dormancy, that is explained by an equilibrium state between immune
surveillance of immune cells and tumor cell-immune escape (see chapter 1.1.4.2),
immune cell communication and response might also play a critical role in the
chemotherapeutic-induced entrance and exit mechanisms of cellular dormancy. In
fact, chemokines as inflammatory mediators were shown to affect metastatic breast-



4 Results 49

cancer dormancy [Khazali et al., 2018, Nobutani et al., 2015, Clark et al., 2016] and
distinct chemokines, in particular CXCL12, CXCL16 and CX3CL1, expressed either
by glioblastoma cells themselves or astrocytes and microglia, are essential for tumor
preservation by autocrine or paracrine signaling [Wang et al., 2012, Ludwig et al.,
2005, Ludwig and Mentlein, 2008, Hattermann et al., 2014].
Based on the hypothesis that those chemokines have important functions in cellular
dormancy, GBM cells were stimulated with TMZ alongside with a chemokine mix
containing CXCL12, CXCL16 and CX3CL1 for ten days. After this period, TMZ
treatment was stopped while stimulation with the above-mentioned chemokines was
continued for additional 15 days. Interestingly, GBM cells showed in tendency a re-
duced sensitivity upon TMZ treatment when co-stimulated with chemokines. They
did not initiate proliferation after 15 days without TMZ, though (fig. 4.2A). In or-
der to verify and quantify the amount of cells, that entered cellular dormancy, after
three days of TMZ administration, LN229 cells were stained with DiI. Indeed, less
glioma cells retained the dye after ten days of treatment, but also less cells lost the
dye during recovery when co-treated with chemokines (fig. 4.2B) indicating that less
chemokine-stimulated cells enter and exit cellular dormancy. This was confirmed by a
reduced increase of the p38/ERK signaling ratio upon treatment for ten days as well
as a detectable shift of the p38/ERK signaling in chemokine-treated GBM cells, that
recovered 15 days, which was not found in unstimulated, recovered cells (fig. 4.2C)
[Aguirre-Ghiso et al., 2004].
Signaling of the chemokines CXCL12, CXCL16 and CX3CL1 is maintained either by
their respective receptors, which are CXCR4 and CXCR7 in case of CXCL12 (reviewed
by Hughes and Nibbs [2018]), or their transmembrane ligands themselves, known as
inverse signaling, shown for CXCL16 and CX3CL1 [Hattermann et al., 2016b]. The
receptors of CXCL16 (CXCR6) and CX3CL1 (CX3CR1) lack on GBM cells [Held-
Feindt et al., 2010, Hattermann et al., 2013, Adamski et al., 2017b]. In fact, GBM
cells did not only express the receptors and ligands, respectively, that are necessary
for signaling in general, but those were also significantly upregulated upon TMZ stim-
ulation (fig. 4.2D), thereby facilitating a possible signaling during treatment.
In summary, removal of TMZ yielded a start of proliferation in GBM cells after approx-
imately ten to 15 days, whereas co-administration of chemokines CXCL12, CXCL16

and CX3CL1, that induce signaling via their upregulated receptors or ligands, re-
sulted in both a delayed entry and delayed exit from therapeutical-induced cellular
dormancy.
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Figure 4.2: Inflammatory stimuli regulate entry into and exit from dormancy upon
chemotherapeutic treatment in LN229 cells. To understand regulation of dormancy entry and
exit mechanisms considering an inflammatory surrounding, LN229 cells were stimulated with 500µM
TMZ or DMSO, respectively, ± chemokine mix containing 2 nM CXCL12, CXCL16 and CX3CL1 for
ten days, then, cells were left without chemotherapeutic but ± chemokine mix for further 15 days.
Phase-contrast pictures were acquired after ten days of TMZ stimulation as well as after further
seven and 15 days of recovery at the very same position. The black bar indicates 200 nm (A). To
confirm these results by numbers, LN229 cells, stimulated with TMZ ± chemokine mix for three
days, were stained with DiI. After ten days of chemotherapeutic treatment as well as after seven
and 15 days without this stimulus, the amount of dye retaining cells compared to the whole cell
amount was calculated (n=18, B). In addition, signaling via the p42/44 and p38 MAPK pathways
was analyzed by Western Blot after ten days of TMZ ± chemokine mix and after further 15 days of
recovery (n=4, C). Furthermore, the regulation of the gene expression of the respective chemokine
receptors and ligands was investigated by qRT-PCR upon TMZ treatment for ten days (n=3, D).
Statistical analysis concerning cell amount differences in dormancy entry was performed by unpaired
student’s t-test, whereas those in dormancy exit were analyzed by repeated two-way ANOVA with
Bonferroni post test. Gene regulation upon TMZ stimulation was statistically interpreted by paired
student’s t-test (data shown in B, C and D were obtained with technical assistance and provided by
Professor Dr. Dr. Janka Held-Feindt).

Since dormancy is one major process contributing to tumor malignancy, it is of high
interest to identify those genes, that affect and are affected by dormancy. In line with
other studies, that aimed at a comprehensive knowledge about dormancy entrance and



4 Results 51

exit mechanisms [Tong et al., 2018, Magnus et al., 2014], a mRNA-microarray analysis
of LN229 cells, that have been stimulated with a subletal dose of TMZ ± chemokine
mix and afterwards recovered from treatment as previously described, was performed.
The obtained information regarding selectively regulated genes in dormancy entrance
and escape, that are additionally selectively modulated by chemokine stimulation,
were provided by Professor Dr. Dr. Janka Held-Feindt for this project. In order to
confirm a selective regulation of individual genes, LN229 cells were stimulated with
TMZ ± CXCL12, CXCL16 and CX3CL1 for ten days followed by a recovery pe-
riod of 15 days without chemotherapeutic treatment. Ultimately, the gene expression
and protein synthesis of particular genes were analyzed after ten days of classical
treatment (dormancy) as well as after further 15 days of recovery (reawakening) re-
vealing that chemokine ligand CCL2 and serum amyloid A2 (SAA2) were upregulated
upon classical therapy with TMZ for ten days, and follistatin-like 3 (FSTL3), vascu-
lar endothelial growth factor (VEGF) C as well as thrombospondin type-1 domain
containing 4 (THSD4) after additional 15 days without TMZ stimulation (fig. 4.3).
Moreover, this upregulation was decreased for all genes when cells were additionally
stimulated with CXCL12, CXCL16 and CX3CL1.

Figure 4.3: Regulation of dormancy entry and exit by inflammatory conditions is mimicked
by the differential expression of certain genes. To verify the effect of inflammation on identified
dormancy- and reawakening-related genes, at first, the basic gene expression levels were detected in
LN229 by qRT-PCR (n=3). Additionally, tumor cells were treated with 500µM TMZ or DMSO,
respectively, ± chemokine mix including 2 nM CXCL12, CXCL16 and CX3CL1 for ten days fol-
lowed by 15 days without chemotherapeutic but ± chemokine stimulation. Regulation of identified
dormancy- and reawakening-associated genes was determined after ten and 25 days of stimulation
by qRT-PCR and Western Blot (n=6, OD=optical density). Statistical analysis of gene regulation
upon TMZ treatment was performed by repeated two-way ANOVA with Bonferroni post test, while
comparison of effects with and without chemokines were analyzed by paired student’s t test (data
were obtained with technical assistance and provided by Professor Dr. Dr. Janka Held-Feindt).
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Assuming that regulation of CCL2 and SAA2 plays an important function in dor-
mancy entry and FSTL3, THSD4, VEGFC represent essential factors in the reawak-
ening of tumor cells, the reduced increase of gene expression and protein synthesis
upon chemokine administration contributed to the hypothesis, that dormancy entry
as well as exit is delayed by CXCL12, CXCL16 and CX3CL1 signaling in glioblastoma
cells.

Figure 4.4: Dormancy- and reawakening-associated genes are expressed in solid GBM tumor
samples. In order to strengthen the attributed roles of dormancy- and reawakening-relevant markers
ex vivo, solid tumor sections of GBMs were stained by immunohistochemistry regarding the presence
and co-staining of CCL2, SAA2, FSTL3, THSD4 and VEGFC proteins (green and red). Nuclei are
depicted in blue. White bars indicate 20µm.

In order to verify the appearance and distribution of the identified genes, that are per-
tinent to dormancy entry and exit, in tumor tissue, solid human glioblastoma sections
of primary and recurrent tumors were fluorescently stained ex vivo by immunohisto-
chemistry concerning the respective proteins. In fact, all proteins were abundantly
found in both primary and relapsed glioblastomas. Interestingly, CCL2 and SAA2

as well as THSD4 and FSTL3 showed partial co-staining with each other, whereas
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VEGFC revealed a unique staining without co-occurence of THSD4 or FSTL3. Fur-
thermore, CCL2-positive cells showed a pronounced co-staining with VEGFC, in parts
also for THSD4 but no co-staining with FSTL3. In contrast, SAA2 was almost exclu-
sively co-stained with FSTL3 and THSD4 but only partially with VEGFC (fig. 4.4).
Summarizing, the expression of identified dormancy-related and reawakening-
associated markers was not restricted to dormant or respective recovered tumor cells
and not particularly related to primary or recurrent tumors.

4.1.3 Identified dormancy- and reawakening-marker expression is distinctively
modulated by single chemokines

The previous results revealed that upon an experimental induction of a pro-
inflammatory tumor environment during chemotherapeutic treatment, mimicked by
the simultaneous co-stimulation with the inflammatory chemokines CXCL12, CXCL16

and CX3CL1, LN229 cells showed a delayed entry into chemotherapeutically induced
cellular dormancy as well as a delayed exit from dormancy. In connection to this,
individual genes were identified, that were upregulated in dormancy entry and escape
but less upregulated upon administration of the chemokine mix indicating for their
relevance in dormancy mechanisms and supporting the hypothesis that inflammatory
conditions modulate dormancy processes.
After it was proven, that the mixture of CXCL12, CXCL16 and CX3CL1 affected
not only dormancy entry but also reawakening of glioma cells, in the following, it
had to be clarified whether a single chemokine individually impacts on special dor-
mancy or reawakening mechanisms. For this purpose, the influence of single chemokine
treatment, co-administered to TMZ during dormancy and reawakening periods, was
analyzed in glioma cells with respect to the denoted gene expression regulations,
that played roles in dormancy entry and escape. To confirm the particular impact
of individual chemokines upon dormancy/reawakening modifications, signaling was
abolished either by CRISPR/Cas9 deletion [Jinek et al., 2012] of the receptor CXCR7

and the transmembrane ligands CXCL16 and CX3CL1 in GBM cells (success of trans-
fection on mRNA and protein level is visualized in fig. 4.5A, B) or by co-stimulation
with AMD3100, a specific inhibitor for CXCR4 signaling [Schols et al., 1997]. Inter-
estingly, stimulation of untransfected LN229 cells with TMZ plus single chemokine
application revealed no significant reduced regulation of CCL2 or SAA2 compared
to TMZ application without chemokines (white bars, fig. 4.5C, D, E). Nonetheless, a
significant decreased upregulation of CCL2 and SAA2 became visible when stimulat-
ing CXCR7-negative cells with CXCL12 indicating a relevance of CXCL12-CXCR4

signaling on the regulation of dormancy-associated gene expression (dark grey bars,
fig. 4.5C). Further, the effects diminished in AMD3100 co-stimulated CRISPR/Cas9-
CXCR7 cells (dark grey bars with stripes, fig. 4.5C). Since AMD3100 inhibits CXCR4



4 Results 54

signaling, solely CXCL12-CXCR4 signaling seemed to be improtant for the regula-
tion of CCL2 and SAA2. In contrast, CXCL12 stimulation had no impact on the
regulation of reawakening-related gene expression, neither via CXCL12-CXCR4 nor
CXCL12-CXCR7 signaling, because untransfected cells, that were stimulated with
AMD3100 concomitant to TMZ, showed no modulation of the analyzed gene expres-
sion (light grey bars with stripes, 4.5C). Thus, signaling via CXCR7 did not influence
dormancy entry and exit at all (fig. 4.5C). Nevertheless, while CXCL16 and CX3CL1

showed no impact on the modification of dormancy entry, both affected the alteration
of reawakening-associated gene expression. Both chemokines significantly reduced the
upregulation of THSD4 in control cells (white and light grey bars, fig. 4.5D, E). In
conformity, no significant regulation was observed upon CXCL16 or CX3CL1 stim-
ulation in cells with CXCL16- and CX3CL1-knock down (dark grey bars, fig. 4.5D,
E). However, the modifications of FSTL3 and VEGFC expression were ambiguous.
Individual stimulation with both chemokines CXCL16 and CX3CL1 decreased the
upregulation of VEGFC in untransfected, recovered LN229 cells (white bars, fig.
4.5D, E), whereas this effect became only slightly visible in CRISPR/Cas9-control
transfected glioma cells, which was particularly more pronounced in case of CX3CL1

co-treatment (light grey bars, fig. 4.5D, E). Knock-down of CXCL16 or CX3CL1

led to no significant regulation of VEGFC expression compared to TMZ-treated cells
(dark grey bars, fig. 4.5D, E). Interestingly, FSTL3 expression was neither consid-
erably modulated by singular CXCL16 nor CX3CL1 administration in control cells
(white and light grey bars, fig. 4.5D, E). Also individual CXCL12 stimulation did not
result in significant regulation of FSTL3 via CXCR4 or CXCR7 or both (fig. 4.5C).
Summarizing, the expression of the analyzed markers, that were associated to dor-
mancy entry, was altered by CXCL12 but not CXCL16 or CX3CL1. Moreover, the
regulation by CXCL12 was related to CXCR4 but not CXCR7 signaling. Thus, par-
ticular CXCL12-CXCR4 signaling might play an important role in the delay of dor-
mancy entry, mimicked in the modulation of CCL2 and SAA2 expression. In addition,
CXCR7 might overlay this effect, since cells, that had both receptors, did not show
an alteration in the regulation of both analyzed genes. This proposed a relevant
role of dormancy mechanisms concerning glioma stem cells, as those are character-
ized by an augmented CXCR4 expression [Ma et al., 2008, Ehtesham et al., 2009,
Flüh et al., 2016]. Furthermore, CXCL12 was not attributed to the delay of reawak-
ening of tumor cells, resembled by an altered modification of VEGFC, FSTL3 and
THSD4 expression. In contrast, CXCL16 and CX3CL1 similarly contributed to the
reduced upregulation of THSD4, while the modulation of FSTL3 seemed to rely on
the co-stimulation of at least CXCL16 and CX3CL1 or all three chemokines, because
individual chemokine stimulation did not result in a significant, different regulation of
FSTL3 expression. The modification of VEGFC expression was equally affected by
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CXCL16 and CX3CL1 administration in untransfected cells but not in CRISPR/Cas9-
control cells, suggesting an impact of transfection. Nevertheless, inverse signaling of
CXCL16 and CX3CL1 might be important in the delay of reawakening of GBM cells.

Figure 4.5: Particular gene regulation of dormancy- and reawakening-associated genes upon
individual chemokine stimulation. For clear assignment of the identified gene regulation of dor-
mancy and reawakening markers to stimulation of single chemokines, CXCR7, CXCL16 and CX3CL1
expression was modified by CRISPR/Cas9 knock-out of the respective genes in LN229 cells. To
confirm the successful transfection, CRISPR/Cas9-transfected LN229 cells were stained by immuno-
cytochemistry (n=2, A) as well as analyzed by qRT-PCR (n=3-7, B) regarding the expression of
CXCR7, CXCL16 and CX3CL1. To identify specific gene regulation by single chemokine administra-
tion, native LN229 as well as LN229-CRISPR/Cas9-control and the corresponding CRISPR/Cas9-
chemokine clones were stimulated with 500µM TMZ ± 2 nM CXCL12 or CXCL16 or CX3CL1 for
ten days with respect to the receptor or ligand, responsible for signaling. Additionally, LN229-
CRISPR/Cas9-control and CRISPR/Cas9-CXCR7 cells were treated with 10µM AMD3100 to in-
hibit CXCR4 signaling. Afterwards, pretreated cells were left without therapy with TMZ, but were
further stimulated with 2nM of the respective chemokine for 15 days. Ultimately, gene expression
of CCL2, SAA2, THSD4, FSTL3 and VEGFC was analyzed by qRT-PCR after ten or 25 days,
respectively. The data are depicted as n-fold gene regulation by additional chemokine stimulation
compared to single TMZ treatment (n=4-5, C-E). Statistical analysis of CRISPR/Cas9 transfection
was performed by unpaired student’s t test. Furthermore, differences according to distinct chemokine
stimulation of native LN229 cells were analyzed by repeated one-way ANOVA with Dunnett post
test, whereas regulations in CRISPR/Cas9-transfected cells concerning additional chemokine admin-
istration and superordinate comparisons between different clones were tested by paired student’s t
test.
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4.2 Comparative analysis of alternative therapeutics and

treatment schemes for GBM therapy

Concluding from the previous results, that glioblastoma cells tended to escape clas-
sical chemotherapy with temozolomide into cellular dormancy, having the ability to
reawake and induce tumor growth, it is important to develop alternative treatments.
Apparently, the introduction of other therapeutic compounds, that address cells in a
different manner compared to TMZ or enhance TMZ sensitivity and multi-drug ad-
ministrations, are attractive possibilities to avoid chemoresistance [Torres et al., 2011,
Yu et al., 2015, Marinelli et al., 2018, Shao et al., 2019, Herrlinger et al., 2019]. In
order to identify promising alternative compounds for GBM therapy and perform a
comprehensive study on multi-drug application schemes, on the one hand, quinacrine
(QXN), chloroquine (CQ) and its derivate hydroxychloroquine (HCQ) as autophagy
inhibitors [Golden et al., 2015], showing beneficial cytotoxic effects in glioma stud-
ies [Rosenfeld et al., 2014, Sotelo et al., 2006], were chosen, since chemoresistance is
partly attained by the induction of autophagy through TMZ [Lin et al., 2012]. On
the other hand, due to its pro-apoptotic function by binding B-cell lymphoma (Bcl-)2
proteins [Kitada et al., 2003], the natural polyphenol AT101 has already been used
in GBM therapy approaches [Bushunow et al., 1999, Jarzabek et al., 2014], revealing
a higher cytotoxicity on tumor cells compared to gossypol, its racemic form [Varol
et al., 2009, Blackstaffe et al., 1997].
In order to find suitable concentrations for long-term stimulation experiments, two
different GBM cell lines with distinct molecular profiles (see supplementary fig. A.1)
were stimulated with different amounts of the classical drug TMZ and the alter-
natives AT101, QXN, CQ and HCQ. The cytotoxic effect of each drug was deter-
mined by calculating the percentage of dead cells and the n-fold alive cells com-
pared to control-stimulated cells after three days of treatment (fig. 4.6). Inter-
estingly relatively high concentrations of TMZ were needed to achieve clear cy-
totoxic effects (IC50A172=314µM, IC50LN229=137µM), whereas AT101 and QXN
were highly cytotoxic even at very low concentrations in both cell lines (AT101:
IC50A172=1.6µM, IC50LN229=3.2µM and QXN: IC50A172=1.4µM, IC50LN229=1.5µM,
fig. 4.6). CQ and HCQ revealed moderate effects on cytotoxicity, but heavily reduced
the amount of alive cells with stronger effects of HCQ compared to CQ in LN229

cells (CQ: IC50A172=13.9µM, IC50LN229=14.3µM and HCQ: IC50A172=16.5µM,
IC50LN229=9.5µM, fig. 4.6B). Although QXN and AT101 seemed to be the most
promising candidates for alternative GBM therapy, comparative experiments with
normal astrocytes (performed by Christina Schmitt, Institute of Anatomy) revealed
that astrocytes were even more affected by QXN and CQ. Hence, beside the classical
therapeutic TMZ, AT101 and HCQ were chosen for further studies and concentra-
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tions were adjusted according to IC50 values and to liquor/plasma concentrations in
treated patients [Ostermann et al., 2004, Zerp et al., 2015, Rosenfeld et al., 2014].

Figure 4.6: Cytotoxic effects of different concentrations of classical and alternative drugs
on GBM cell lines. In order to establish suitable concentrations for further experiments regarding
alternative treatments for glioblastomas, two distinct GBM cell lines, A172 (A) and LN229 (B), were
stimulated with increasing concentrations of the classical therapeutic TMZ as well as alternative
compounds such as AT101, QXN, CQ and HCQ for three days. The cytotoxic effect was determined
by measurement of dead cells by CytoTox-FluorTM Cytotoxicity Assay and counting of alive cells.
The data are displayed as percentage of dead cells compared to the whole cell number (bars) and
n-fold viability compared to the control stimulation (dots and lines, n=1).

For the analysis of suitable drug-drug combinations and therapy schemes including
the administration of alternative therapeutics (AT101, HCQ) additive to TMZ, a
long-term stimulation model was applied, in which all stimulated cells including the
control were cultivated for one week without detachment and re-seeding, thereby
avoiding false positive cytotoxic results related to cell splitting. However, medium
was exchanged after three days to allow for the constant availability of nutrients
and re-application of therapeutics. Within this long-term stimulation, different drug-
administration possibilities were employed including not only stimulations with each
compound individually or in simultaneous combination with each other, but also
sequential application of different drugs and drug combinations (all tested versions in
time-dependent schemes are depicted in fig. 4.7A, B and C).
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Figure 4.7: Cytotoxic effects of various treatment schemes with classical and alternative
drugs on GBM cells and astrocytes. After determining suitable alternative drugs and concentra-
tions for glioblastoma treatment, two different glioma cell lines, A172 and LN229, were stimulated
according to various treatment schemes with 50µM TMZ and 2.5µM AT101 or 6µM HCQ, respec-
tively, for six days. Treatment regimen included either an initial stimulation with TMZ for three
days followed by a further therapy with TMZ, an alternative drug or a combination of classical and
alternative drug for additional three days (A), a first stimulation with an alternative compound
and the subsequent treatment with the alternative, the classical or the combination of both drugs
(B) or starting with a combined treatment with TMZ plus AT101 or HCQ, progressing with this
combination or single drug administration (C). The cytotoxicity including n-fold percentage of dead
cells and the growth rate was studied after three and six days of stimulation. For comparison, be-
side GBM cell stimulation, normal astrocytes (SVGA) were treated likewise by Christina Schmitt
(Institute of Anatomy). Summarized results are depicted in a heatmap (D), in which the standard
therapy (TMZ for six days) is colored yellow. Accordingly, a higher amount of dead cells as well as
lower proliferation rates compared to standard treatment (augmented cytotoxic effect of the drug)
are depicted in green colors in case of glioma cells and vice-versa conditions in deeper shades of red.
As opposed to this, a lower amount of dead cells and higher growth rates of astrocytes (less harmful
for SVGA) are colored in green and the opposite in red (n=3-4, adapted from Adamski et al. [2018],
attached in the appendix).

To discover the best therapeutic scheme, that could also operate in vivo, not only two
GBM cell lines, A172 and LN229, but also a normal astrocytic cell line, SVGA, (per-
formed by Christina Schmitt, Institute of Anatomy) were treated with the evaluated
strategies. Furthermore, both the amount of dead and of alive cells were measured
after three and after six days of treatment in order to determine the toxic effect with
respect to relative numbers of dead cells and growth rates of cells as the balance of
dying and dividing cells is important when estimating drug cytotoxicity. Since the
improvement of the classical GBM chemotherapy with TMZ was focussed, all results
were compared to the effect of single TMZ treatment for the whole stimulation period.
In detail, less harmful effects of the treatment regimen on SVGA (astrocytes) com-
pared to TMZ administration, displayed as enhanced growth rates and lower amounts
of dead cells, are colored green. Accordingly, an increased cytotoxicity of the therapy
scheme on glioma cells, depicted as decreased growth rates and a higher amount of
dead cells, are also visualized in green. In fact, the individual application of alterna-
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tive drugs showed enhanced growth rates and less toxicity on SVGA (green colors)
compared to TMZ treatment, but did not yield increased cytotoxicity in GBM cells
(red colors, fig. 4.7D). In contrast, especially simultaneous multi-drug administration
of TMZ and HCQ severely affected glioma cells (green), but also SVGA (red). Inter-
estingly, simultaneous co-stimulation with TMZ and AT101 yielded promising effects
for GBM cells as well as astrocytes (green colors). Moreover, sequential therapy, in
which TMZ was only applied during the first three days but AT101 the whole six
days, was less harmful for astrocytes compared to simultaneous treatment, while the
increased cytotoxicity in glioma cell lines was maintained (fig. 4.7D). Equally, sequen-
tial application of TMZ for three days, then HCQ for further three days, represented
the most promising stimulation scheme concerning TMZ and HCQ administration. In
conclusion, multi-drug administration was favorable in comparison with single drug
treatment. However, especially sequential treatment schemes were more protective for
normal brain cells but remained cytotoxic for tumor cells, thereby representing the
most beneficial way of therapy (these results were published in Adamski et al. [2018],
which is attached in the appendix).
Besides, in order to estimate influence of inflammation on investigated therapy
schemes, GBM cells were co-stimulated with CXCL12 as an inflammatory media-
tor during the whole stimulation period. Indeed, no remarkable differences were mea-
sured upon CXCL12 co-administration regarding cytotoxic effects of therapeutics and
therapeutic combinations in A172 and LN229 cells (supplementary fig. A.2).

4.2.1 Co-culturing of GBM and normal brain cells resulted in different
cytotoxic effects of a selected, sequential stimulation scheme compared
to mono-culturing

Although CXCL12 administration, resembling an inflammatory environment common
in GBMs [Stevens et al., 1988], did not show any effect on the investigated stimula-
tion strategies, it is highly relevant to consider the tumor microenvironment into GBM
therapy. Hereby, beside endothelial cells of tumor vessels in particular astrocytes and
microglia play important roles as those cells are most abundant in GBM microenvi-
ronment [Calabrese et al., 2007, Roggendorf et al., 1996, Zeiner et al., 2018, Morantz
et al., 1979, Rossi et al., 1967]. On one side, considering targets for treatment beside
tumor cells also normal brain cells are affected by therapeutic compounds. On the
other side, especially astrocytes and microglia impact chemoresistance and therapy
outcome [Yang et al., 2014, Komohara et al., 2008, Bettinger et al., 2002]. Espe-
cially after a subtotal resection of the tumor, depending on tumor location, age of
patient and medical performance [Kreth et al., 1994, Byun et al., 2019], the influence
of cells different from tumor cells becomes critical. Therefore, an incomplete-resection
co-culture model was established (described in 3.2.1.5.2) including a defined ratio of
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70% primary tumor cells (116/14, 118/14), 29% microglia (HMC3) and 1% astrocytes
(SVGA).
To determine differences in the treatment efficiency on mono- and co-culture, those
cells were co-cultured with indirect contact to each other across membranes with pores
and mono-cultured with respect to same cell densities in culture dishes in line with
the co-culture. As shown before (chapter 4.2), sequential treatment approaches were
prefered over single or combined applications of classical (TMZ) and alternative drugs
(AT101, HCQ). Hence, the efficiency of the particular, promising sequential adminis-
tration of TMZ for the first three days and AT101 for the whole stimulation period
(TMZ+AT101/AT101) was analyzed in co- and mono-cultures.
Indeed, GBM primary cultures with different molecular profiles (see supplementary
fig. A.1), 116/14 and 118/14, were heavily affected even though to different extents
by the treatment regardless of culture conditions shown by increased amounts of dead
cells (fig. 4.8A, C) and also stagnating (118/14) or even decreasing (116/14) growth
rates (fig. 4.8B, D). Interestingly, the efficiency of stimulation was slightly reduced in
GBM primary cultures after six days with respect to percentage of dead cells, when
co-cultured with astrocytes and microglia (fig. 4.8A, C) suggesting a protective role
of normal brain cells in tumor therapy. Furthermore, in particular the growth of pri-
mary culture 116/14 was significantly augmented under mono- compared to co-culture
conditions (fig. 4.8B). Concerning normal brain cells, microglia revealed no notable
differences in cytotoxicity with respect to the sequential treatment scheme for mono-
and co-culture situations concerning both primary cultures (fig. 4.8). However, mi-
croglia grew faster if co-cultured with 118/14, which was independent of stimulus (fig.
4.8D). In contrast to this, astrocytes were significantly affected by the treatment to a
lower extent compared to tumor cells, though. Nevertheless, this effect was elevated
under co-culture conditions, especially with 118/14 cells regarding amounts of dead
cells (fig. 4.8A, C). Surprisingly, although control-stimulated astrocytes proliferated
better if co-cultured (fig. 4.8B), numbers of dead cells were also increased without
the sequential application of TMZ and AT101 in a co-culture situation (fig. 4.8A, C).
In conclusion, astrocytes and microglia seemed to tendencially protect GBM cells from
therapy mimicked in slightly reduced percentages of dead cells in primary cultures.
As opposed to this, the presence of glioma cells not only increased cell death in astro-
cytes resembled by a higher degree of dead cells in the DMSO-stimulated co-culture
compared to the respective mono-culture, but also severely affected the sensitivity
of astrocytes to treatment. Microglia were not harmed differently in a co-culture
situations.
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Figure 4.8: Cytotoxic effects of sequential application of TMZ and AT101 in an incomplete-
resection co-culture model. Two distinct GBM primary cultures, 116/14 (A, C) and 118/14 (B,
D), were stimulated according to a previously evaluated, promising sequential application scheme
with 50µM TMZ for the first three days and 2.5µM AT101 during the whole stimulation period of
six days (see chapter 4.2) or DMSO, respectively. Simultaneously, normal astrocytes (SVGA) and
microglia (HMC3) were co-cultivated with each primary culture as described in chapter 3.2.1.5.2
and therefore, were also treated regarding this sequential strategy. For comparison, mono-cultures
of tumor and normal brain cells were stimulated, respectively. After three and six days of treatment,
the amount of dead and alive cells were measured (n=3). The data are depicted as percentage of
dead cells (A, B) and growth rates of cells (C, D) for mono- (dots) and co-cultures (squares). To
compare percentage of dead cells in mono-cultures concerning the treatment, statistical analysis was
performed by paired student’s t test for each day, while treatment significance in co-cultures was
analyzed by repeated two-way ANOVA with Bonferroni post-test for each day. Furthermore, mono-
versus co-culture effects were compared by repeated two-way ANOVA with Bonferroni post-test for
each day. Growth rates for every cell type were statistically analyzed by a repeated two-way ANOVA
with Bonferroni post-test.

4.3 Conquer blood-brain barrier restrictions

Beside the introduction of alternative therapeutics for GBM therapy, one major chal-
lenge of therapeutic compounds is their passaging across the blood-brain barrier in
order to reach the tumor cells. Indeed, under tumor conditions the blood-brain barrier
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becomes slightly leaky at angiogenic sites, therefore passaging of molecules is enhanced
[Yuan et al., 1995]. However, since drugs are classically administered orally like TMZ
[Newlands et al., 1992], only small amounts of drugs reach the brain tissue or liquor
but they are rather efficiently eliminated in the body [Baker et al., 1999, Ostermann
et al., 2004]. To conquer the blood-brain barrier, different attempts were pursued in
this study including drug encapsulation in nanoparticles and the development of a
drug-loaded 3D network for its use as local implant.

4.3.1 TMZ is processed in water-based solutions resulting in reduced
cytotoxic effects in GBM cells

Taking account of TMZ as classical therapeutic and AT101 as promising compound
for GBM therapy (cf. chapter 4.2), their application in alternative treatment ap-
proaches like nanomedicine and local administration was considered. Once present in
the brain, drugs circulate in the cerebrospinal fluid and diffuse in brain tissue, where
they reach their destination (reviewed in Hendricks et al. [2015]). As circulation and
diffusion are time-dependent factors, it is highly important that drugs are chemically
stable in brain liquor and retain their cytotoxic effect under in-vivo conditions.
The chemical stability of TMZ and AT101 was determined by their photometric ac-
tivity in artificial cerebrospinal fluid (aCSF) solution containing small amounts of
proteins (cf. tab. 3.2). A freshly prepared solution of TMZ showed a specific absorp-
tion spectrum between 250 − 450 nm with a maximum at λ = 330 nm in line with
literature values [Andrasi et al., 2011] (black line, fig. 4.9A, top). However, upon in-
cubation at 37◦C/5% CO2 for 24 h, the absorption spectrum of TMZ in aCSF changed
dramatically and the maximum shifted to approx. λ = 265 nm (red, green and blue
lines, fig. 4.9A, top) indicating a processing of TMZ. In fact, temozolomide is rapidly
metabolized in solutions with neutral to basic pH to 3-methyl-(triazen-1-yl)imidazole-
4-carboxamide (MTIC), its active form, and further hydrolyzed to 5-amino-imidazole-
4-carboxamide (AIC) [Denny et al., 1994, Andrasi et al., 2010, Lopes et al., 2013].
As opposed to this, AT101 absorption spectra differed only to a minor degree regard-
ing the incubation time of the drug in solution at 37◦C/5% CO2 for 24, 48 and 72 h
(fig. 4.9A bottom) suggesting a higher chemical stability of AT101 in an aqueous
solution at body temperature compared to TMZ. The common absorption maximum
at λ = 373 nm [Marciniak et al., 1989, Adams and Kirkpatrick, 1938, Frampton et al.,
1948] was shifted to approx. λ = 390 nm and showed little decrease in intensity upon
the period of incubation (red, green and blue lines, fig. 4.9A, bottom). In fact, the
exact value for the absorption maximum between 357 − 393 nm is dependent on the
solvent [Marciniak et al., 1989]. Nevertheless, the other common absorption maximum
at λ = 289 nm [Marciniak et al., 1989, Adams and Kirkpatrick, 1938, Frampton et al.,
1948] was overlaid by another broad absorption peak but the absorption intensity was
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stable during the incubation period. Additionally, increasing concentrations of AT101

showed a linear dependency at λ = 289 nm (fig. 4.9A, in-picture).

Figure 4.9: Cytotoxic effect of pre-incubated drugs in water-based solutions. To establish
whether TMZ and AT101 are quantitatively detectable via UV/Vis spectroscopy in water-based
solutions, 50µM TMZ and 5µM AT101 were diluted in aCSF solution and UV/Vis spectra from
250 − 450 nm were measured immediately (black lines, A) and after 24 (red), 48 (green) and 72 h
(blue) of incubation at 37◦C/5% CO2. Additionally, different concentrations of AT101 were adjusted
in aCSF solution and a linear regression was calculated based on absorbance values at 289 nm (in-
picture, A, n=4). Furthermore, in order to estimate cytotoxic effects of pre-incubated drugs, 50µM
TMZ as well as 5µM AT101 were diluted in stimulation medium and incubated at 37◦C/5% CO2 for
24 h. Subsequently, GBM primary cultures, 116/14 (B) and 118/14 (C), were treated with 50µM
TMZ or 5µM AT101, either freshly diluted in stimulation medium or pre-incubated for 24 h or
DMSO, respectively. Numbers of dead and alive cells were determined after three and six days of
treatment (n=2).

In compliance with previous results from GBM cell lines (cf. chapter 4.2), freshly
prepared solutions of TMZ and AT101 yielded high (TMZ) and moderate (AT101)
amounts of dead cells in GBM primary cultures 116/14 (fig. 4.9B) and 118/14 (fig.
4.9C), that show distinct molecular patterns (supplementary fig. A.1), in a long-term
stimulation model. Interestingly, pre-incubation of TMZ at cell-culture conditions for
24 h led to a reduction of its cytotoxicity to levels comparable with DMSO-stimulated
cells. In contrast, pre-incubation of AT101 yielded different effects. While the per-
centage of dead 116/14 cells was decreased to 6.31% (12.7% in case of fresh AT101)
after six days of treatment (fig. 4.9B), the amount of dead 118/14 cells remained
stable (fig. 4.9C).
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Summarizing, TMZ was quickly processed in water-based solutions with physiologi-
cal pH, leading to an almost complete omission of its cytotoxicity in glioma primary
cultures, whereas no hint for metabolization was given and only minor variances in
cytotoxicity were observed regarding AT101.

4.3.2 Nanoparticle production to improve bioavailability and cytotoxicity of
AT101

After discovering the instability of TMZ in salt solutions of physiological pH result-
ing in its inability to induce cell death in primary glioma cells, AT101 was chosen
for further studies on alternative routes of therapy, while oral TMZ administration
additional to alternative strategies with other compounds was considered to be suffi-
cient. In general, AT101 had a high cytotoxicity on GBM cells of different molecular
expression profiles at relatively low concentrations (5 − 10µM) compared to other
therapeutics (cf. chapter 4.2). However, experiments on normal brain cells, such
as astrocytes and microglia, that were performed by Christina Schmitt (Institute of
Anatomy) revealed a critial response of both cell lines to such amounts of AT101.
In contrast, lower concentrations (2.5µM) were less harmful for normal brain cells
but hardly attacked the glioma cell viability when applied singularily (cf. chapter
4.2, Adamski et al. [2018]). Considering other side effects, gossypol was also shown
to have severe impacts on the hepatic system in treated patients [Bushunow et al.,
1999] and is rapidly eliminated within the body [Wu et al., 1986, Jia et al., 2008]. In
fact, nanoparticles, in particular cubosomes, qualified by a high potential of loading of
various drugs [Wyatt and Dorschel, 1992, Changm and Bodmeier, 1997], partly based
on their highly ordered cubic structure, which is spontaneously formed [Lutton, 1965,
Larsson, 1983], represent a promising device in order to overcome the limited bioavail-
ability of AT101 and increase its cytotoxicity on glioma cells. Further advantage is
taken of the ability of nanoparticles to increase the amount of drug, that passes the
blood-brain barrier [Kreuter and Gelperina, 2008] and to prevent AT101 from binding
to e.g. blood-plasma proteins or else [Cater and Lyman, 1969, Dabrowski et al., 2001].
Hence, 10% (w/w) AT101 was encapsulated into cubosomes made of glyceryl
monooleate (GMO) and pluronic F-127 yielding a high entrapment efficiency (EE [%],
97.7% ± 1.8) and a drug loading capacity of 9.9% ± 0.05. Cubosome preparation and
characterization was performed in cooperation with the NanoBioMedical Centre of the
Adam Mickiewicz University in Poznań (Poland). Visualization of blank cubosomes
by cryo-transmission electron microscopy (cyro-TEM) revealed the cubosomal struc-
ture of particles of roughly 150 nm in diameter. Indeed, AT101 loading yielded smaller
cubosomes and some additional liposomal-shaped particles (fig. 4.10). Interestingly,
the characterization of blank and AT101-loaded cubosomes by dynamic light scatter-
ing (DLS) confirmed the assumption that GMO-AT101 nanoparticles were smaller in
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size compared to unloaded particles (tab. 4.1). Additionally, the ζ or electrokinetic
potential, describing the electrostatic repulsion between neighbored colloidal particles
[Hunter et al., 2013], was significantly reduced upon AT101 loading in cubosomes
(p=0.002, n=3), while other factors, such as z-average size, the intensity-weighted
average particle size, and the polydispersity index (PDI), defining the heterogeneity
of the sizes of particles (ISO 22412:2017), did not differ between both samples (tab.
4.1).

Figure 4.10: Morphologic analysis of blank and AT101-loaded GMO nanoparticles by cryo-
TEM. The white bars indicate 200 nm.

Table 4.1: Characterization of blank and AT101-loaded GMO nanoparticles by DLS.

Z-average size [nm] PDI Size [nm] ζ potential [mV]
GMO 129.5 ± 14.2 0.167 ± 0.012 74.1 ± 10.0 −18.6 ± 1.6

GMO-AT101 120.3 ± 6.2 0.183 ± 0.021 65.3 ± 8.2 −33.7 ± 3.5

4.3.2.1 AT101 enhances the stability of cubosomal-structured nanoparticles
In fact, the ζ potential correlates with the stability of colloidal particles in suspension
[Joffe and Mudd, 1935, Heiati et al., 1998] as the electrical repulsion of adjacent
particles indicates the possibility of aggregation of those. Thus, a ζ potential above
±30mV implies good stability (reviewed in Wissing et al. [2004]) assuming that GMO-
AT101 cubosomes were more stable than unloaded ones (tab. 4.1). To confirm this
hypothesis, long-term stability of AT101-loaded and unloaded GMO cubosomes at
room (25◦C) and body temperature (37◦C) was investigated by DLS measurements
for at total of 17 days. Indeed, no changes of the PDI and the ζ potential were observed
neither regarding the time nor concerning the storage temperature (fig. 4.11A).
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Figure 4.11: Stability measurements of blank and AT101-loaded GMO cubosomes. In
order to estimate changes in the long-term stability upon AT101 loading, GMO (spheres) and GMO-
AT101 cubosomes (squares) were stored either at 25◦C (black) or 37◦C (red) for 17 days. In between,
characterization of nanoparticles concerning the z-average size, the polydispersity index, particle size
by number and ζ potential was performed by DLS measurements after one, three, seven, ten, 14 and
17 days (A, n=3). Furthermore, thermal stability and physical behavior of GMO (B) and GMO-
AT101 (C) nanoparticles were determined by differential scanning calorimetry (DSC) measurements.

However, the z-average size of GMO unloaded particles was notably enhanced after
ten days of storage at 37◦C, whereas the z-average size of GMO-AT101 cubosomes
fluctuated during the whole storage period but did not strikingly change during the
time period of 17 days (fig. 4.11A). This effect was even more prominent when an-
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alyzing the size distribution calculated by the number, in which they appear. Here,
blank GMO cubosomes increased in size already after three days of storage at 37◦C.
In contrast, AT101 loading into GMO nanoparticles resulted in a delayed expansion
in size not before 17 days of storage at 37◦C compared to their unloaded counterparts
(fig. 4.11A).
Furthermore, GMO and GMO-AT101 cubosomes were analyzed regarding their sta-
bility at a working temperature range between 15◦C and 80◦C by DSC measurements.
In general, GMO cubosomal systems show no phase transition within this temperature
range, while the lipid itself does (supplementary fig. A.3, Bei et al. [2010], Shi et al.
[2017]). This indicated for the stability of those colloidal particles since no melting
or crystallization process was measured. Nevertheless, by having a closer look on the
spectra of unloaded GMO cubosomes, a slight transition between 22◦C and 24◦C be-
came obvious (fig. 4.11B). Intriguingly, this transition was not visible in GMO-AT101

particles (fig. 4.11C). In conclusion, AT101 loading into GMO cubosomes yielded an
increased stability of nanoparticles.

4.3.2.2 AT101 encapsulation into cubosomes increases its cytotoxicity in GBM
cells
Increasing the drug stability and bioavailability as well as the possibility to improve
the cytotoxic effect of AT101 on glioma cells were purposes for the encapsulation of
AT101 into GMO cubosomal-structured nanoparticles. A controlled release of the
drug from cubosomes was essential in order to obtain drug-related cytotoxic effects.
Thus, as cells in the brain are surrounded by fluctuating CSF (see review of Hendricks
et al. [2015]), release measurements were performed at physicologic conditions (37◦C,
continuous stirring) in artificial CSF solution for 72 h. Indeed, approx. 20% AT101 of
the whole encapsulated amount were released from GMO cubosomes within the first
24 h. Then, the release was decelerated but constant, reaching an average of 34.79%

after 72 h (fig. 4.12, left), thereby guaranteeing AT101 to attack cells. The release
kinetic was best defined by the Higuchi model by plotting the cumulative amount of
released AT101 versus the square root of the time [Higuchi, 1961, 1963].
As glioma tumors are not planar, two-dimensional layers of cells, but rather three-
dimensional clusters or tumor spheroids [Rubinstein et al., 1973, Bailey and Cushing,
1928], the ability of particles to penetrate into 3D tumor spheroids was of high im-
portance. To visualize the uptake efficiency of GMO-AT101 cubosomes in 3D glioma
spheroids as well as into the cell body, those were stained with Nile Red and spheroid
margins were defined by Concanavalin A respective β-Catenin in the case of 2D cell
layers. In fact, GMO-AT101 showed a high penetration into LN229 as well as A172

spheroids after 24 h of stimulation (fig. 4.13A, B, left). Moreover, a closer look on 2D
cell layers also revealed a good uptake of GMO-AT101 cubosomes into single glioma
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Figure 4.12: AT101 release from GMO cubosomes. To calculate the release kinetic of AT101-
loaded cubosomes at physiologic conditions, 500µl GMO-AT101 cubosome dispersion were filled
into a dialysis bag, which was placed in 20ml aCSF solution. The amount of released AT101 was
determined spectrophotometrically at λ = 289nm after 3, 6, 24, 48 and 72 h of continuous stirring at
37◦C (left, n=3). To define the release kinetic, the Higuchi model, in which the cumulative release
is plotted against the square root of the time, was applied (right).

cells (fig. 4.13A, B, right, indicated by white arrows). This direct transfer into cells
might improve the cytotoxicity of AT101.
In general, GMO cubosomes are known to be biocompatible at low concentrations
[Abdel-Bar and El Basset Sanad, 2017]. Thus, the cytotoxicity of unloaded GMO
cubosomes was evaluated in two different GBM cell lines (LN229, A172) with distinct
molecular profiles (supplementary fig. A.1), human astrocytes (SVGA) and microglia
(HMC3). Hereby, blank/empty or unloaded GMO cubosomes revealed the highest
cytotoxicity on HMC3 cells (IC50HMC3=32.5 µg

ml , fig. 4.13C). In contrast, LN229,
A172 and SVGA cells were less affected by GMO treatment (IC50LN229=54.8 µg

ml ,
IC50A172=64.5 µg

ml , IC50SVGA=51.7 µg
ml , fig. 4.13C). Therefore, the biocompatibility of

blank GMO cubosomes was also limited to low concentrations. Hence, for the fol-
lowing experiments, AT101 was encapsulated at 10% (w/w) into GMO cubosomes in
order to reach a maximal applied concentration of 19.5 µg

ml particles, which was almost
tolerable for all cells but to aim therapeutically relevant concentrations of AT101 (2.5
and 3.75µM).
The cytotoxic effects of different concentrations of encapsulated AT101 in GMO cu-
bosomes compared to equal concentrations of free AT101 in solution and blank cubo-
somes, respectively, was investigated in LN229 as well as A172 GBM cells and human
astrocytes and microglia after 72 h of stimulation. Hereby, low concentrations of free
AT101 in solution had no (2.5µM) or only small (3.75µM AT101) cytotoxic effects
on GBM cell lines (fig. 4.13D, left) but showed a somewhat higher impact on the
viability of astrocytes and microglia (fig. 4.13D, right). However, by the encapsula-
tion of AT101 into cubosomes, the cytotoxicity was significantly increased in LN229

cells compared to DMSO-stimulated cells but also to 2.5µM freely applied AT101

(fig. 4.13D, left). This effect was less pronounced at a concentration of 3.75µM free
or encapsulated AT101. In addition, same amounts of blank GMO cubosomes were
not toxic to LN229, thereby underlining the improvement of the cytotoxic effect of
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AT101 upon encapsulation. In conformity albeit less strikingly, similar results were
obtained with A172 cells (fig. 4.13D, left). Interestingly, although the administration
of free AT101 reduced the viability of SVGA and HMC3 cells to a small degree, no
significant enhancement of this effect but rather a slightly less toxic response, in par-
ticular in case of astrocytes, was observed with GMO-AT101 cubosomes (fig. 4.13D,
right). Nevertheless, at higher concentrations of cubosomes themselves, correspond-
ing to 3.75µM AT101, the viability of HMC3 was somewhat affected (fig. 4.13D,
right), which is explained by their stronger response to empty cubosomes shown in
fig. 4.13C.

Figure 4.13: Cytotoxic efficiency of AT101 encapsulation on GBM cells, astrocytes and
microglia. In order to prove the uptake of particles, AT101-loaded GMO cubosomes were stained
with Nile Red 24 h before stimulation. Afterwards, LN229 (A) and A172 (B) native cells as well as
spheroids, made by cultivation on agarose for six days, were stimulated with stained GMO-AT101
nanoparticles for 24 h. Then, spheroids were further stained with Concanavalin A (green) to allow
for cell membrane identification. Furthermore, native cells fixed on a cover slip were stained with
β-Catenin (green) to define the cell body. The nuclei were marked in blue, white bars indicate 50µm
(n=2). To estimate the biocompatibility of blank GMO cubosomes, two different GBM cell lines,
LN229 and A172, as well as human astrocytes (SVGA) and microglia (HMC3) were stimulated with
increasing concentrations from 13 µg

ml to 100 µg
ml cubosomes for 72 h. The amount of alive cells was

measured by WST-1 assay and the data are plotted as n-fold viability compared to the unstimulated
control (B, n=3). In addition, the cytotoxic efficiency of encapsulated AT101 versus free drug and
blank cubosomes, respectively, was determined in GBM and normal brain cells by WST-1 assay
after 72 h of stimulation with two different concentrations of AT101 (2.5µM and 3.75µM, D, n=3-
4). Statistical analysis was performed by repeated one-way ANOVA followed by Tukey post-test for
each concentration.
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In summary, AT101-loaded GMO cubosomal-structured nanoparticles showed a great
penetration efficiency in 3D tumor spheroids and were well taken up by single cells.
Moreover, AT101 was continuously released at physiologic conditions. Upon encapsu-
lation, the cytotoxic effect of AT101 on GBM cells was increased compared to directly
applied drug. As opposed to this, normal brain cells were equally or slightly less af-
fected compared to free drug administration.
To further underline the enhanced efficiency of encapsulated AT101 in comparison
with the free application, GBM cell lines (LN229 and A172) were analyzed regard-
ing their time-dependent cytoskeletal rearrangement for at total of 24 h on protein
and mRNA level. During the execution phase of apoptosis, the cytoskeleton has
to reorganize to ensure the induction of the typically known features of an apop-
totic cell including cell contraction, plasma membrane blebbing and else [Kerr et al.,
1972, Laster and Mackenzie, 1996]. Besides microtubules and intermediate filaments,
actin rearrangement and shortening of fibers is essential for nuclear fragmentation and
membrane blebbing [Coleman et al., 2001, Wickman et al., 2013, Seo and Rhee, 2018].
Actin fibers are bound by Phalloidin, a fluorescently-marked toxin from the death cap
mushroom [Lengsfeld et al., 1974], of which was taken advantage for visualization of
actin remodelling upon stimulation of cells with free AT101, GMO-AT101 and the
respective controls.
Remarkably, a network of actin fibers was still visible after six hours of treatment with
free AT101 in LN229 cells and in controls, respectively, while GMO-AT101 adminis-
tration yielded slight condensation of actin fibers at poles accompanied by decreased
intensity of stained actin (fig. 4.14A, bottom). After 24 h of stimulation, condensation
of fibers became visible with free AT101 treatment as well (fig. 4.14A, bottom). The
impact on actin was not only observed on protein but also on mRNA level as β-actin
(ACTB) was significantly downregulated in cells stimulated with free and encapsu-
lated AT101 for 24 h (fig. 4.14A, top). Interestingly, cyclin-dependent kinase inhibitor
1A (CDKN1A), which is associated with microtubule integrity [Stewart et al., 1999,
Mantel et al., 2002, Blajeski et al., 2002, Lee and Helfman, 2004], was highly upreg-
ulated upon treatment with free AT101. However, this increased expression was not
observed in GMO-AT101-stimulated cells (fig. 4.14A, top). Moreover, a further pro-
tein associated with microtubule function, microtubule-associated protein 2 (MAP2)
[Herzog and Weber, 1978, Kim et al., 1979, Zhang and Dong, 2012, Uzdensky et al.,
2012], was not transcriptionally regulated in AT101-stimulated GBM cells but signif-
icantly downregulated upon the administration of GMO-AT101 cubosomes compared
to DMSO stimulation, noting that blank GMO cubosomes also showed an impact on
the regulation albeit not significant (fig. 4.14A, top).
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Figure 4.14: Cytoskeletal changes mediated by GMO-AT101 compared to free AT101 in
glioma cells. Upon stimulation of LN229 (A) and A172 (B) cells with 26 µg

ml GMO-AT101 or 5µM
AT101, respectively, cytoskeletal rearrangement occured after 6 and 24 h. In more detail, after
stimulation, cells were either stained with Phalloidin (green) to visualize the cytoskeleton (bottom,
n=2) or harvested and the transcriptional regulation of ACTB, CDKN1A and MAP2 was determined
after 24 h (top, n=3). The white bars indicate 20µm, the nuclei were stained in blue. Gene expression
was statistically analyzed by repeated one-way ANOVA followed by Tukey post-test for each gene.

Indeed, in case of A172 cells the alteration of the actin fiber network upon treat-
ment with GMO-AT101 was less pronounced compared to LN229 cells. While con-
trols and AT101-treated cells showed an indifferent staining of actin in the cell body,
some areas of condensed actin were observed upon GMO-AT101 stimulation after six
hours (fig. 4.14B, bottom). After 24 h, the intensity of actin decreased even more in
GMO-AT101-treated A172, whereas a more condensed staining of actin was visible
in controls (fig. 4.14B, bottom). Nevertheless, on transcriptional level ACTB was
clearly downregulated upon GMO-AT101 treatment but not in case of free AT101

administration (fig. 4.14B, top). Furthermore, no regulation of MAP2 was detected
in AT101-treated A172 cells, while the expression was significantly decreased when
stimulated with GMO-AT101 indicating for a change in the microtubule network (fig.
4.14B, top).
In conclusion, administration of AT101, encapsulated in GMO cubosomes, resulted in
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an earlier rearrangement of actin cytoskeleton and a partial downregulation of ACTB
compared to free AT101 treatment suggesting an earlier entry into apoptosis. In addi-
tion, the expression of other cytoskeletal markers associated to microtubule formation
was significantly altered upon GMO-AT101 compared to free AT101 stimulation also
pointing to a dysregulation of the cytoskeleton. This might underline the improved
cytotoxicity of GMO-AT101 compared to free AT101 application shown in fig. 4.13D.

4.3.3 Development of a suitable device for local GBM therapy

As mentioned before, advantages of the encapsulation of AT101 into nanoparticles for
its use in brain-tumor therapy are, besides others, the potential shielding of the drug
from its metabolization or chemical reactivity [Kenar, 2006] and binding to plasma
particles [Cater and Lyman, 1969, Dabrowski et al., 2001] as well as a possible in-
crease of its limited bioavailability [Jia et al., 2008]. Although nanoparticles generally
profit from an enhanced passive passaging through the blood-brain barrier compared
to unencapsulated molecules [Kreuter and Gelperina, 2008], another apparent oppor-
tunity to bypass blood-brain barrier restrictions and reduce foreign-body side effects
of therapeutics is to develop implant materials for local administration of therapeu-
tics. In the following, different material approaches were developed in collaboratory
work with material scientists and tested regarding their applicability for local GBM
therapy.

4.3.3.1 Released Zn2+ ions from scaffolds in combination with AT101 show
heterogenous cytotoxic effects in GBM cells
In order to find an appropriate template with a high drug-loading capacity, that
is easy to manufacture and variable in size guaranteeing an improved, prolonged
release of therapeutic compared to already locally used Gliadel R© wafers [Brem et al.,
1991], different approaches were followed in the first case. Hereby, a network of
ZnO tetrapods represented the best suited device due to its simple production and
tunability as well as its high surface-to-volume ratio and great free-volume space
(> 90% porosity), which causes its drug-loading potential [Mishra et al., 2015, 2013,
Hölken et al., 2016]. This tetrapodal ZnO network was produced by Florian Rasch
(Institute for Materials Science) and provided for in-vitro experiments for this project.
The network of ZnO tetrapods was successfully fabricated by the interconnection of
single arms of ZnO tetrapods on a microscale leading to a large free-volume space
and a great surface-to-volume ratio with a porosity of 94.7% (fig. 4.15A). In order to
estimate the biocompatibility of the ZnO template, at first, the potential release of
Zn2+ ions from the bulk material was investigated by incubation of the template in
culture medium at 37◦C/5% CO2 for six days. The quantitative determination of the
Zn2+ ions at different time points revealed a continuous release of Zn2+, which was
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kinetically described by the Higuchi model within the first 48 h (fig. 4.15B, black line).
After 72 h of incubation, the Zn2+ concentration reached an averaged maximum of
15.12 µg

ml , which was almost stable until the sixth day of further analysis. This maximal
measured concentration was linked to a saturation of Zn2+ ions in the culture medium
rather than a gained inactivity of the template as an exchange of the template after
72 h did not lead to a further, significant increase of Zn2+ concentration (16.68 µg

ml , fig.
4.15B, red line). In contrast, exchanging the culture medium but retaining the ZnO
template again resulted in the release of Zn2+ ions to a maximum of 14.49 µg

ml after
further 72 h (fig. 4.15B, green line).

Figure 4.15: Combined-treatment effect of Zn2+ ions released from tetrapodal ZnO net-
works plus AT101 on primary GBM cells. 3D tetrapodal ZnO-network templates were produced
in collaboration with Florian Rasch (Institute for Materials Science), who also provided scanning
electron microscopy (SEM) pictures (A). The release of Zn2+ ions from such templates was mea-
sured spectrophotometrically via Zincon complexation at λ = 620 nm under cell-culture conditions
in culture medium at 37◦C/5% CO2 over six days (B, left, black line). In between, either the
template (red line) or the medium (green line) was exchanged after three days of incubation. To
define the release kinetic, the Higuchi model, in which the cumulative release is plotted against the
square root of the time, was used for the first 48 h (B, right). According to DIN EN ISO 10993-12,
conditioned Zn2+-culture medium was prepared and tested for in-vitro cytotoxicity following DIN
EN ISO 10993-5 regulations. GBM primary cultures 27/07, 116/14 and 118/14 were stimulated
with increasing concentrations of Zn2+ in medium either with (green line) or without (black line)
2.5µM AT101. After six days, the n-fold viability of cells was determined by standard cell-counting
technique (C).

In a next step, the biocompatibility of the tetrapodal ZnO network was examined fo-
cussing on its in-vitro cytotoxicity on three primary glioma cultures of different gene
expression profiles (supplementary fig. A.1). Accordingly, normal brain cells (astro-
cytes and microglia) were tested likewise by Christina Schmitt (Institute of Anatomy).
For this purpose, conditioned medium was prepared in accordance with DIN EN ISO
10993-12 by incubation at 37◦C/5% CO2 for 72 h. Then, the viability of primary GBM
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cells, stimulated with increasing concentrations of Zn2+ ions in culture medium for six
days, was determined following DIN EN ISO 10993-5 regulations. Interestingly, the
primary glioma cultures 27/07 and 116/14 were almost not affected by cumulating
amounts of Zn2+ ions, while the viability of 118/14 cells was markedly reduced with
10 and 15 µg

ml Zn2+ ions in the medium (fig. 4.15C, black lines). As the tetrapodal
ZnO networks potentially served as scaffolds to use them as drug-loading devices for
local application releasing AT101 as promosing candidate for alternative GBM ther-
apy accompanied by systemic TMZ administration (cf. chapters 4.2, 4.3.1, 4.3.2),
the combined cytotoxic effect of increasing amounts of released Zn2+ ions plus 2.5µM
AT101 was investigated. Indeed, the primary GBM cultures differentially responsed
to single AT101 treatment with 27/07 showing the highest viability, whereas 116/14

and 118/14 were heavily affected by AT101 (fig. 4.15C, green lines). However, the
cytotoxic effect of AT101 was either not changed or slightly antagonized with increas-
ing Zn2+ concentrations (fig. 4.15C, green lines).
In summary, Zn2+ ions were continuously released from tetrapodal ZnO networks un-
til their saturation in cell-culture medium. In case of primary GBM cells, ZnO itself
showed no cytotoxicity except for 118/14 cells but negatively influenced the cytotoxic
effect of AT101 at higher Zn2+ concentrations, though. Moreover, a closer look on
the response of normal brain cells on Zn2+ ions revealed a relatively high potential of
Zn2+ to reduce the viability of astrocytes and microglia at 10µg

ml (SVGA) and only 5 µg
ml

(HMC3). When co-administering AT101, the viability of astrocytes and microglia was
even more decreased (data provided by Christina Schmitt (Institute of Anatomy)).
Nevertheless, in a second attempt, the drug-loading capacity and release potential of
the tetrapodal ZnO network was investigated. Therefore, a high amount of AT101 was
loaded onto the template by wet infiltration. In order to guarantee a homogeneous
distribution of AT101 across the ZnO network, it was mixed with poly(L-lactide-co-
caprolactone) (PLCL) solution, which was shown to homogeneously cover the tetrapo-
dal ZnO structures beforehand (data owned by Florian Rasch (Institute for Materials
Science)). Indeed, PLCL shows a great biocompatibility, therefore it is widely used
for tissue engineering [Jeong et al., 2004, Vaquette et al., 2008]. It was also taken
advantage of its slow biodegradability [Hiljanen-Vainio et al., 1997], thereby poten-
tially slowly releasing the trapped AT101. Coverage performance of AT101-PLCL
was visualized by SEM imaging carried out by Florian Rasch (Institute for Materials
Science). The polymer was recognized as undulated layer on the tetrapodal arms of
ZnO (fig. 4.16A). In line with previous findings, Zn2+ was released at an average of 8

to 10 µg
ml over 48 h under cell-culture conditions in the presence of primary GBM cells,

which continued for six days with an exchange of medium after every measurement
(fig. 4.16B, left). However, AT101 release was characterized by a burst effect within
the first two days reaching a mean concentration of 32.9µM between both primary
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cells, an almost 13-fold higher amount of AT101 compared to the previously used,
therapeutically relevant concentration. This release was rapidly decreasing after the
following four days to 7.1µM and 1.3µM, respectively, to less therapeutically relevant
concentrations (fig. 4.16B, right).
Beside the analysis of the Zn2+ and AT101 release from the template in the presence
of cells, its cytotoxic effect on two primary GBM cells was determined during six
days of indirect incubation. For this purpose, primary GBM cells were stimulated via
indirect contact with the ZnO-AT101-PLCL template across a Millicell R© cell culture
insert membrane for six days. During the first four days of stimulation, the template
showed a good tumor growth control of 27/07 and 116/14 primary glioma cells. Nev-
ertheless, tumor cells tended to re-initate proliferation between day 4 and 6, which
was even more prominent in 27/07 cells (fig. 4.16C).
Summarizing, Zn2+ ions were continuously released from ZnO networks covered with
AT101-PLCL every 48 h comparable to previous findings. In contrast, AT101 release
was described by a burst effect with rapidly decreasing concentrations thereafter lead-
ing to an initial tumor growth control of primary GBM cells, that were able to recover
afterwards. In conclusion, the tetrapodal ZnO network was characterized by a great
drug-loading potential. However, on the one hand, the drug release had to be adjusted
to lower, more constant levels. On the other hand, the amount of released Zn ions
was slightly cytotoxic for astrocytes and microglia. Thus, the use of ZnO as template
material was ineligible.

Figure 4.16: Indirect stimulation of primary GBM cells with an AT101-PLCL-covered
ZnO-network template. The ZnO-network template was infiltrated six times with 1mM AT101-
PLCL-DMSO solution and dried in between, guaranteeing homogeneous distribution of AT101-PLCL
on the ZnO network (A, kindly provided by Florian Rasch (Institute of Materials Science)). GBM
primary cultures 27/07 and 116/14 were indirectly stimulated with this ZnO-AT101-PLCL template
for six days at 37◦C/5% CO2. The release of Zn2+ ions was determined spectrophotometrically via
Zincon complexation at λ = 620nm after two, four and six days (B). Furthermore, AT101 release
was measured spectrophotometrically at λ = 289 nm likewise (B). Every second day the medium
was renewed and cell amounts were counted after two, four and six days of stimulation. The data
are plotted as growth rates of cells (C).
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4.3.3.2 Adjustment of the release of AT101 from a three-dimensional PDMS
network
To overcome potentially unwanted side effects of released Zn2+ ions from tetrapodal
ZnO networks but to retain the advantage of such networks with respect to high
drug-loading capacities, biocompatibility, mechanical stability, technical variability
and chemical resistance, in collaboratory work with Christina Schmitt (Institute of
Anatomy) and Florian Rasch (Institute for Materials Science) different approaches
were investigated. At first, the ZnO network was loaded with drug (AT101) diluted
in PLCL-DMSO solution to guarantee a homogeneous distribution of the therapeutic
on the tetrapodal network as well as to impede a burst release of AT101 (described
in the previous chapter 4.3.3.1, illustrated in fig. 4.17A). Nevertheless, ZnO was
only moderately biocompatible in case of astrocytes and microglia and AT101 was
rapidly released despite PLCL. Therefore, in a second attempt, ZnO was replaced
by poly(dimethylsiloxane) (PDMS), a biocompatible, under physiological conditions
non-degradable, elastic polymer (for review see Belanger and Marois [2001]). For this
purpose, the free volume of the ZnO network was filled with wax. Then, the ZnO
was etched out by acetic acid leaving a hollow channel network, that was filled with
PDMS. Afterwards, the wax was removed by melting at 40◦C (fig. 4.17B). However,
although PDMS is known to be insoluble in DMSO [Lee et al., 2003], after infiltra-
tion of AT101-PLCL-DMSO solution, the network collapsed probably caused by too
high shear forces between tetrapodal arms. The last followed attempt included the
coverage of the ZnO network by PDMS. In accordance with the previous approach,
the ZnO was etched out by acetic acid yielding a PDMS sponge with a tetrapodal
channel network (fig. 4.17C). Additionally, outer channels were uncovered by a short
treatment with hexane to ensure proper drug loading and release.
The visualization of the surface of the PDMS template by SEM displayed many open
holes representing entrances into the channel network in the inside of the sponge (fig.
4.18A). In a next step, AT101 was loaded into this network by vacuum infiltration
within distinct AT101 concentrations in an 1:2 ratio of aCSF-DMSO solution with-
out supplemented BSA in aCSF to avoid AT101-binding to serum proteins. In order
to develop a device with a high drug-loading capacity and an optimal, continuous
release of therapeutically relevant concentrations over a long-time period as well as
an almost linear release kinetic of the drug, different parameters were changed and
adjusted. The criteria for assessment of adjusted parameters was the release of AT101

in aCSF solution at 37◦C/5% CO2 under continuous shaking for three days.
In the first place, the influence of the channel density (porosity) of the PDMS network
on the AT101 release was investigated. For this purpose, different amounts of ZnO
tetrapods were pressed into the template structure to form ZnO networks of differ-
ent channel densities, which were, in turn, inherited by the PDMS channel network.
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Afterwards, all different channel properties were filled with 5mM AT101 stock solu-
tion and analyzed regarding their drug release after 24, 48 and 72 h. Interestingly,
only 0.5µM AT101 was released from 0.9 g

cm3 -channel density networks after 24 h,
that were not re-detected after 48 and 72 h depicting the detection range of AT101

in the solution (fig. 4.18B, white columns). In fact, by increasing the channel den-
sity to 1.2 or 1.5 g

cm3 , more stable concentrations were measured, that hardly reached
therapeutically relevant concentrations (approx. 1.3µM AT101). However, no signif-
icant difference was observed between 1.2 and 1.5 g

cm3 channel densities (fig. 4.18B,
grey columns). By ultimately duplicating the channel density to 2.7 g

cm3 , the release
of AT101 was continuously increasing during the measurement period up to 2.1µM
at day 3, thereby nearly reaching therapeutically relevant concentrations for in-vitro
experiments with GBM cells (fig. 4.18B, black column).

Figure 4.17: Different approaches of 3D networks for local glioma therapy. In collaboration
with Florian Rasch (Institute for Materials Science) and Christina Schmitt (Institute of Anatomy)
different templates for their use in local glioma therapy were produced. In a first attempt, a tetrapo-
dal ZnO network was infiltrated with a solution of AT101-PLCL in DMSO (cf. chapter 4.3.3.1,
A). Second, the tetrapodal ZnO network was covered with wax. Afterwards, ZnO was etched out
leaving hollow channels in wax, that were filled with PDMS. The wax was removed by melting.
Ultimately, the tetrapodal PDMS network was infiltrated with AT101 solution (B). In a third ap-
proach, the tetrapodal ZnO network was embedded in PDMS and etched out subsequently. Then,
the tetrapodal, hollow channels in PDMS were filled with AT101 solution (C).

In order to enhance the release of AT101 in smaller networks (1.5 g
cm3 ), the PDMS

channels were coated with graphene oxide, which also shows in-vitro biocompatibility
(Unagolla and Jayasuriya [2019], for reviews see Gurunathan and Kim [2016], Liao
et al. [2018]), thus taking advantage of the potential repulsive effect of graphene oxide
on the hydrophobic compound AT101 [Zou et al., 2017] and disturbing the potential
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strong interaction between hydrophobic AT101 and hydrophobic PDMS. Nevertheless,
the addition of a graphene layer onto the PDMS channels did not yield a relevant
increase in the release of AT101 after 72 h of incubation (fig. 4.18C).

Figure 4.18: Adjustment of different parameters and their effect on AT101 release from
PDMS scaffolds. PDMS scaffolds were produced on the basis of tetrapodal ZnO networks in col-
laboration with Florian Rasch (Institute for Materials Science) resulting in a PDMS template with
a tetrapodal channel network (cf. fig. 4.17C, A, kindly provided by Florian Rasch (Institute for
Materials Science)). Next, the PDMS scaffold was filled with AT101 solution. To achieve an opti-
mal release of AT101 from PDMS scaffolds in aCSF solution under cell-culture conditions, different
parameters such as various channel densities (B), coating with graphene (C) and increasing con-
centrations of AT101 for the infiltration of different channel densities (0.9 g

cm3 or 2.7 g
cm3 , D) were

adjusted. Finally, the release kinetic of AT101 with respect to the identified, best-working parame-
ters was determined using the Higuchi model, plotting the cumulative release against the square root
of the time, within the first 24 h (E, data were obtained with technical assistance of the master’s
student Rieke Johanna Meyer).

Finally, the concentration of AT101 in the infiltration solution was comparatively ad-
justed for 0.9 and 2.7 g

cm3 -channel densities, in order to achieve higher release rates.
In fact, increasing the amount of AT101 captured inside the PDMS channels heav-
ily influenced the released concentration. While an infiltration with 5mM AT101 in
0.9 g

cm3 -density networks only yielded maximal released concentrations of 0.5µM, in-
filtrating the 5-fold amount of AT101 led to a release of over 11.5µM after 72 h (fig.
4.18D, left). In comparison, by the infiltration of 25mM AT101 solution in networks
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of 2.7 g
cm3 density, the release was even doubled to 21.1µM after 72 h, additionally

revealing a continuous increase of the AT101 concentration between 24 and 72 h (fig.
4.18D, right). However, therapeutically relevant concentrations were best obtained
with 2.7 g

cm3 -channel density and 10mM AT101 in the infiltration solution resulting
in a constant release of drug within 24 h, then reaching a plateau with a maximum
of 6.25µM after 72 h (fig. 4.18E, left). The release kinetic was best described by the
Higuchi model during the first 24 h (fig. 4.18E, right).
In summary, the PDMS template with a tetrapodal channel network showed great
drug-loading capacity. By adjusting different parameters, such as channel density
and the amount of infiltrated AT101, the release of the therapeutic compound was
variously triggered. In this case, the optimal fitting parameters for in-vitro application
were a channel density of 2.7 g

cm3 and an infiltration with 10mM AT101. Nevertheless,
astrocytes and especially microglia were shown to be heavily affected by 5µM AT101

and above, that were released using such parameters. Therefore, lower amounts of
AT101 have to be loaded into the PDMS sponge. After fine-tuning, this device rep-
resents the basis for initial in-vitro experiments for GBM therapy and advancement
of the controlled, long-term drug release.



5 Discussion 80

5 Discussion

Glioblastoma Multiforme represents one of the most aggressive primary brain tumors
with by far the highest death rate among all other tumor types in western coun-
tries [American Cancer Society, 2018]. Surgical resection and concomitant radio- and
chemotherapy fail to control tumor re-growth, therefore the median progression-free
survival only reaches eight months [Rapp et al., 2017]. Additionally, on average more
than 94 of 100 patients die within five years after a distressing period of repeated
surgeries and weakening therapy [Ostrom et al., 2018]. The reasons behind the insuf-
ficient response of the tumor to therapy causing the poor prognosis for patients and
the high mortality rate are not yet comprehensively understood. The tumor hetero-
geneity, expressed by the existence of cell subpopulations with distinct abilities [Wang
et al., 2017b, Aubry et al., 2015, Singh et al., 2003, Claes et al., 2007] and the close
communication of the tumor with its microenvironment (reviewed by Quail and Joyce
[2017]) embody two identified aspects impeding GBM therapy. Hence, this study was
devoted to unveil the key aspects and their relative impact on glioma therapy, in order
to overcome the current limitations of treatment and improve the patients’ outcome
by the development of new approaches and the introduction of alternatives of therapy.

5.1 Tumor dormancy as therapy-escape mechanism

A key role of high importance in the tumor’s development of therapy-escape mecha-
nisms is tumor dormancy, that has recently been defined as new hallmark of cancer
[Yeh and Ramaswamy, 2015]. Dormancy explains a state, in which the tumor remains
occult and not expanding for a long time period [MacKie et al., 2003]. This has
mainly been investigated and reviewed for metastatic breast cancer and melanoma
[Senft and Ronai, 2016, Dittmer, 2017], but also contributes to the poor therapy
outcome in glioblastomas [Tong et al., 2018]. Concerning breast and melanoma can-
cers, especially circulating tumor cells (CTCs), orignated from the primary tumor,
that entered the circulation to disseminate and persist in foreign tissues until their
metastatic progression, were typically known as dormant cancer cells (reviewed by
Dasgupta et al. [2017]). Although only very rare cases of extracranial metastases
of glioblastomas have been observed [Zhen et al., 2010, Tanaka et al., 2014], Müller
et al. [2014] were the first, who proved the existence of glioma CTCs. However, local
recurrences of gliomas within the primary tumor-margin zone and beyond represent
the common problems of therapy [Hochberg and Pruitt, 1980, Watanabe et al., 1992].
Relapses evolve from a solitary group of cells, that have resisted classical therapy
regimen. Therefore, the characterization of those persisting tumor cells was part of
this project.
In general, it is distinguished between cellular and tumor-mass dormancy, which is
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divided in an angiogenic and immunogenic type [Naumov et al., 2002, 2006, Koebel
et al., 2007]. While angiogenic dormancy has already been studied several times in
regard to glioblastomas by Naumov et al. [2002, 2006], Almog et al. [2009], Satchi-
Fainaro et al. [2012], Tiram et al. [2018], the focus of this study was laid on the
cellular dormancy of GBM tumors, in which individual cells enter a temporary cell-
cycle arrest [Hadfield, 1954]. Indeed, a long-term treatment with a subletal dose of
the classic chemotherapeutic temozolomide (TMZ) partly induced cellular dormancy
in vitro in GBM cell lines. Dormancy entrance was dependent on the responsiveness
of the glioma cell line to TMZ, wherefore those cells, that were heavily affected by
TMZ stimulation, escaped into cellular dormancy and those, that were only moder-
ately affected, did not show a dormant phenotype (fig. 4.1, Adamski et al. [2017a]).
Intriguingly, these distinct sensitivities to therapy were accompanied with the dif-
ferent molecular expression of EGFR, PDGFRA, NF1 and CDKN1A of the glioma
cell lines associated to glioblastoma subtypes (supplementary fig. A.1, Verhaak et al.
[2010]). In fact, resistance to TMZ has already been linked to the induction of a
G2-M cell-cycle arrest, in which growth arrest and DNA damage-inducible protein 45
α (GADD45α) upregulation as well as the activation of Wnt/β-Catenin and Akt sig-
naling pathways were relevant factors [Hirose et al., 2001, Yi et al., 2016, Wang et al.,
2017a]. Beyond that, the expression of the dormancy-related genes H2BK, IGFBP5
and EphA5 was elevated in those TMZ-treated, unproliferative glioma cells indicating
a link of the cell-cycle arrest induced by TMZ to cellular dormancy (fig. 4.1, Adamski
et al. [2017a]).
Besides the induction of the expression of dormancy-associated markers, GBM cell
lines additionally upregulated typical stem cell markers such as MSI1, KLF4 and
OCT4 and the ability of spheroid formation was increased upon TMZ stimulation,
thereby pointing to a connection between dormancy and self-renewal abilities (fig.
4.1, Adamski et al. [2017a]). Indeed, TMZ resistance has already been linked to
an augmented expression of cluster of differentiation 133 (CD133 ), a common stem
cell marker [Perazzoli et al., 2015]. Vice versa, quiescence, an unproliferative state
induced by growth factor depletion (reviewed in Blagosklonny [2011]), is a general
feature of many stem cells of different tissues, but was also attributed to tumor stem
cells, especially those in GBM [Deleyrolle et al., 2011, Zeng et al., 2016, Endaya et al.,
2016]. Besides the correlation of stem cell properties with glioma CTCs [Liu et al.,
2018], unproliferative glioma cells are capable of tumor initiation or reactivation in
vivo and show an enhanced TMZ resistance as well as a high self-renewal capacity
[Zeng et al., 2016, Tejero et al., 2019, Galvao et al., 2014], thus contributing to the
overall glioblastoma’s aggressiveness [Campos et al., 2014]. In conclusion, glioma cells
were differently affected by classic chemotherapeutic treatment with TMZ. Further,
those GBM cells, showing a strong responsiveness to TMZ, escaped into cellular dor-
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mancy. Additionally, those dormant glioma cells were also equipped with an increased
self-renewal property, which might facilitate the re-growth of the tumor later on.
Indeed, a molecular-profiling study of Kwon et al. [2015] revealed that recurrent
glioblastomas noticeably express stemness-related genes and upregulated DNA-repair
genes hinting to the therapy-resistent, stem-like phenotype of reawaked tumors. While
chemotherapy seems to induce dormancy entry of tumor cells, those triggers, that
drive tumor reawakening, have not been identified, yet. A look on prokaryotes reveals
that persistent bacteria exit the dormant state when the environmental conditions
are favorable again, e.g. by the addition of growth factors into the medium [Jõers
et al., 2010] indicating that the environment seems to play a pivotal role in tumor
dormancy and reawakening mechanisms, which has also been adressed by Magnus
et al. [2014] in case of GBMs. The tumor microenvironment of gliomas is highly
important for the tumor maintenance and progression as it not only directly shields
the tumor from therapy-induced cell death [Zhang et al., 2019, Lin et al., 2016, Chen
et al., 2015, Yang et al., 2014], but also provides pro-survival and pro-migratory fac-
tors [Ross et al., 2017, Le et al., 2003, Oliveira et al., 2005, Bettinger et al., 2002,
Yeh et al., 2012]. In general, tumor-associated cells such as microglia, astrocytes and
other immune cells are responsible for the induction of an inflammatory response to
attack tumor cells. However, during immunosurveillance, tumor cells, which evaded
their elimination by immune cells, start growing contributing to tumor progression
(reviewed in Dunn et al. [2012]). Meanwhile, tumor-associated immune cells secrete
inflammatory molecules like chemokines, that, in turn, influence tumor progression
in terms of rescue from apoptosis and promoting invasive properties and tumor-cell
proliferation [Ehtesham et al., 2006, Hattermann et al., 2012, 2016b]. Beside the com-
munication between glioma and immune cells, also autocrine and paracrine signaling
of chemokines between tumor cells are highly relevant in glioma cell biology [Ludwig
et al., 2005, Hattermann et al., 2010, Held-Feindt et al., 2010, Hattermann et al.,
2012, 2013, Flüh et al., 2016]. However, the impact of chemokines on dormancy and
reawakening mechanisms in GBM tumors has not been elucidated, yet. In particu-
lar CXCR4, CXCR7, CXCL16 and CX3CL1 have been already attributed to rescue
from apoptosis and proliferation of tumor cells [Hattermann et al., 2010, 2012, 2013,
2016b] and were highly upregulated upon TMZ stimulation, thus potentially impact-
ing tumor dormancy (fig. 4.2D). Indeed, by generating an inflammatory surrounding
through stimulation with the chemokines CXCL12, CXCL16 and CX3CL1, dormancy
entry and exit regulation of TMZ-treated glioblastoma cells was altered in compari-
son with normal conditions. On the one hand, those inflammatory mediators delayed
the entry of glioma cells into cellular dormancy induced by chemotherapeutic treat-
ment. On the other hand, the reawakening process of dormant tumor cells, that were
no longer stimulated with TMZ, was also delayed in an inflammatory environment
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(fig. 4.2A-C). Interestingly, the influence of some chemokines on dormancy-related
pathways have been partly studied in other tumors such as breast cancers. De Cock
et al. [2016] showed that inflammation triggered the escape of metastatic breast-cancer
cells from a dormant phase in lung parenchyma. Accordingly, Tivari et al. [2018] and
Khazali et al. [2018] demonstrated that reawakening of dormant breast-cancer cells is
dependent on the signaling of the inflammatory markers IL-6, IL-8 and transforming
growth factor β 1 (TGFβ1). Contrary to these findings, a downregulation of CXCR4

in metastatic breast-cancer cells has been linked to a restrained proliferation, thus
indicating that CXCR4 signaling is relevant for maintaining tumor cells in a prolifer-
ative state prior to dormancy entry [Nobutani et al., 2015].
A closer look on the transcriptional and translational changes, that occured upon
dormancy entry and reawakening of GBM cells, revealed the discrete upregulation of
CCL2 and SAA2 in dormant cells, which were significantly less upregulated under
pro-inflammatory conditions. Likewise, reawakening of glioma cells was connected to
an augmented expression of FSTL3, VEGFC and THSD4, while the administration
of the inflammatory mediators reduced the extent of upregulation (fig. 4.3). Thus,
those genes seem to be relevant for the maintenance of dormancy or reawakening,
respectively.
Intriguingly, CXCL12-CXCR4 but not CXCL12-CXCR7 signaling was particularly
assigned to delay the entry into dormancy, since single CXCL12 stimulation of LN229

cells with CXCR7-knock down led to a significant, reduced upregulation of CCL2
and SAA2. Interestingly, this effect was only observed when signaling via CXCR7

was abolished by downregulation of the receptor (fig. 4.5C) indicating a special role
of CXCR4 in glioma stem cells, in which CXCR4 is more abundant than CXCR7

[Ehtesham et al., 2009, Flüh et al., 2016]. In contrast, CXCL16 and CX3CL1 inverse
signaling also had no influence (fig. 4.5D, E). Indeed, Goffart et al. [2017] and Hat-
termann et al. [2013] associated the CXCL12-CXCR4 signaling axis to an increased
resistance of glioblastoma-stem cells to radiotherapy and chemotherapy with TMZ.
As opposed to this, particularly CXCR7 expression is correlated with an enhanced
chemoresistance of colon-cancer cells co-stimulated with CXCL12 [Heckmann et al.,
2014], which was neither relevant for the modification of the dormancy entrance nor
reawakening of GBM cells in this study, though (fig. 4.5). In fact, CCL2 expression is
correlated with tumor progression of glioblastomas [Desbaillets et al., 1994, Bowman
and Joyce, 2014]. In connection to that, CCL2 secretion induces the recruitment of mi-
croglia/macrophage and T cells [Platten et al., 2003, Chang et al., 2016], that enhance
the expression of pro-invasive metalloproteinases, thereby promoting tumor invasive-
ness [Zhang et al., 2012, Hussain et al., 2006]. Beyond that, Oh et al. [2001a] observed
an increased expression of CCL2 in glioma cells upon stimulation with CXCL12, thus
assuming a potential role of CXCR4-induced upregulation of CCL2 in inflammation
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and angiogenesis. Moreover, beside others, CXCR4 and CCL2 have been identified as
differentially expressed genes in colon cancer metastases [Chu et al., 2017]. Besides its
additional pro-inflammatory effect on microglia, autocrine SAA2 stimulation of GBM
cells supports resistance to TMZ and induces stem cell marker expression in vivo
[Facci et al., 2018, Hasan et al., 2019]. Moreover, the migratory behavior of glioma
cell lines is differentially affected by long-term TMZ treatment [Adamski et al., 2017c]
and CXCR4 signaling contributes to the glioma invasiveness via autocrine activation
[Ehtesham et al., 2006]. Hence, along with CXCR4, CCL2 and SAA2 might regulate
tumor invasiveness and also immunoediting during unfavorable conditions concerning
tumor-mass expansion (fig. 5.1).
In contrast to that, inverse signaling of CXCL16 and CX3CL1 was important in the de-
layed exit from dormancy, shown by the decreased upregulation of THSD4 and partly
VEGFC (fig. 4.5D, E). Intriguingly, significant FSTL3 regulation was dependent on
stimulation with all three chemokines. Although inverse signaling has been associated
with enhanced proliferation and rescue from apoptosis [Hattermann et al., 2016b],
CXCL16 and CX3CL1 might facilitate the plasticity of dormant tumor cells, thus
contributing to the tumor’s aggressiveness. An awakening or proliferation initiation
of GBM cells represents an in-vitro model for the development of tumor recurrences
in vivo. In quiescent GBM stem-like cells lymphangiogenic factors such as VEGFC
are downregulated [Fiscon et al., 2018]. Moreover, to escape angiogenic dormancy,
a persistent state of tumor growth induced by avascularity, the tumor undergoes an
angiogenic switch characterized by upregulation of vessel formation (reviewed in Al-
mog [2010]). For example, the upregulation of the vascular endothelial growth factors
like VEGFA, which are essential for angiogenesis [Connolly et al., 1989, Leung et al.,
1989], contribute to tumor reawakening [Tabouret et al., 2015]. Therefore, VEGFC
might play similar roles. Interestingly, CX3CL1 has been described as an inflamma-
tory mediator of angiogeneis [Szewczyk et al., 2013]. Stimulation of macrophages with
CX3CL1 results in a reduced expression of VEGFA [Chen et al., 2018] and VEGFC
as well as CX3CL1 are upregulated in spine-derived metastatic lung cancer cells [Cai
et al., 2015]. Contrary to VEGFC induction, repression of thrombospondin-1 activ-
ity induces angiogenesis and proliferation in persistent tumors [Tiram et al., 2018].
Indeed, THSD4 is a protease also known as an ADAM with thrombospondin motifs-
like (ADAMTSL) 6, that was upregulated in tumor reawakening (fig. 4.3). However,
other ADAMs with thrombospondin motifs (ADAMTS4, ADAMTS5) positively im-
pact the proliferation of glioma cells in vitro and potentially promote their invasion
by cleavage of brevican, a major component of brain tissue [Held-Feindt et al., 2006,
Nakada et al., 2005]. Apart from that, FSTL3 is overexpressed in invasive breast
cancers [Bloise et al., 2009] and upregulation of FSTL1, a homolog, increases the
TMZ resistance of GBM cells due to an enhanced expression of MGMT [Nie et al.,
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2019] and is correlated with proliferation and colony formation [Jin et al., 2017].
Nonetheless, no correlation between CXCL16, CX3CL1 or CXCL12-CXCR4-CXCR7

and THSD4 or FSTL3 has been described, yet. Summarizing, distinct functions of
VEGFC, THSD4 and FSTL3 reveal their roles in tumor progression and proliferation
(fig. 5.1). Therefore, especially angiogenic factors seem to be suitable candidates
for therapy improvement. Hence, different studies aim to use anti-angiogenic thera-
peutics like specific inhibitors and certain antibodies in order to increase the patients’
survival [Okuda et al., 2017, Solecki et al., 2019]. However, a comprehensive literature
research of Ameratunga et al. [2018] has revealed that anti-angiogenic therapy neither
shows significant survival benefits for newly diagnosed GBM patients nor for recur-
rent glioblastomas compared to conventional chemotherapy. At least, the authors
have claimed that treatment with the anti-angiogenic drug bevacizumab increased
the progression-free survival of patients.

Figure 5.1: Overview about mechanisms that characterize and regulate dormancy entry
and exit. The induction of dormancy is associated with increased expression of CCL2 and SAA2,
that recruite immune cells, which, in turn, promote tumor migration in an unproliferative state (A).
When left untreated, persistent glioma cells start to re-initiate proliferation, which is characterized
by the induction of THSD4, VEGFC and FSTL3 supporting further proliferation and invasion as
well as angiogenesis (B). Dormancy entry by TMZ stimulation and exit of glioma cells is modulated
by the supply of chemokines by the immunological microenvironment, e.g. microglia (yellow) and
astrocytes (green) (C and D).

Dormancy entrance is not restricted to classical therapy with TMZ or radiation but
rather a general mechanism to adapt to various treatment regimen [Simon et al.,
2018]. Furthermore, since co-stimulation with inflammatory chemokines has revealed
that dormancy is also affected by the tumor microenvironment, simple in-vitro ex-
periments fail to provide reliable information about therapy-escape mechanisms in
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vivo. Therefore, new, complex systems have to be developed to give valid data about
tumor dormancy. However, in the end one question remains: How to deal with tumor
dormancy? In fact, different options exist: 1) Killing of all tumor cells without giving
them the opportunity to enter a dormant state is almost unachievable, since tumor
cells are extremely prone to adapt to environmental changes and, therefore likely es-
cape therapy. 2) Actively inducing dormancy in tumor cells by therapy but keeping
them in a dormant state as long as possible might represent an attractive possibility,
since dormant tumors are not clinically relevant. Albeit some scientists have already
aimed to use dormancy by hyperthermia to delay the evolving of GBM relapses [Wion,
2017], too little is known about those factors that suppress reawakening in order to
successfully keep tumors in the dormant state over a long time period. 3) Actively
awakening of tumor cells or reprogramming of dormancy-related pathways, in order
to improve the susceptibility of tumor cells to therapy, has been intitally investigated
by Tiram et al. [2018]. Nevertheless, the possibility, that the tumor progresses after
dormancy entry and exit, is quite high. Hence, classical therapy might fail to suc-
cessfully kill tumor cells afterwards. In conclusion, a detailed understanding of the
driving forces of therapy-escape mechanisms is of high necessity and the introduction
of alternative therapy approaches might improve the tumor-growth control.

5.2 Alternative chemotherapeutic approaches in a tumor

model system

The general therapy for glioblastomas following maximal-safe surgical resection of the
tumor involves radiation and concomitant chemotherapy with temozolomide [Stupp
et al., 2005]. As stated above and by others, especially chemotherapy fails to suc-
cessfully kill residual tumor cells, since the improvement of applying chemotherapy
to radiotherapy with respect to the median survival of patients comprises only 2.5

months [Stupp et al., 2009].
Tumor cells are prone to adapt to therapy regimen as shown in chapter 4.1.1 and the
following, e.g. by entering a resting state called cellular dormancy. Beside apoptosis
[Hirose et al., 2001], another mechanism of therapy response of tumor cells includes
autophagy [Paglin et al., 2001]. In fact, the induction of autophagy upon TMZ admin-
istration has already been proven by Kanzawa et al. [2004] and Carmo et al. [2011],
who have further claimed that inhibiting autophagy potentially improves the sensi-
tivity of glioma cells to TMZ. When activating autophagy, un- or misfolded proteins,
that e.g. accumulate upon apoptosis induction, are cleared (for review see Lee et al.
[2015c]), therefore autophagy has the potential to protect tumor cells from apoptotic
cell death. In conclusion, the inhibition of autophapy-related pathways increases the
sensitivity of GBM cells to TMZ, which has been already shown by Liu et al. [2013].
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Hence, therapeutic compounds such as quinoline-based drugs, that act by autophagy
blockage (reviewed by Solomon and Lee [2009]), e.g. by inhibiting the activity of heat
shock protein family A member 5 (HSPA5) [Golden et al., 2014], a key regulator of the
unfolded protein response, which is highly upregulated in glioblastomas [Lee et al.,
2008], represent potential alternative targets for glioma therapy. To comprehensively
study the sensitizing effects of different autophagy inhibitors, two GBM cell lines with
distinct extents of the susceptibility to TMZ were chosen. Despite their distinct levels
of TMZ sensitivity, both cell lines (A172 and LN229) seemed to be similarly respon-
sive for single quinacrine, chloroquine (CQ) or hydroxychloroquine (HCQ) treatment
albeit to varying degrees regarding the different drugs themselves. Quinacrine was
most effective, followed by hydroxychloroquine and chloroquine (fig. 4.6). However,
in order to estimate the drugs’ toxicity on normal brain cells, the very same exper-
iment was performed with astrocytes by Christina Schmitt (Institute of Anatomy)
revealing a high cytotoxicity of quinacrine on astrocytes. Thus, HCQ superior to
CQ was chosen for further studies. In the following, various combinatory treatment
schemes of TMZ and HCQ administrations were investigated concerning their cyto-
toxic effects and tumor-growth control on the different chemosensitive glioma cell lines
in a long-term stimulation model of three plus three days of treatment (fig. 4.7A, B,
C). Comparing all results to the standard therapy with TMZ revealed a much lower
cytotoxic profile of those treatment schemes, that began with HCQ. In contrast, espe-
cially treatment regimens, that started with the combined application of TMZ+HCQ
followed by single TMZ or HCQ or even continued combined stimulation, were most
favorable in terms of GBM cytotoxicity (fig. 4.7D). Single HCQ treatment of GBM
cells was propitious to no or control stimulation, in line with results from Golden et al.
[2015] but not to single TMZ application. In comparison, Golden et al. [2014] have
obtained similar results for TMZ+CQ administration. Intriguingly, a clinical trial
of an initial HCQ administration, followed by a combined dose-intense TMZ+HCQ
treatment in advanced solid tumors has revealed a good tolerance of the therapy in
patients. However, assorting to the reduced cytotoxicity of therapy schemes, that
start with HCQ application (fig. 4.7D), only moderate improvements of progression-
free survival have been observed [Rangwala et al., 2014]. Besides, a phase I/II trial
with a combined TMZ+HCQ therapy with low doses of HCQ including radiation has
exhibited an improvement in the median overall survival of two months of patients
younger than 70 years compared to classical therapy regimen. As opposed to this,
high doses of HCQ lead to severe side effects [Rosenfeld et al., 2014]. This implies,
that toxic effects on normal tissue have to be taken into account as well when an-
alyzing drug efficiency on tumor cells. In fact, normal astrocytes well tolerated a
sequential treatment regimen of TMZ at first, followed by HCQ but not the combined
application of TMZ+HCQ, that was, in turn, more promising for GBM cytotoxicity.
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Moreover, all therapy schemes with an initial combined administration of TMZ+HCQ
were unfavorable for astrocytes (fig. 4.7D). Therefore, the sequential approach of TMZ
accompanied by HCQ treatment was determined as most beneficial in this case (fig.
5.2).
In fact, sensitization of GBM cells to chemotherapeutic treatment is not only possible
through the inhibition of autophagy-related pathways, but also through the activation
of autophagy-dependent apoptosis [Torres et al., 2011, Shao et al., 2019]. Since the
inactivation of anti-apoptotic Bcl-2 is a crucial step in autophagic cell death [McCul-
lough et al., 2001], AT101, which acts as a Bcl-2 homolog domain 3 (BH3) mimetic,
binds and, thereby blocks Bcl-2 activation [Kitada et al., 2003]. Hence, it was chosen
for further alternative chemosensitizing studies. Interestingly, AT101 exhibited high
cytotoxic effects at low concentrations on both glioma cell lines, while an even greater
harmful effect was observed in A172 cells, which were less sensitive to TMZ compared
to LN229 cells (fig. 4.6). Moreover, an experiment with normal brain cells, performed
by Christina Schmitt (Institute of Anatomy), noteworthy revealed a low cytotoxicity
of AT101 on normal astrocytes. In fact, a less harmful impact on astrocytes in com-
parison with GBM cells has been already explored according to low concentrations
of ABT-737, another inhibitor of Bcl-2 proteins [Vidomanova et al., 2016]. Thus,
different therapy schemes of AT101 and TMZ were applied to both GBM cell lines
according to the profiles used with HCQ and TMZ (fig. 4.7A, B, C). Intriguingly,
similar effects to HCQ treatment were observed regarding those stimulation schemes,
that started with AT101. In detail, single AT101 treatment as well as initial AT101

administration followed by TMZ or a combined stimulation of TMZ+AT101 affected
GBM cells less than the standard TMZ application. Contrarily, first stimulating
glioma cells with TMZ+AT101 accompanied by single AT101 or continued combined
treatment yielded a greater cytotoxicity and better tumor-growth control compared to
single TMZ stimulation. Furthermore, the therapy regimen, which began with TMZ
at first, then continued with TMZ+AT101 application, was also beneficial (fig. 5.2).
Interestingly, LN229 cells, more sensitive to TMZ, were less affected by this treatment
scheme compared to A172, that are less sensitive to TMZ (fig. 4.7D). Accordingly,
in another study, that focussed on overcoming therapy escape of glioma cells induced
by TMZ, the amount of dead cells of those glioma cells, that responded to TMZ
treatment to high degrees, was not increased upon co-stimulation of TMZ+AT101

after an initial period with TMZ. In contrast, A172, that were less affected by ini-
tial TMZ administration, were effectively addressed by the combined concomitant
therapy of TMZ+AT101 (fig. 4.1, Adamski et al. [2017a]). Besides some trials have
emphasized cytotoxic effects and molecular alterations due to singular administration
of AT101 in glioma cells and tumor-stem cells [Coyle et al., 1994, Keshmiri-Neghab
et al., 2014, Antionetti et al., 2017, Warnsmann et al., 2018, Meyer et al., 2018, Park
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et al., 2018, Linder et al., 2019], others confirmed the sensitizing effect of AT101 to
TMZ-induced cell death upon a combined application of both drugs [Voss et al., 2010,
Jarzabek et al., 2014]. Intriguingly, Jarzabek et al. [2014] have reported no beneficial
reduction in tumor volumes of AT101-treated mice compared to controls, which was
mimicked in vitro by the long-term stimulation model (fig. 4.7D). However, they also
have not observe a significant decrease of the tumor volume concerning TMZ+AT101

therapy compared to TMZ-treated mice but higher necrosis and reduced proliferation
of cells [Jarzabek et al., 2014]. Probably, a significant effect might become visible
after a longer time period as three days of administration of TMZ+AT101 did also
not show any significant increase of the n-fold amount of dead glioma cells in vitro,
while six days did (fig. 4.7D). Indeed, an initial clinical trial with recurrent glioblas-
toma has revealed good tolerance of AT101 therapy but only little benefits concerning
tumor-growth control [Bushunow et al., 1999], which is similar to the observed poor
response of both glioma cell lines to single AT101 treatment (fig. 4.7D). As AT101

represents a promising alternative therapeutic for GBM therapy, other clinical stud-
ies, that either re-investigate the effect of AT101 therapy in recurrent glioblastomas
(phase II: NCT00540722) or focus on AT101 treatment additional to standard care
(phase I: NCT00390403), are currently taking place. In terms of other tumors, such
as small-cell lung, prostate and head and neck cancer and cortical carcinomas, AT101

administration with or without other drugs seldomly show an improvement of therapy
outcome [Schelman et al., 2014, Stein et al., 2016, Swiecicki et al., 2016, Xie et al.,
2019].

Figure 5.2: Most beneficial treatment schemes with TMZ and AT101/HCQ. A172 and LN229
glioblastoma cell lines were stimulated with TMZ and AT101 or HCQ according to various treatment
schemes displayed in fig. 4.7A, B, C. Moreover, astrocytes (SVGA) were stimulated accordingly by
Christina Schmitt (Institute of Anatomy). Ultimately, the n-fold cytotoxicity compared to TMZ
stimulation and the growth rate were determined after six days of treatment. Benefical effects
regarding tumor cells (high cytotoxicity and low growth rate) are depicted in green compared to
TMZ (yellow). Likewise, favorable effects for astrocytes (low cytotoxicity and high growth rate)
were colored in green compared to TMZ (yellow). Thus, the best treatment regimen is depicted in
overall green colors (modified after Adamski et al. [2018]).

In fact, the most experiments focusing on cytotoxicity of drugs include stimulation
of tumor cells for a maximum of 96 h without their validation in normal brain cells
[Golden et al., 2015, Voss et al., 2010, Park et al., 2018, Keshmiri-Neghab et al., 2014,
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Jarzabek et al., 2014]. Besides the usual administration of one drug or a combination
of two ore more, that are applied simultaneously, some scientists have also investigated
sequential treatment schemes [Lee et al., 2015a, Roy et al., 2015] and some extended
cytotoxic studies on cells to ten and even 15 days [Lee et al., 2015a, Coyle et al., 1994,
Jarzabek et al., 2014]. However, many attempts fail to reliably predict the drugs’
effect on tumors in vivo or in patients. Therefore, the development and use of suit-
able drug-screening models is of high importance. Since immortalized GBM cell lines
hardly resemble the multifaceted phenotypes of GBM tumors [Lee et al., 2006, Allen
et al., 2016], an adaption to a more patient-derived model is the use of primary GBM
cells, that originate from extracted tumor tissue from patients. Nevertheless, as GBM
tumors are not only composed of tumor cells but also tumor-associated immune cells
such as microglia and astrocytes, that affect each others behavior (reviewed in Quail
and Joyce [2017]), co-culture systems of glioma cells, astrocytes and microglia are
preferable. Besides the employment of cell-conditioned medium on other cell cultures
providing cell-specific, released factors [Oliveira et al., 2017], transwell or boyden
chamber experiments [Rath et al., 2015, Kenig et al., 2010], in which different cell
types are co-cultivated with indirect contact to each other model cell communication
more effectively if direct co-cultivation is difficult to achieve due to different HLA
profiles of cells.
In order to test the appropriate sequential drug-stimulation scheme (simultaneous ap-
plication of TMZ+AT101 for three days followed by single AT101 treatment), that
has been evaluated most promising for two GBM cell lines and astrocytes before (fig.
4.7, 5.2, Adamski et al. [2018]), in vitro closer to in-vivo conditions, a co-culture
model with primary GBM cells, microglia and astrocytes was established. Hereby,
the cell-to-cell ratios were calculated according to assessed data about tumor sizes,
cell compositions in glioblastomas and grade of resection (cf. chapter 3.2.1.5.2, Mur-
ray [2012], Roggendorf et al. [1996], Zeiner et al. [2018], Bette et al. [2018], Kreth
et al. [2013]). In general, the applied sequential drug-stimulation scheme was efficient
in killing of tumor cells and in tumor-growth control with respect to both primary
cultures (fig. 4.8). Intriguingly, both primary GBM cells were associated to distinct
molecular profiles, that are related to the mesenchymal and proneural GBM sub-
type (supplementary fig. A.1, Verhaak et al. [2010]) and both reacted to different
degrees to the treatment. Comparing mono-culture to co-culture results revealed a
slight reduction albeit not significant in the percentage of dead primary GBM cells
when co-cultivated with astrocytes and microglia, hinting to a protective effect of
astrocytes and microglia concerning therapy cytotoxicity on glioblastomas (fig. 4.8A,
B). Indeed, the tumor microenvironment not only promotes tumor invasion, growth
and progression [Oliveira et al., 2005, Hoelzinger et al., 2007, Bettinger et al., 2002],
but also either directly or indirectly contributes to the resistance of tumor cells to
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therapy. In particular, co-culture experiments with astrocytes have revealed that the
cross-communication between astrocytes and GBM cells, especially via gap junctions
[Lin et al., 2016], decreases the sensitivity of tumor cells to chemo- and radiother-
apy [Chen et al., 2015, Yang et al., 2014, Rath et al., 2015]. In addition, a study
with microglia-conditioned medium has shown an increased chemo-radioresistance of
glioma cells by creating a glioma stem cell niche [Hide et al., 2018], while the reduc-
tion of the recruitment of microglia to tumors in vivo decreases radioresistance of
glioblastomas [Chiblak et al., 2019]. A closer look on cell-death initiation in normal
brain cells showed, that mono-cultured astrocytes were moderately affected by the
applied treatment regimen. Interestingly, the percentage of dead cells was signifi-
cantly elevated by co-cultivation with tumor and microglial cells not only regarding
the chemotherapeutic stimulation but also in controls (fig. 4.8A, B). This implies
that gliomas cells might not only be protected against therapy by astrocytes and
microglia, but also, in turn, affect the viability of astrocytes, in general, and espe-
cially during drug administration. In fact, glioblastoma cells activate astrocytes to
acquire a reactive phenotype, which is advantageous for tumor invasion and growth
[Le et al., 2003, Taheri et al., 2018]. Hence, in case of an incomplete resection of
the tumor with many residual tumor cells, the progression-free and overall survival
of patients is considerably lower than in terms of a complete resection [Bette et al.,
2018, Kreth et al., 2013, Chaichana et al., 2014]. Furthermore, Tang et al. [2019] have
observed an improved progression-free survival and seizure control after surgery in
low-grade glioblastomas based on the extent of resection implicating that remaining
tumor cells might have a bystander effect on resident astrocytes manifested in the
patients performance. Accordingly, the progression-free survival is associated to the
distance of the re-emerging tumor from the original tumor margin zone [Rapp et al.,
2017]. This bystander effect has been also observed in vitro in terms of an increased
amount of double-strand breaks in astrocytes, that have been incubated with con-
ditioned medium from previously-irradiated glioma cells [Burdak-Rothkamm et al.,
2007]. In conclusion, the co-cultivation of primary GBM cells with astrocytes and
microglia revealed an enhanced chemoresistance of glioblastoma cells mediated by the
presence of these two cell types. Vice versa, the existence of tumor cells facilitated
cell death of astrocytes, especially with respect to therapy (fig. 5.3).
The co-culture model used in this study includes the communication of different cell
types in a surgical-relevant manner, which better predicts in vivo responses compared
to mono-culture systems. However, when investigating new treatment approaches,
the way of application of drugs plays an important role. In order to reach those con-
centrations of therapeutics, that are toxic to tumor cells in vitro, in the tumor tissue
in vivo, much higher amounts of drugs have to be administered since the blood-brain
barrier heavily restricts molecules from their entrance into the brain (reviewed in
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[Bernacki et al., 2008, Wilhelm et al., 2011]). In order to estimate or circumvent the
limitation of blood-brain barrier transport for drugs, either complex tumor models
have to be used [Zhang et al., 2016, Brown et al., 2016, Wang et al., 2017d] or other
drug application systems have to be chosen.

Figure 5.3: Applicability of the co-culture model: Cross-influences of tumor cells, astrocytes
and microglia. When treated with TMZ as standard chemotherapeutic, tumor cells react to a high
degree in mono-culture systems. Compared to this, astrocytes and microglia are moderately or or
slighty affected (A). However, the tumor cells, astrocytes and microglia influence each other by
different mechanisms (B). Upon the application of the chemotherapeutic the tumor cells promote
an increased cell death of astrocytes compared to mono-culture systems. Moreover, astrocytes and
microglia contribute to the protection of the tumor cells against chemotherapy (C).

5.3 Nanoparticles as drug stabilizers and therapy improvement

As described above, a major limitation in GBM treatment is the blood-brain barrier,
that regulates the passaging of molecules. Hence, and due to a typically significant
clearance of the therapeutic, a high amount of drug has to be administered systemi-
cally, in order to reach cytotoxic concentrations in the brain. This, in turn, often leads
to severe side effects, as described for TMZ [Trinh et al., 2009]. Temozolomide is given
orally at initial concentrations of 75 mg

m2 per day accompanied by radiotherapy. After-
wards, patients receive 150 − 200 mg

m2 per day without radiation [Stupp et al., 2005].
Despite such high doses, a measurement of the TMZ concentration in the CSF has
revealed that only 1 µg

ml reach the tumor cells, while a concentration of up to 14 µg
ml was

measured in blood plasma [Ostermann et al., 2004]. In order to increase the transport
of therapeutic molecules across the blood-brain barrier and potentially influence the
drug diffusion in brain tissue, encapsulation of drugs into nanoparticles represents an
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useful opportunity [Ahirrao and Shrotriya, 2017, Zhu et al., 2019, Nance et al., 2012].
In the case of glioblastoma therapy, manifold approaches regarding nanoparticle ap-
plication have been already clinically investigated. On the one hand, the toxicity
and pharmacokinetics have been assessed in patients with recurrent glioblastomas
intravenously receiving irinotecan encapsulated in liposomes yielding no unexpected
toxic profiles upon intravenous administration [Clarke et al., 2017]. Equally, liposo-
mal irinotecan has been applied by convection-enhanced delivery in order to analyze
the safety and efficiency of this application technique [Butowski et al., 2014]. How-
ever, final results have not been provided, yet. Beyond that, a clinical phase II trial
has been performed in patients with newly-diagnosed GBMs, who have been treated
by classical radio- and chemotherapy plus PEGylated liposomes encapsulating dox-
orubicin. Albeit only a slight increase in the overall survival (17.6 months) has been
observed compared to the conventional therapy, the treatment has been well tolerated
[Beier et al., 2009], thus underlining the potential of the use of nanoparticles for GBM
treatment.
Besides the applicability of nanoparticles for an improved passaging of drugs across
the blood-brain barrier, in particular highly-ordered, cubic nanostructures called cu-
bosomes display advantages in stabilization of chemically instable molecules as well as
in enhancement of bioavailability of the drug [Ali et al., 2017, 2016]. This is especially
relevant in terms of TMZ and AT101 for therapeutic use. Indeed, TMZ is a pro-drug,
that is rapidly metabolized to its active form, MTIC, by hydrolysis at neutral to basic
pH [Denny et al., 1994, Andrasi et al., 2010, Lopes et al., 2013]. A chemical change
of the molecule was visualized spectrophotometrically by a shift of the absorption
maximum (fig. 4.9A). Surprisingly, chemically altered TMZ had almost no cytotoxic
effect on primary GBM cells, while freshly supplied TMZ greatly induced cell death
in primary GBM cells (fig. 4.9B, D). In fact, after oral administration of TMZ, it
is processed to MTIC within 2 h [Lopes et al., 2013]. Moreover, MTIC is known to
be poorly able to cross the blood-brain barrier [Meer et al., 1986], which is explained
by a low affinity of MTIC to biological membranes, therefore passaging across the
blood-brain barrier is restricted [Ramalho et al., 2019]. Assuming that TMZ was
processed to MTIC might also clarify the decreased cytotoxic effect of metabolized
TMZ on primary GBM cells, as the converted form might not able to be taken up
by cells anymore. Several attempts have been made by other researchers to prolong
the stability of TMZ using nanoparticles without clinically relevant approaches, yet
[Nordling-David et al., 2017, Appel et al., 2012].
In contrast, AT101 is not further converted at physiological conditions (fig. 4.9C, Jia
et al. [2008]) and the cytotoxicity of preincubated AT101 on primary GBM cells could
be partly sustained (fig. 4.9B, D). The slight reduction of its cytotoxicity on 116/14

cells might be explained by the high affinity of AT101 to bind to blood-plasma pro-
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teins [Dabrowski et al., 2001, Cater and Lyman, 1969] since the cultivation medium,
in which AT101 was preincubated, contained carbohydrates, peptides, vitamins and
fetal bovine serum (cf. chapter 3.2.1.1). This potentially resulted in a reduced uptake
into 116/14 cells or a decreased ability to initiate cell death. Beyond that, AT101 is
rapidly eliminated in the body when applied orally or intravenously [Wu et al., 1986].
On that basis, nanocarrier systems, especially cubosomes, have the potential not only
to improve blood-brain barrier passaging, but also to inhibit binding of AT101 to
proteins and increase its low bioavailability and solubility in aqueous solutions.
Accordingly, AT101 was encapsulated in cubosomes to 10% (w/w) using glyceryl
monooleate (GMO) and pluronic F-127 and the top-down approach described by
Ljusberg-Wahren et al. [1996], Akhlaghi et al. [2016]. Besides the high loading ca-
pacity of this system for AT101 in comparison with other attempts [Ali et al., 2016,
2017], the entrapment efficiency of AT101 was over 97%, which was comparable to
other approaches using GMO cubosomes incorporating hydrophobic drugs [Ahirrao
and Shrotriya, 2017, Badie and Abbas, 2018, Ali et al., 2017, Elnaggar et al., 2015],
while encapsulation of hydrophilic compounds yields lower entrapment efficiencies
[Nasr et al., 2015]. In comparison to other nanoparticle formulations, loading of
AT101 was quite efficient [Zhai et al., 2008, Li et al., 2011a, Jin et al., 2015], thus
providing the basis for the beneficial use of nanocarrier systems in AT101 application.
However, as it is not clear, whether AT101 is actually trapped in the lipid bilayer
of GMO cubosomes or only attached to the particle’s surface, further experiments
including nuclear magnetic resonance (NMR), self-diffusion analysis and small angle
X-ray scattering (SAXS) and others might unveil the binding or entrapment charac-
ter. Intriguingly, loading of AT101 led to a structural change in GMO cubosomes
showing that AT101-loaded nanoparticles were smaller in size compared to unloaded
counterparts (fig. 4.10). This was additionally confirmed by DLS measurements.
Nevertheless, the small polydispersity index, indicative for homogeneous particles in
solution, was comparable to other studies [Ahirrao and Shrotriya, 2017, Abdelrah-
man et al., 2015]. On top of that, initially indicated by the decreased ζ potential
of AT101-loaded cubosomes compared to blank ones (tab. 4.1), those nanoparticles,
that encapsulated AT101, showed a long-term stability at 37◦C for 17 days, whereas
blank cubosomes changed in size and Z-average already after three days of storage
at 37◦C (fig. 4.11A). Assuming that AT101 directly or indirectly interacts with the
monooleate chains, which potentially leads to a structural change, thereby present-
ing more negatively charged side chains on the outer surface of cubosomes, might
explain the lower ζ potential. As the ζ potential is a parameter for the repulsion of
neighbored particles [Joffe and Mudd, 1935, Heiati et al., 1998], clustering of highly
charged cubosomes is relatively uncommon, thus the overall structure and distribu-
tion of the nanocarriers in solution was stable. Interestingly, a high negative charge
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of nanoparticles loaded with AT101 as well as an increase in stability due to AT101

encapsulation has been also observed by others [Liu et al., 2014, Zhai et al., 2008, Shen
et al., 2018]. Based on this, the DSC thermogram of blank GMO cubosomes showed
no significant phase transition between 15◦C and 80◦C, in general, but a closer look
revealed a very small peak between 22◦C and 24◦C, which disappeared in the thermo-
gram of GMO-AT101 cubosomes (fig. 4.11B, C). This also hinted at the stabilization
of cubosomes upon AT101 loading. Nonetheless, it has to be elucidated, which por-
tion of the blank GMO cubosomes sample melts or crystallizes at approx. 23◦C. In
summary, the GMO-cubosome system is characterized by a high stability in solutions,
in general [Ali et al., 2016, Badie and Abbas, 2018], which was even enhanced upon
AT101 loading, thereby representing a suitable system for tumor therapy.
To allow for cell-death initiation by the therapeutic compound, the release kinetic was
determined in artificial CSF solution resembling the brain liquor. Up to 34.79% of
AT101 was released over 72 h, which followed the Higuchi release kinetic (fig. 4.12).
Especially in liposomes and micelles, incorporating AT101, higher release rates have
been often described [Zhai et al., 2008, Cho et al., 2013, Liu et al., 2014]. Compared
to cubosomes loaded with other contents, the release of components also was noteably
higher than with GMO-AT101 particles [Elnaggar et al., 2015, Badie and Abbas, 2018,
Ali et al., 2016, Ahirrao and Shrotriya, 2017]. However, slow release of therapeutics
is prefered, as those nanocarriers are generally administered orally or intravenously,
at first, circulating through the blood until they reach their destination, at which a
sustained and prolonged release of drug has to be guaranteed. Besides an improved
transport across the blood-brain barrier, nanoparticles, especially cubosomes, show a
good brain tissue penetration [Ahirrao and Shrotriya, 2017, Zhu et al., 2019, Nance
et al., 2012]. In line with that, GMO-AT101 cubosomes exhibited a good uptake in 3D
glioma spheroids and also in 2D cell layers (fig. 4.13A, B). Finally, cytotoxic studies on
glioma and normal brain cells revealed interesting effects of GMO-AT101 cubosomes
compared with freely administered AT101. In terms of two glioblastoma cell lines,
encapsulation of AT101 was beneficial for cell-death initiation as low concentrations
of GMO-AT101 significantly decreased the n-fold viability of tumor cells compared to
free AT101 treatment of two different glioma cell lines (fig. 4.13D). Based on this, an
earlier induction of cytoskeletal rearrangement, indicated by actin agglomerisation and
reduction of actin filaments, upon GMO-AT101 stimulation compared to free AT101

was observed within the first six hours (fig. 4.14) suggesting apoptosis induction.
On mRNA level, ACTB downregulation was confirmed after 24 h of GMO-AT101

administration (fig. 4.14). Indeed, free AT101 application also yielded decreased ex-
pression of ACTB in LN229, which was associated to actin filament condensation
observed on protein level (fig. 4.14A). Moreover, MAP2 downregulation of GMO-
AT101-stimulated cells (fig. 4.14) demonstrated a disruption of microtubule structures
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[Zhang and Dong, 2012], thereby probably indirectly indicating cell-death initiation
[Uzdensky et al., 2012]. Stimulation with blank cubosomes also led to reduced levels
of MAP2 and ACTB (in case of A172 cells), though. Thus, transcriptional changes of
cytoskeleton-associated genes might be influenced by nanoparticles themselves, while
relevant rearrangement of the cytoskeleton due to treatment of cells with encapsulated
AT101 might only occur on protein level. Furthermore, CDKN1A was upregulated
in AT101-stimulated LN229 cells but not with GMO-AT101 treatment. Nonetheless,
elevated expression of CDKN1A is associated to therapeutic-induced cell-cycle arrest
in glioma and lymphoma cells (supplementary fig. A.4, Hirose et al. [2001], Marches
et al. [1998, 1999]), which has been already observed in AT101-treated melanoma
cells [Jang and Lee, 2014]. Thus, encapsulation of AT101 might trigger cell death
differently, circumventing a potential dormancy entry via CDKN1A. Interestingly,
nanoparticle approaches of AT101 in liposomes, micelles and polymeric capsules have
not shown increased cytotoxic effects of encapsulated AT101 in vitro [Jin et al., 2015,
Zhai et al., 2008, Liu et al., 2014, Cho et al., 2013], so far. At least tumor-growth
control has been established by multi-drug loading and functionalization of particles
[Heleg-Shabtai et al., 2016, Shen et al., 2018, Liu et al., 2014, Cho et al., 2013]. How-
ever, no experiments with healthy tissue have been performed in vitro. With this
nanoparticle formulaton, the viability of astrocytes (SVGA) and microglia (HMC3)
was retained when treated with GMO-AT101 compared to controls (fig. 4.13D). In
general, the cellular uptake of those cubosomes in astrocytes and microglia was as-
sumed to be similar. Nevertheless, the interaction of GMO cubosomes is dependent
on the lipid character of the membrane [Jablonowska et al., 2016], which is certainly
different in normal brain from those in glioma cells [Slagel et al., 1967, Martin et al.,
1996]. Hence, nanoparticle uptake might be impaired in astrocytes and microglia.
Furthermore, albeit AT101 was continuously released from nanoparticles outside of
the cells, some cubosomes were internalized into cells, thereby probably improving the
cytotoxic effect of AT101 in case of GBM cells. The internalization of cubosomes is
associated to endocytic pathways [Abdel-Bar and El Basset Sanad, 2017]. Thus, de-
tailed studies on the uptake mechanism of GMO-AT101 cubosomes into normal brain
cells might give insights into the uptake efficiency of such nanoparticles in astrocytes
and microglia. In brief, GMO-AT101 cubosomes showed an augmented cytotoxic ef-
fect on glioma cells, while astrocytes and microglia were less harmed. Therefore, they
represent a promising basic tool for an alternative GBM therapy.
For the application of such nanoparticles in glioblastomas, different attempts have
been investigated so far. In general, passive targeting of nanoparticles of approx.
100 nm size is guaranteed by the enhanced permeability and retention effect in tumor
tissue due to an abnormal vasculature (reviewed by Maeda et al. [2013]). In confor-
mity, an improved uptake of cubosomes with different loads has been observed using
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an in-situ gel and intranasal application [Ahirrao and Shrotriya, 2017, Patil et al.,
2018]. Moreover, the incorporation of Tween-80 into cubosomes not only stabilizes
those [Azhari et al., 2016], but also augments the transfer of compounds to the brain
[Kreuter et al., 2003, Abdelrahman et al., 2015, Elnaggar et al., 2015], thereby rep-
resenting an active-targeting tool for drug delivery. In fact, active targeting upon
functionalization of nanoparticles is often favored. However, a comprehensive lit-
erature report of Wilhelm et al. [2016] about the overall efficiency of nanoparticle
application in vivo concerning solid tumor therapy has shown that less than 1% of
particles on average independent of tumor type and functionalization are effectively
delivered. Hence, new targets and more detailed experiments are necessary to achieve
the clinically relevant use of nanoparticles.

Figure 5.4: Application routes for produced AT101 nanoparticles (CED = convection-
enhanced delivery).

5.4 Implant development for local GBM-therapy application

In order to circumvent the limited transport efficiency of molecules to the tumor
tissue, several methods have been developed for local application of therapeutic
compounds and also nanocarriers. Beside the direct injection of therapeutics into
the ventricles via catheter implants, that carry many disadvantages [Fetell et al.,
1990, Torres et al., 2008, Saw et al., 1989], a pressure-driven direct application of
compounds including nanoparticles has been preclinically tested e.g. with liposomal
TMZ [Nordling-David et al., 2017] or cisplatin-loaded polypeptides [Zhang et al.,
2017]. A clinical trial with carboplatin has shown an improvement of the therapy
outcome in patients with recurrent GBM using convection-enhanced delivery [Barua
et al., 2016]. Nevertheless, backflow causing neurotoxicity and drug leakage with
a rate of approx. 20% are common adverse effects of using CED [Kunwar et al.,
2007, Varenika et al., 2008]. Therefore, the surgical implantation of devices releasing
therapeutics in a controlled manner into the tumor cavity seems to be a promising
approach, in order to avoid side effects of catheter-based techniques.
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In 1991, Brem et al. [1991] have introduced a polyanhydride co-polymer incorporating
BCNU, that has been FDA approved for the treatment of recurrent and primary
glioblastomas in 1997 and 2003. The sustained release of the drug is guaranteed by
the degradation of the polymer. In monkeys, cytotoxic levels of carmustine have
been detected for at least 21 days including a burst release of over 75% within the
first seven days [Fung et al., 1998]. This and the poor distribution of drug into the
surrounding tissue [Fung et al., 1998] might have caused the reported, ambiguous
effects in patients receiving standard radio- and chemotherapy plus implantation of
the BCNU wafer [McGirt et al., 2009b, Noël et al., 2012].
Nonetheless, implantation of materials with a degradation-dependent drug release
is still an appealing technique to overcome mentioned limitations of drug delivery.
Additionally, Brem et al. [2007] have demonstrated that the local application of TMZ
by polymer wafers reduces its plasma concentration compared to oral administration
of TMZ, thus guaranteeing a better control of side effects. Indeed, manifold for-
mulations of polymers and liposomes have been investigated aiming at a controlled
and sustained drug release superior to the approved Gliadel R© wafers. Especially
hydrogels have been used according to their variable characteristics including ther-
moreversability, which makes it easy to implant those hydrogels, as they just solidify
at body temperature, e.g. ReGelTM (Arai et al. [2010], reviewed in Elstad and Fowers
[2009]). Other approaches involve distinct compositions of one or more polymers
forming fibers, that are ultimately pressed into discs, sheets or wafers. Upon further
processing, the drug release is adjusted in terms of a sustained release for up to 80

days in vitro, respectively 30 days in vivo with a moderate burst effect, depending
on the applied polymer [Ranganath and Wang, 2008, Ramachandran et al., 2017].
Despite innovative ideas, for example to grow the hydrogel within the tumor cavity
upon photopolymerization, release measurements have revealed a continuous release
over just one week [Zhao et al., 2018]. Moreover, almost all promising attempts have
shown an improved tumor-growth control compared to untreated or resected control
animals [Bastiancich et al., 2018, Zhao et al., 2018, Arai et al., 2010, Ranganath and
Wang, 2008, Ramachandran et al., 2017], but a comparative analysis to standard
therapy including radio- plus concomitant chemotherapy is missing. Apart from this,
a paclitaxel-loaded thermosensitive hydrogel called OncoGelTM maintains the drug
release for 50 days in vitro and demonstrats a great benefit in the overall survival of
unresected gliosarcoma-bearing rats compared to radiation and classical chemother-
apy [Zentner et al., 2001, Vellimana et al., 2013]. An additional, local application
of TMZ in dextran carriers (Temodex) to standard radio- and chemotherapy yields
an enhanced survival of patients in a phase II clinical trial [Karlsson et al., 2019].
However, as those polymer approaches rely on the degradation-dependent release
of therapeutics, their long-term applicability is limited. Furthermore, a comparison
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between hydrogel implantation and standard therapy is often lacking, hypothesizing
that those local approaches might not be favorable against oral TMZ administration.
Hence, alternative devices for local GBM therapy have to be developed.
Beside the mentioned polymer-based approaches used in glioblastoma research,
especially pure metals and metal alloys containing e.g. gold, silver, titanium or zinc
are used for biomedical engineering. In particular zinc-based materials are applied
for vascular stents or medical sutures due to their biocompatibility, low reactivity
and slow degradation rate (reviewed by [Seitz et al., 2015, Mostaed et al., 2018]).
On top of that, zinc oxide cements are routinely used in dentistry, displaying a
long-term stability without medical complications [Woelber et al., 2016]. Therefore,
a 3D network build of ZnO tetrapods was provided by Florian Rasch (Institute for
Materials Science, fig. 4.15A) and loaded with different compositions containing
AT101 as a promising alternative therapeutic for glioblastoma therapy as shown in
previous experiments (cf. chapters 4.2, 4.3.2). The template was composed of an
interconnected tetrapodal ZnO network and characterized by a high drug-loading
capacity due to its great surface-to-volume ratio and large free-volume space with
94.7% porosity [Mishra et al., 2015, 2013]. Upon exposure of the ZnO template to
cultivation medium for 72 h at 37◦C/5% CO2, Zn2+ ions were rapidly released until
a saturated concentrations of approx. 15 µg

ml was reached (fig. 4.15B). The release
of Zn2+ ions from pure Zn materials, Zn alloys and ZnO-based devices [Towler
et al., 2004] upon corrosion is a common effect associated to the biodegradability of
such implants (reviewed in Seitz et al. [2015], Mostaed et al. [2018]). Thereupon,
comparable results have been published by Choi et al. [2015], who have observed
a burst release of 8 − 20 µg

ml Zn2+ ions after 24 h from ZnO thin films of different
thicknesses. While Choi et al. [2015] have reported no influence of released Zn2+

on the proliferation of glioma cells after 48 h of stimulation, a slight dose-dependent
effect on the viability of primary GBM 118/04 cells was observed after six days
of administration of conditioned medium from ZnO templates but not on 116/14

and 27/07 cells (fig. 4.15C). Indeed, ZnO nanostructures have been diversively
tested for their applicability in GBM therapy. Even though some studies on ZnO
nanoparticles of different architecture have revealed cell-selective cytotoxicity of ZnO
with a high sensitivity on glioma cells compared to astrocytes or fibroblasts [Sruthi
and Mohanan, 2015, Wahab et al., 2016, Ostrovsky et al., 2009, Akhtar et al., 2012],
Kim et al. [2014] and Papavlassopoulos et al. [2014] have claimed, that the cytotoxic
effect of ZnO nanoparticles is associated to the particles themselves but not to Zn2+

ions as stimulation with zinc cloride (ZnCl2) has a lower or even no effect on the cell
viability of GBM cells and fibroblasts. Accordingly, Haase and Beyersmann [1999]
have proven that the uptake of Zn(II) did not necessarily correlate with an increased
cell death in rat glioma cells. Hence, singular stimulation with ZnO might not be
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sufficient for GBM treatment. However, the tetrapodal ZnO network was initially
established for its use as drug-loadable scaffold with AT101. Thus, the effect of
ZnO-conditioned medium plus direct AT101 application was investigated, revealing
slight synergistic, cytotoxic effects on primary GBM cells at low Zn2+ concentrations
(< 5 µg

ml). Surprisingly, at higher concentrations of Zn
2+, the cytotoxic effect of AT101

was reduced (fig. 4.15C). In fact, Zn(II) abolishes apoptotic cell-death initiation
induced by Cadmium and irradiation at concentrations around 10 µg

ml [Sellins and
Cohen, 1987, Ishido et al., 1995]. In case of AT101 co-application, complexation or
other chemical reactions with Zn as catalyst might cause the impaired biological
activity of AT101 [Pasha et al., 2010, Kenar, 2006]. Hence, in order to decrease
the release of Zn2+, the ZnO template was covered by a biocompatible PLCL film,
which is often used in tissue engineering [Jeong et al., 2004, Vaquette et al., 2008].
Additionally, AT101 was incorporated into this film to allow for a homogeneous
distribution of the drug across the scaffold and to initially determine the drug release
from such a 3D network (fig. 4.16A). However, the reduction of Zn2+ release was
barely successful, since approx. 8 − 10 µg

ml Zn
2+ were detected every 48 h (fig. 4.16B).

On top of that, an extreme burst release of AT101 (32.9µM) was observed within
the first 48 h, rapidly decreasing to 7.1µM and 1.3µM afterwards (fig. 4.16B).
The burst concentration exceeded the therapeutically relevant concentration of
AT101 by 13-fold, whereas 1.3µM, measured after six days, was only half of the
anti-tumorigenic concentration. Accordingly, stimulation of primary glioblastoma
cells by indirect contact to the ZnO-AT101-PLCL template only yielded a moderate
tumor-growth control, as large proportions of the cells heavily died after 48 and 96 h
but slightly recovered thereafter (fig. 4.16C). In comparison to that, Zheng et al.
[2018] have also reported little or no improvement of the cytotoxicity of TMZ when
loaded onto ZnO nanoparticles on human glioma cells. In conclusion, the effect of
Zn was controversial not only because of its ambiguous cytotoxic effect on glioma
cells, but also due to a reported high toxicity on e.g. fibroblasts, smooth muscle cells
and aortic endothelial cells [Shearier et al., 2016, Wang et al., 2014, Sharma et al.,
2017] as well as astrocytes and microglia at low concentrations. As decreasing the
release of Zn2+ ions, in order to simply use it as scaffold for drug loading without
additionaly therapeutic relevance, was not successful, the tetrapodal ZnO network
was not used furtheron.
Nevertheless, the ZnO template display superior physicochemical properties advan-
tageous for drug delivery due to the interconnected arms of the ZnO tetrapods.
As demonstrated by Florian Rasch (Institute for Materials Science, unpublished),
the porous structure was retainable by covering of the ZnO network with different
polymer solutions (already shown for carbon nanotubes [Schütt et al., 2017] and
silicon [Hölken et al., 2016]). Therefore, in order to create a porous scaffold out of
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a non-biodegradable material for long-term stability, the free volume of the ZnO
network was filled with PDMS and the ZnO was etched out, leaving a PDMS template
with hollow channels (performed by Florian Rasch, Institute for Materials Science,
fig. 4.18A). In fact, 3-dimensional networks are propitious for controlled drug-release
studies. Even though many approaches are based on different biodegradable polymers
forming hydrogels or nanofibers [Zhao et al., 2018, Ramachandran et al., 2017, Ran-
ganath and Wang, 2008], porous networks and grids of cross-linked filaments or sheets
of PDMS have been already produced by either 3D printing or chemical approaches
for drug delivery and tissue engineering [Holländer et al., 2017, Wrzeszcz et al., 2014,
Pedraza et al., 2013, Varshney et al., 2019]. To estimate the drug-loading capacity
and control the drug release, the porosity of the sample is an important factor. With
the approach of Florian Rasch (Institute for Materials Science) various porosities were
easy to establish, since they only depended on the amount of ZnO tetrapods used
to fabricate the template. By this means, different channel densities or porosities of
the PDMS channels were tested regarding their drug-loading capability and release
kinetics with the focus to achieve therapeutic relevant concentrations for in-vitro
experiments, that were determined before (cf. chapters 4.2, 4.3.2). Noting that the
detection limit of AT101 laid at approx. 1µM, reliable results were only obtained
with respect to high channel densities (> 1.2 g

cm3 ). In case of low channel densities
(< 1.5 g

cm3 ), high concentrations of AT101 in the stock solution (> 5mM) had to
be used to gain reliable data. Indeed, therapeutically relevant concentrations were
measured 72 h regarding 2.7 g

cm3 -channel density loaded with 5 to 10mM AT101 (fig.
4.18D, E). However, almost 40% of the drug were already released concerning 5mM
infiltration solution and 2.7 g

cm3 -channel density (supplementary fig. A.5) indicating
a short-term availability of the drug. Loading of higher amounts of AT101 (10 and
25mM) yielded even higher release rates (67% and 90%, respectively, supplementary
fig. A.5, left), which resulted in AT101 concentrations, that are known to be toxic for
healthy brain tissue (fig. 4.18B, right and chapter 4.3.2). Since decreasing the channel
density did not lead to a slower release of the drug, but was rather associated with a
great burst effect followed by plateau (supplementary fig. A.5, right), controlling the
release in networks with 2.7 g

cm3 -channel density by alterations of the surface of the
scaffold is favorable. Moreover, those are also characterized by a great drug-loading
potential, as they have the highest porosity (48.1%). In fact, other techniques, e.g.
3D printing of layers, are used to achieve long-term release of drugs from PDMS
scaffolds, that are crosslinked by UV light, leading to 20% release of prednisolone
within 28 days [Holländer et al., 2017]. Furthermore, solvent casting and leaching
methods yield 85% porosities and a prolonged release of dexamethasone for 30 days
[Jiang et al., 2017, Pedraza et al., 2013]. However, burst effects and stucked release
has not been prevented [Frei et al., 2018]. In fact, the restrained release of gossypol
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from a chitosan-coated nanofibrous poly(L-lactide-co-D,L-lactide) implant after 7 h
(15%) has been adjusted by introducing PEG into the matrix (55%). Nevertheless,
the maximal release of 15% or respective 55% is already reached after approx. 2− 4 h
accompanied by a plateau [Ignatova et al., 2012, 2014]. As burst effects are also
common in case of degradable polymer implants including the Gliadel R© wafer [Zhao
et al., 2018, Menei et al., 2005, Fung et al., 1998, Ranganath and Wang, 2008], release
control still represents a major obstacle. In terms of PDMS filaments, Wrzeszcz et al.
[2014] have been able to reduce an initial burst of dexamethasone by coating their
cochlear implant with a biodegradable hydrogel. Additionally, the hydrogel coating
or surface modifications prevents cell and protein adhesion, thereby minimizing the
possibility for an inflammatory reaction and increasing the biocompatibility of the
scaffold [Wrzeszcz et al., 2014, Dalu et al., 2000, Xue et al., 2017]. In conclusion,
homogeneous PDMS networks with a high drug-loading capacity (48.1% porosity)
and a short-term drug delivery were successfully produced. Beyond that, several
coatings e.g. with hydrogels, degradable polymer barriers or closing of open pores
within the PDMS matrix might prolong the drug release.

In summary, this study provided insights into chemotherapeutic-related resis-
tance mechanisms of glioblastomas called tumor dormancy, that might play an
important role in the tumor aggressiveness and the progression of tumor recurrences
after treatment. In fact, GBM cells were shown to adapt to administration of TMZ
by entering a resting state (dormancy) waiting to reawake and develop a tumor
relapse. Hereby, specific markers were identified, that characterized dormancy entry
and exit. Especially, knowledge about the triggers for dormancy escape would offer
new treatment strategies for glioblastomas, that might consider tumor-growth control
by the suppression of tumor reawakening over an extended time period. As this
study revealed that inflammatory molecules cause a delayed entry into and exit from
dormancy and since the tumor microenvironment is essential for tumor maintenance,
progression and also forces the acquisition of chemoresistance, uncovering the distinct
roles of non-tumorous cells in terms of therapy-escape mechanisms, e.g. by in-vitro
co-culture models, might help to develop new treatment approaches.
In addition, multi-drug administration represents an appealing option in order to
increase the efficiency of treatment and overcome therapy-escape mechanisms of
tumor cells. Nevertheless, most studies neglect the effect of simultaneous multi-drug
application on healthy brain tissue, which is, in most cases, considerably harmed, as
shown in this project. Hence, albeit it is of high necessity to address glioblastomas
with different therapeutic compounds, that trigger cell death via various pathways,
sequential treatment schedules are superior to simultaneous ones. Nonetheless, side
effects are caused by the systemic administration of high amounts of drugs, resulting
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from the rapid clearance of agents and the poor passaging of therapeutics across the
blood-brain barrier. Therefore, overcoming the limitations of blood-brain molecule
transport would improve the therapy outcome for patients. In this regard, the
development of locally-placed implants with longevity and sustained, controllable
drug release into the surrounding tissue of the tumor-resection cavity is of great
interest. Although the elaboration of devices with a long-term, constant drug release
remains challenging, the focus should be laid on multi-drug administration in a
sequential way. Indeed, an initial trial regarding a combined release of drugs from
implants in a small cohort of patients has revealed severe brain-edema outcome [von
Eckardstein et al., 2005], while other studies in animals have displayed promising
results in case of rat gliosarcomas [Shapira-Furman et al., 2019] but another has led to
brain atrophy in healthy animals [Tseng et al., 2017]. Furthermore, a comprehensive
analysis of new approaches compared to standard GBM therapy is often missing. In
order to intially overcome simultaneous multi-drug release from devices but rather
sequentially apply different therapeutics, the local, delayed release of alternative
agents from an implant into the brain tissue during or after oral TMZ administration
represents an preliminary opportunity to improve GBM therapy (fig. 5.5). After a
comprehensive, in-vitro study with co-culture and tumor models, in-vivo experiments
and clinical trials have to examine the applicability of this treatment model.

Figure 5.5: Treatment schedule for GBM patients optimized upon obtained results from
this study. At first, patients, suffering from glioblastomas, undergo maximal-safe surgery. After
removal of the tumor, an implant built of a microporous scaffold, that incorporates AT101, is placed
in the tumor cavity. Thereafter, standard radio- and concomitant chemotherapy with TMZ are
applied. The local release of AT101 is triggered with a slight delay upon a barrier layer covering the
implant, thus guaranteeing a sequential application of TMZ first, then TMZ+AT101.
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A.1 Supplementary data

Figure A.1: Molecular profiles of GBM cell lines and primary cultures. GBM cell lines and
primary cultures were analyzed by qRT-PCR regarding the expression of some subtype-associated
genes, like PDGFRA, EGFR, NF1 and CDKN2A. The results are depicted as ∆CT values in a
color-coded heatmap, in which a the highest expression is shown with as the most red color and the
lowest expression is colored in green for each analyzed gene. Values in between adapt to shades of
red and green colors, while black highlights the median value (undet=undetectable).

Figure A.2: Impact of CXCL12 co-administration on the cytotoxic effect of various treat-
ment schemes on GBM cell lines. Two distinct GBM cell lines, A172 (A, B) and LN229 (C,
D), were stimulated with various treatment schemes (illustrated in fig. 4.7) including combinations
of classical, TMZ (50µM), and either AT101 (2.5µM, A, C) or HCQ (6µM, B, D) as alternative
therapeutics for three and six days. Additional to each treatment scheme, GBM cells were stimulated
with 1 nM CXCL12, likewise. The cytotoxicity of each stimulation regimen was calculated after three
and six days by the percentage of dead cells compared to whole cell counts. The data are depicted
as n-fold percentage of dead cells in comparison with the classical therapy with TMZ (n=3-4).
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Figure A.3: Overall thermal stability of the GMO lipid and blank GMO, GMO-AT101
cubosomes. The physical behavior of the GMO lipid itself, blank GMO cubosomes as well as
AT101-loaded cubosomes was analyzed by DSC measurements between 15◦C and 80◦C.

Figure A.4: Gene expression regulation of CDKN1A upon TMZ treatment. A172, U251MG
and LN229 were treated with 500µM TMZ or DMSO, respectively, for ten days. Afterwards, stimu-
lated cells were analyzed by qRT-PCR regarding their expression of CDKN1A, a cell cycle marker.
The data are depicted as n-fold regulation compared to DMSO and statistically analyzed by paired
student’s t test (n=3).

Figure A.5: Percental release measurements of AT101 upon different parameter settings.
PDMS scaffolds with different parameter settings were produced on the basis of tetrapodal ZnO
networks in collaboration with Florian Rasch (Institute for Materials Science). Those were filled with
different concentrations of AT101 solution. To analyze release kinetics under cell-culture conditions,
different parameters such as increasing concentrations of AT101 in the infiltration solution (left) and
the channel density (right) were adjusted. The data are depicted as percentage of the amount of the
released drug compared to the amount that was filled.
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A.2 Publications related to this thesis

Rasch F*, Meyer RJ*, Schmitt C*, Adamski V, Saure LM, Schütt F, Lucius R,
Hattermann K, Synowitz M, Held-Feindt J#, Adelung R#. Development of a 3D
porous PDMS-network for glioblastoma therapy. 2019, in preparation
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