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Abstract

Despite continuing efforts to find new therapeutic strategies for glioblastoma, the prognosis of
affected patients remains poor. Tumor recurrence is an unfortunate reality, largely due to the
malignant nature of glioblastoma including its intrinsic heterogeneity and immunosuppressive
microenvironment. The urgent need for innovative therapeutic approaches and new molecular
targets has brought attention to the 18 kDa translocator protein, TSPO. This mitochondrial
protein is overexpressed in glioblastoma and during neuroinflammation. Functionally, TSPO
has been linked to apoptosis, mitochondrial metabolism, and immunomodulation, however its
role in glioblastoma remains enigmatic. Intriguingly, dysregulation of these potential TSPO

functions drives glioblastoma therapy resistance and tumor progression.

Therefore, we hypothesized that TSPO plays a pivotal role in these malignant traits of glioblas-
toma. The overarching goal was to gain a functional understanding of TSPO in glioblastoma
with a particular focus on its involvement in tumor-intrinsic mechanisms following cytotoxic T
cell attacks. This includes tumor cell apoptosis and the secretion of immunomodulatory cyto-
kines in response to T cell effector molecules. Additionally, the impact of TSPO on mitochon-
drial energy metabolism, which is crucial for glioblastoma growth, was explored. To address
this critical research question, BTIC13 patient-derived mesenchymal glioblastoma cells under-
went a wide array of molecular and functional analyses, including state of the art genetic loss-
of-function approaches, comprehensive examination of apoptosis pathways, multilayer exam-

ination of pro-inflammatory cytokine effects, and analysis of mitochondrial respiration.

Key findings of this thesis include the selective upregulation of TSPO in tumor cells in response
to direct contact with T cells and following exposure to the pro-inflammatory cytokines IFNy
and TNFa. The death ligand TRAIL has been identified as potential mechanism through which
cytotoxic T cells induce extrinsic and intrinsic apoptosis in BTIC13. However, the TRAIL-in-
duced apoptotic response of BTIC13 did not solely depend on TSPO expression but was rather
influenced by a multitude of tumor cell-intrinsic mechanisms in monoculture conditions. Addi-
tionally, TSPO appeared to play no substantial role in the induction of the immune-modulatory
cytokines IL-6 and IL-8 by BTIC13 in response to IFNy and TNFa stimulation. However, TSPO-
deficiency significantly impaired cancer cell migration and elevated maximal mitochondrial res-

piration and reactive oxygen production.

Taken together, this thesis positions TSPO as a potential marker for effector T cell activity and
OXPHOS regulation in glioblastoma. However, concrete conclusions regarding TSPO’s poten-
tial as a therapeutic target remain elusive at this point. The established methodology and re-
sults presented here set the groundwork for unravelling a putatively tightly regulated role of

TSPO in glioblastoma and serve as a basis for future experiments.



Zusammenfassung

Trotz der Bemuhungen um neue Therapiestrategien fir Glioblastoma bleibt die Prognose der
betroffenen Patienten nach wie vor dister. Tumorrezidive sind eine bedauerliche Realitat, die
grofitenteils auf die bosartige Natur des Glioblastoms, einschlieRlich seiner intrinsischen He-
terogenitat und seiner immunsuppressiven Mikroumgebung, zurickzufihren sind. Der drin-
gende Bedarf an innovativen Therapieansatzen und neuen molekularen Zielen hat die Auf-
merksamkeit auf das 18 kDa Translocator Protein TSPO gelenkt. Dieses mitochondriale Pro-
tein wird in Glioblastoma und bei der Neuroinflammation GbermaRig stark exprimiert. Funktio-
nell wird TSPO vor allem mit der Apoptose, dem mitochondrialen Stoffwechsel und der Im-
munmodulation in Verbindung gebracht, doch die Funktion im Glioblastom ist noch nicht hin-
reichend erforscht. Interessanterweise ist die Fehlregulation der potenziellen TSPO-Funktio-

nen mafdgeblich an der Therapieresistenz und der Progression des Tumors beteiligt.

Die Grundlage der vorliegenden Arbeit bildete die Hypothese, dass TSPO eine zentrale Rolle
bei diesen malignen Eigenschaften des Glioblastoms spielt, und das tbergeordnete Ziel war
es, ein funktionelles Verstandnis von TSPO im Glioblastom zu erlangen. Dabei lag ein beson-
derer Fokus auf der Beteiligung von TSPO an tumoreigenen Mechanismen nach einem zyto-
toxischen T-Zell-Angriff wie zum Beispiel der Tumorzell-Apoptose und der Sekretion immun-
modulatorischer Zytokine als Reaktion auf T-Zell-Effektor Molekile. Darlber hinaus wurden
die Auswirkungen von TSPO auf den mitochondrialen Energiestoffwechsel untersucht, wel-
cher fur das Wachstum des Glioblastoms mit entscheidend ist. Im Rahmen dieser Arbeit wurde
die vom Patienten stammende, mesenchymale BTIC13-Glioblastom Zelllinie einer breiten Pa-
lette von Analysen unterzogen. Dazu gehdrten der genetische Knockdown und Knockout von
TSPO in BTIC13, die umfassenden Untersuchungen der Apoptose Wege, die mehrschichtigen
Untersuchungen der Auswirkungen von proinflammatorischen Zytokinen und Analysen der mi-

tochondrialen Atmung.

Nach direktem Kontakt mit zytotoxischen T-Zellen oder nach der Stimulation mit den proin-
flammatorischen Zytokinen IFNy und TNFa, wurde TSPO selektiv in den Tumorzellen hochre-
guliert. Der Todesligand TRAIL wurde als potenzieller Mechanismus identifiziert, durch den
zytotoxische T-Zellen die extrinsische und intrinsische Apoptose in BTIC13 auslésen. Die
Empfindlichkeit gegentber der TRAIL-induzierten Apoptose von BTIC13 hing jedoch nicht al-
lein von der TSPO-Expression ab, sondern wurde unter Monokulturbedingungen durch eine
Vielzahl intrinsischer Resistenzmechanismen der Tumorzellen beeinflusst. Dartuber hinaus
schien TSPO keine wesentliche Rolle bei IFNy— und TNFoa-stimulierten Induktion und Sekre-

tion der immunmodulatorischen Zytokine IL-6 und IL-8 zu spielen. Knockdown und Knockout



von TSPO in BTIC13 beeintrachtigten die Migration von Krebszellen erheblich und erhdhten

die maximale mitochondriale Atmung sowie die Produktion von reaktiven Sauerstoffspezies.

Zusammenfassend positioniert diese Arbeit TSPO als potenziellen Marker fiir die Aktivitat von
Effektor-T-Zellen und der OXPHOS Regulation im Glioblastom. Dennoch bleiben konkrete
Schlussfolgerungen hinsichtlich des therapeutischen Potenzials von TSPO zum jetzigen Zeit-
punkt aus. Die hier vorgestellte Methodik und die Ergebnisse legen jedoch den Grundstein fir
die Aufklarung einer vermutlich streng regulierten Rolle von TSPO beim Glioblastom und die-

nen als Grundlage flr zuklnftige Experimente.
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Introduction

1 Introduction

1.1 Glioblastoma

1.1.1 Classification of glioblastoma
Diffuse gliomas represent the most abundant type of malignant brain tumors in adults [1] . They
arise from glial cells or its precursor cells and are characterized by diffusely infiltrative growth

into the brain parenchyma [2].

Historically, gliomas were classified and graded by the World Health Organization (WHO)
based on histological characteristics, however the updated versions from 2016 and 2021 also
take molecular features into account [3, 4]. The prognostic grades range from 1 to 4, with grade
1 having the longest survival rate after diagnosis and grade 4 having the worst prognosis. At
current state, adult-type diffuse gliomas are broadly divided into three subtypes based on mor-

phological and molecular features (Figure 1):

(1) Oligodendrogliomas are defined by isocitrate dehydrogenase (IDH) mutation and co-dele-
tion of the chromosome arms 1p and 19q [3]. They also often exhibit increased telomerase
reverse transcriptase (TERT) promotor mutations and are graded as WHO grade 2 or 3 based

on the absence or presence of the histological feature of anaplasia [3, 5].

(2) Astrocytomas, IDH-mutant are defined by gain-of-function mutations in IDH7 or IDH2. Loss
of nuclear ATRX and loss-of-function mutations in tumor suppressor protein TP53 are also
observed in the vast majority of these tumors [5]. They are stratified from WHO grade 2 to 4
depending on the abundance of histopathological criteria and the homozygous deletion in cy-
clin-dependent kinase inhibitor 2A/B (CDKNZ2A/B) which serves as a negative prognostic
marker [6, 7].

(3) Glioblastomas, IDH-wildtype lack IDH mutations but show epidermal growth factor receptor
(EGFR) gene amplification or TERT promotor mutations and gain of chromosome 7 combined
with loss of chromosome 10 [4, 5, 8]. They always correspond to WHO grade 4 and their
histological features include prominent cellular and nuclear atypia, frequent mitotic figures, and
areas of necrosis and vascular proliferation [3]. However, if they lack necrosis and /or vascular

proliferation, they can also be diagnosed by the above-mentioned genetic alterations.
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Figure 1. Basic classification of adult diffuse gliomas according to the WHO classification from 2021. Shown
is the classification of adult-type diffuse gliomas into Oligodendroglioma, Astrocytoma and Glioblastoma based on
diagnostically relevant molecular alterations. Green colored boxes mark intact or retained markers, and red colored

boxes mark the loss, mutation, or amplification of markers. Own illustration based on [5]. MVP, microvascular prolif-

eration.

Glioblastomas are the most common type of malignant brain tumors and account for 50.1 %
of primary malignant brain tumors [1]. Their high aggressiveness and complexity lead to a
particularly poor prognosis. Even with advanced therapies, the median overall survival remains
low at 15-17 months and less than 7 % of the patients are alive after 5 years of diagnosis [1,
9, 10].

The current standard of care for glioblastoma after surgery was established 18 years ago in
2005 and amended in 2015 for the last time. It consists of six weeks of daily fractionated radi-
ation therapy combined with concurrent and adjuvant temozolomide [10]. In 2015, tumor treat-
ing fields (TTFs) were included to this treatment regimen in patients with good clinical condi-
tions. These devices inhibit the division of rapidly proliferating cells by low-intensity, interme-
diate frequency (200 kHz) alternating electric fields [11]. This increased the progression-free
survival significantly from 4.0 months to 6.7 months and the median overall survival from 16.0
months to 20.9 months [12].
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For certain molecular subgroups of glioblastoma also other treatments additionally to standard
temozolomide are potentially beneficial. For example, a phase 3 trial has shown that patients
with methylated O6-methylguanine DNA methyltransferase (MGMT) promoter in newly diag-
nosed glioblastoma benefit from Lomustine administration in addition to standard treatment.

This improved the median overall survival from 31.4 months to 48.1 months [13].

Overall, however, substantial progress in improving the outcome of therapy is still lacking.
Many novel therapeutic strategies such as kinase inhibitors [14, 15], immune therapy [16-18],
and proteasome- and transcription factor inhibitors [19—21] have not been successful so far.
Nevertheless, global efforts to advance new therapeutic options have led to many promising
strategies that are currently investigated in preclinical and clinical trials all over the world (re-
viewed in [22, 23]).

1.1.2 Heterogeneity of glioblastoma

One reason for treatment failure and the poor patient outcome is the extensive heterogenous
nature of glioblastoma. This is reflected in the dynamic and highly variable molecular charac-
teristics between patients (inter-tumoral heterogeneity), but also within individual tumors (intra-
tumoral heterogeneity) (reviewed in [24]). Furthermore, the heterogeneity can change and
evolve over time and affect various malignant traits such as the expression of pro-tumorigenic
genes, modulation of metabolic pathways and evasion of the immune system. In the last years,

great efforts have been made to capture the several layers of heterogeneity in glioblastoma.

Classically, glioblastomas have been divided into the primary or secondary type, which not
only affect different age groups and vary in prognosis but also harbor distinct molecular profiles
[25]. Primary glioblastomas are more prevalent in older patients and develop de novo. They
account for over 90 % of the cases and are characterized by EGFR amplification, inactivation
of phosphatase and tensin homolog (PTEN) and loss of heterozygosity (LOH) on chromosome
10q [25]. Secondary glioblastomas are much rarer and develop as secondary neoplasm
through the progression from lower grade glial tumors. In general, patients with secondary
glioblastoma are younger and their genetic alterations frequently include TP53 mutations and
LOH of 10q [25].

A genetic signature of secondary glioblastoma is the mutation of IDH1/2, which occurs in more
than 80 % of the cases [26]. However, based on the newest WHO classification from 2021,
IDH1/2 mutation is an exclusion criterion for glioblastoma [4] (Figure 1). Therefore, tumors with
a clinical history resembling secondary glioblastoma and high-grade features are now classi-

fied as astrocytoma, WHO grade 4.
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1.1.2.1 Genetic alterations of glioblastoma

Glioblastoma was one of the first tumors that was part of a large-molecular profiling study
conducted by The Cancer Genome Atlas Network (TCGA). By analyzing the genomic, tran-
scriptomic, and epigenetic composition of over 200 glioblastoma cases, they revealed a net-
work of three core pathways that are frequently dysregulated in glioblastoma [27] (Figure 2).
These include receptor tyrosine kinase (RTK) signaling, alterations in the retinoblastoma (RB)

and p53 tumor suppressor pathways.

Receptor tyrosine kinase/rat sarcoma/phosphatidylinositol-(3)-kinase (RTK/RAS/PI(3)K) sig-
naling was activated in 88 % of the cases due to mutations and amplifications of RTKs (EGFR,
ERBB2, platelet-derived growth factor receptor A (PDGFRA) and MET) and frequent deletions
of the tumor suppressors PTEN and neurofibromatosis type 1 (NF1).

RB signaling was altered in 77 % of the cases and the most common aberrations were dele-
tions of CDKN2A/CDKN2B (52 % and 57 %) and amplifications of cyclin-dependent kinase 4
(CDK4) (18 %). In 11 % of the samples, RB1 was homozygous deleted. P53 signaling was
inactivated in 87 % of the cases as a consequence of ADP ribosylation factor (ARF) deletions,
amplifications of mouse double minute homologue 2 (MDM2) and MDM4 and mutations of
TP53.

RTK/RAS/PI-3K EGFR ERBB2 PDGFRA MET

gnaling ' M ] [
altered in 1J L UJ
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Figure 2. The three core signaling pathways altered in glioblastoma. Shown are the altered pathway compo-
nents, types of mutation, and the percentage of tumors affected by alterations of the (a) RKT/RAS/PI-3K, (b) P53
and (c) RB signaling pathway. Amplification and activating mutations are highlighted in red. Deletions and loss of
function mutations are shown in blue. Original image is from [27] and has been adapted from the reprinted version
of [28].
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Summarizing, tumorigenesis of glioblastoma is not the result of a single driver gene mutation
and most of the samples showed alterations in all three pathways. This allows the tumor to
escape from cell cycle checkpoints and apoptotic cues and favors a cooperative pro-survival

and proliferative signaling state [27, 28].

1.1.2.2 Transcriptional subtypes of glioblastoma

To understand the diversity of these molecular changes and obtain a more reliable prediction
to therapeutic vulnerabilities, glioblastoma has been classified into different transcriptional sub-
types. The greater availability of transcriptomic and proteomic data enabled the evolution of
these subtypes which provides increasingly detailed insight into the molecular landscape of
glioblastoma [29, 30]. A first step was made in 2006 by Phillips and colleagues who identified
three subtypes with mesenchymal, proneural and proliferative characteristics based on the
expression of marker genes [29]. Using data from The Cancer Genome Atlas (TCGA) project
and gene expression profiling, these subtypes were further divided into four clusters namely
classical, mesenchymal, neural and proneural, which were tightly associated with genomic
abnormalities [30]. Currently however, glioblastoma is classified into three transcriptional sub-
types. These include the highly proliferative classical subtype, which is linked to chromosome
7 amplifications and chromosome 10 deletions, frequent EGFR amplifications, deletion of
CDKNZ2A, and loss of PTEN [30, 31]. The mesenchymal subtype is enriched in mesenchymal
markers such as YKL40 and MET and associated with loss of NF1 and frequent inactivation
of PTEN [30, 31]. Lastly, the proneural subtype is related to PDGFRA amplifications and ab-
errations in the p53 signaling pathway [30, 31]. The previously described neural subtype was

identified as contamination with the non-tumoral cells [31].

The development of more advanced sequencing techniques allowed insight into the transcrip-
tional profile at single cell resolution (reviewed in [32]). These studies captured the intra-tu-
moral heterogeneity and showed that glioblastoma does not consist of only one subtype but is
rather composed of a mixed cell population of multiple TCGA subtypes [33-35]. It was also
shown that malignant cells were differentially enriched for genes related to the cell cycle, hy-
poxia, the complement/immune response, and oligodendrocyte function [33]. Single cell RNA
sequencing also revealed that specific transcriptomic subtypes are preferentially enriched in
tumor cells that exhibit distinct recurrent expression states (Figure 3). These expression states
were lineage specific and either resembled neural progenitor cells (NPCs), oligodendrocyte
precursor cells (OPCs), astrocytes (AC) or mesenchymal (MES) cells [35]. The abundance of
cellular states within one tumor is shaped by somatic mutations and microenvironmental cues.
For example, EGFR aberrations drive the prevalence for AC-like cells, whereas amplifications
of CDK4 and PDGFR are associated with NPC-like and OPC-like states. NF1 alterations and

the abundance of microglia/macrophages affect the frequency of MES-like states [35]. Recent
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studies also point out the spatial adaptability and plastic state of neoplastic glioblastoma cells.
First indication for these dynamics is the switch between different transcriptional subtypes that
can be frequently observed upon tumor recurrence [36]. Adding a further layer of complexity,
individual glioma cells were observed to resemble transcriptomic subtypes that dramatically
change between different locations in the same tumor [34, 37]. This dynamic and spatial plas-
ticity appears to be at least partly controlled by transcriptional programming via the tumor mi-
croenvironment [34, 35, 37, 38].
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Figure 3. The intra-tumoral heterogeneity of glioblastoma converges into four different cellular states. Each
tumor can be composed of four cellular states with OPC-like, NPC-like, AC-like and MES-like features. Cells of
each state can proliferate and transition into other states. The prevalence of each state is determined by genetic
and micro-environmental drivers. In this model, cycling cells are indicated by a mitotic spindle. Colors code for the
different cellular states; the darker the color, the stronger is the cellular program. Transitions and intermediate states

are shown at the passage between states. Image was adapted from [35].

The intra-tumoral heterogeneity is one of the key factors of intrinsic therapy resistance and its
characterization largely contributes to the understanding of the tumor. From a translation and
clinical point of view, the plasticity and diversity of molecular changes within one tumor points
to the weaknesses of broadly applicable therapies, yet the clinical relevance of these subtypes

is not fully understood.
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1.1.2.3 Other subtypes of glioblastoma
Therefore, latest approaches attempt to classify glioblastoma into subtypes with higher predic-
tive value to treatment response by considering core biological traits as well as the tumor mi-

croenvironment.

For example, using an unbiased computational approach combining single cell sequencing
data, four new glioblastoma subtypes were found based on metabolic and developmental path-
way activities [39]. These include two metabolic subtypes that are differentiated as mitochon-
drial and glycolytic subtype and two developmental subtypes, namely the neuronal subtype
and the proliferative/progenitor subtype. The mitochondrial subtype is highly dependent on
oxidative phosphorylation (OXPHOS), shows the most favorable outcome and is predictive for
the sensitivity to OXPHOS inhibitors [39].

Tumors are not exclusively composed of diverse malignant cells but also of non-malignant
cells in the tumor microenvironment (TME). Studies have shown that interactions between
malignant cells and cells of the TME are tightly associated with clinical outcome and treatment
response, particularly to immunotherapy [40—42]. As the composition of the TME is also het-
erogeneous and consists of various types of non-immune and immune cells with different phe-
notypes [43—45], a recent study investigated the composition of the TME to identify patients
that would benefit from immunotherapy [46]. Using a computational approach to establish a
TME-based classification system, they identified three novel TME-associated subtypes with
unique composition of the TME, functional orientation markers and immune checkpoint pro-
teins. These subtypes revealed specific TME-associated vulnerabilities and thus could help to

guide the stratification of patients for improved precision immunotherapy [46].

However, these innovative classification approaches have to be yet incorporated and validated
into prospective translation research and new clinical trials. It remains to be seen to what extent

these novel subtypes become useful for clinical decision making.

1.2 Immunosuppressive landscape of glioblastoma

Glioblastomas are characterized by a highly immunosuppressive microenvironment. Reasons
for that are tumor-intrinsic factors and the various types of immune cells at different phenotypic
states that create an additional layer of heterogeneity. The communication of tumor cells with
immune cells creates a pro-tumorigenic, anti-inflammatory environment that adds to the ag-
gressive nature of glioblastoma and promotes tumor proliferation, invasion, and resistance to
current therapies (reviewed in [47]). Therefore, understanding the immune landscape of glio-
blastoma is important for developing new therapies and especially critical for advances in im-

munotherapy.
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1.2.1 Tumor-intrinsic factors

Several tumor-intrinsic factors lead to immune evasion in glioblastoma. These include the fre-
quent upregulation of immune checkpoint molecules such as programmed death ligand 1
(PDL-1) [48] which binds to the co-inhibitory receptor PD-1 on cytotoxic T cells and induces T
cell exhaustion and apoptosis [49, 50]. Furthermore, cytotoxic T cells depend on tumor antigen
presentation by the human leukocyte antigen (HLA) class | peptide complex to become acti-
vated. However, tumor cells often have defects in antigen presentation and loss of heterozy-
gosity in HLA class | is a frequent event in glioblastoma [51]. Another mechanism driving im-
mune evasion is the upregulation of immune-suppressive signaling pathways such as signal
transducer and activator of transcription 3 (STAT-3) (reviewed in [52]) and indoleamine 2,3-
dioxygenase (IDO) [53, 54]. Finally, the release of immune-suppressive factors by tumor cells
such as transforming growth factor beta (TGF-) (reviewed in [55]), Interleukin-10 (IL-10), IL-

1B, IL-6, and IL-8 [56] provide an environment for optimal immune evasion and tumor growth.

1.2.2 Tumor-extrinsic factors
In addition to tumor-intrinsic factors, the tumor immune landscape plays a pivotal role in glio-
blastoma immune evasion (Figure 4). It is characterized by lymphocyte depletion combined

with high infiltration of myeloid cells [45, 57].

Moreover, the myeloid compartment comprises up to 30 % of all cells in the TME and is a
major contributor of immune-suppression [45, 58, 59]. It consists of tumor-associated macro-
phages and microglia (TAMs), and myeloid-derived suppressor cells (MDSCs). The TAMs ex-
ist in a range of phenotypes that can be differentiated based on the expression of phenotypic
markers and the most basic distinction is made between the pro-inflammatory M1 state and
the anti-inflammatory, pro-tumorigenic M2 phenotype. Within the TAM population, especially
the M2-polarized macrophages establish a pro-tumorigenic TME: they express cell surface
markers and release growth factors and immune-suppressive cytokines, which inhibit the anti-
tumor immune response and promote tumor proliferation and invasion [60—64]. Latest studies
have also shown that glioblastoma induces a shift in the polarization from M1 to the M2 phe-
notype by secreting interleukins, cytokines and metabolites [62, 65]. Additionally, a recent
study revealed a complex and unique relationship between the bone marrow niche of the skull
and brain inflammation in several neurodegenerative diseases [66] and it will be fascinating to
explore to which extent the microenvironment of glioblastoma is shaped by the skulls unique

immune cell niche.

The heterogenous MDSC populations are powerful inhibitors of anti-tumor immune responses
in glioblastoma [67]. They contribute to the immunosuppressive microenvironment by depleting

amino acids essential for T cell function via expression of Arginase and inducible nitric oxide
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(iNO) synthase, and increased production of reactive oxygen species (ROS), and IL-10 [68—
70].

Within the tumor-infiltrating lymphocytes, regulatory T cells (Tregs) are the most abundant
population [71]. They contribute to the local immune suppression by secreting immune-sup-
pressive cytokines and downmodulating co-stimulatory molecules on antigen-presenting cells

in order to hamper anti-tumor immune responses (reviewed in [72]).

Further tumor-infiltrating lymphocytes include CD8* and CD4" T cells, which play an important
role in eliminating cancer cells and in enhancing the anti-tumor capabilities of other immune
cells. However, their potent cytotoxic potential is often hindered by limited tumor infiltration or
by acquiring a nonfunctional, exhausted state within the TME. This exhaustion state is charac-
terized by the upregulation of inhibitory receptors such as PD-1, altered cytokine secretion
profiles, as well as metabolic and epigenetic changes [73—75]. Persistent antigen exposure
and chronic T cell activation, as well as the high levels of immune-suppressive cytokines such
as IL-10, TGF-p within the TME are among the factors that contribute to T cell exhaustion in
glioblastoma [70, 75].

Natural killer (NK) cells are part of the innate immune system and powerful eliminators of ab-
errant cells by secreting death ligands such as TRAIL and FasL and perforin/granzyme B.
However, in the TME of glioblastoma, NK cells play a minor role and are often non-functional
due to the negative regulation by TAMs, MDSCs and Tregs [22], the upregulation of the inhib-
itory ligand HLA-G [76, 77], and the secretion of TGF-B by tumor cells (reviewed in [55]).

Together, these mechanisms induce an immunosuppressive environment leading to dysfunc-
tional and exhausted cytotoxic T cells unable to launch an effective immune response [70, 73].
In a clinical setting, counteracting the dysfunctionality to restore T cell anti-tumor activity by
targeting immune checkpoints led to substantial progress in the treatment of other difficult-to-
treat cancers [78]. Importantly, the use of similar immune checkpoint inhibitors is currently
under clinical investigation in glioblastoma, however, yet published clinical trials are disap-

pointing an did not lead to approval of the investigated drugs [16, 79, 80].
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Figure 4. Simplified overview of the immune landscape of glioblastoma. (1) Cytokines, chemokines, and

growth factors secreted by the tumor cells recruit MDSCs, TAMs and Tregs into the TME. (2) The anti-inflammatory
TME polarizes pro-inflammatory M1 TAMs into pro-tumorigenic M2 TAMs, which support tumor growth, invasion
and angiogenesis (3). The high levels of IL-10, Arginase and iNO secreted by Tregs, M2 TAMs and MDSCs sup-
press anti-tumor immune responses by T cells and NK cells (4). Upregulation of immune-suppressive pathways,
such as STAT3 and IDO, and secretion of immune-suppressive cytokines by tumor cells further impedes an effec-
tive anti-tumor immune response (5). Surface expression of inhibitory ligands by tumor cells, such as HLA-G and
PDL-1, contribute to impaired NK- and T cells, respectively (6). MDSC, myeloid-derived suppressor cells; TAM,
tumor-associated macrophages/microglia; Tregs, regulatory T cells; IL-10, interleukin-10; iNO, inducible nitric oxide
synthase; NK, natural killer; HLA-G, human leukocyte antigen-G; PDL-1, programmed death-ligand-1; GZMB,
Granzyme B; STATS3, signal inducer and activator of transcription 3; IDO, indoleamine 2,3-dioxygenase; TGF-§,
transforming growth factor beta.
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1.3 Apoptosis

Apoptosis is a complex and highly regulated form of programmed cell death (PCD) that allows
a cell to die without initiating a strong immune response. It is highly conserved in multi-cellular
organisms and required for a multitude of physiological processes such as embryogenesis and
maintaining cellular homeostasis. There are many alternative routes of programmed and non-
programmed cell death that are activated by their specific triggers (reviewed in [81]), but apop-
tosis is the most studied one. However, apoptosis is not an isolated process but there is ex-
tensive crosstalk with other forms of PCD, which can reciprocally support or inhibit each other
(reviewed in [81-83]).

Apoptosis requires the activation of cysteine-aspartic proteases (caspases) and occurs via two
different pathways (reviewed in [84]) (Figure 5). These include the extrinsic pathway, which is
activated by the binding of death ligands to their corresponding receptors on the cell surface
or within the cytosol, and the intrinsic pathway, which is mediated by the mitochondria. These
two pathways can act independently, but they also work synergistically to efficiently remove

aberrant cells.

Dysregulated apoptosis is associated with many pathologies and already in 2000, Hanahan
and Weinberg described the resistance to apoptotic cues as a hallmark of cancer, leading to
uncontrolled growth of transformed cells [85]. Understanding how tumor cells evade apoptosis
and identifying mechanisms that promote tumor cell death is an important goal for the devel-

opment of more effective treatments for glioblastoma.

1.3.1 Extrinsic pathway of apoptosis
The immune system plays a major role in cancer immune surveillance. The main effector cells
are NK cells and cytotoxic T cells, which release death ligands and cytolytic granules to stim-

ulate tumor cell apoptosis [86, 87].

The extrinsic apoptotic pathway is triggered by the oligomerization of death receptors (DR)
with their respective death ligands. These include the Tumor necrosis factor receptor 1
(TNFR1) and its ligand TNFa [88], TNF-related apoptosis inducing ligand (TRAIL) receptors
DR4 and DR5, which bind TRAIL [89], and the Fas receptor and its ligand FasL [90].

Ligand-receptor interaction enables the formation of the death inducing signaling complex
(DISC) [91]. The DISC consists of adaptor proteins, such as Fas-associated death domain
protein (FADD) or TNFR1-associated death domain (TRADD), which recruit the initiator caspa-
ses procaspase-8 or procaspase-10 [92, 93]. Binding of the procaspases induces homodimer-
ization and auto-catalytic cleavage into active caspase-8 or -10 [94]. Active caspase-8 or -10

are released into the cytosol and initiate apoptosis by cleaving and activating the executioner

11
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caspases-3 or -7. DISC activation can be inhibited by cellular FLICE-like inhibitory protein
(cFLIP), which is structurally similar to caspase-8 but lacks catalytic activity and thus competes
for FADD binding [95].

1.3.2 Intrinsic pathway of apoptosis

In addition to the extrinsic pathway, there is an intrinsic apoptosis pathway that is dependent
on mitochondria and is induced by e.g., nutrient deprivation, DNA damage, and UV radiation.
It is strictly regulated by a fine balance between pro-apoptotic (BID, Bak, Bax etc.) and anti-
apoptotic (Bcl-2, Mcl-1, Bcl-xL) B-cell ymphoma 2 (Bcl-2) family of proteins (reviewed in [96]).
This family can be further divided into activator (BID, BIM, PUMA) and sensitizer proteins
(BAD, Noxa, Bik) [96]. Upon activation of the intrinsic apoptotic pathway, activator proteins
stimulate the oligomerization of the proteins BAX and BAK which start to form pores in the
mitochondrial membrane [97, 98]. Sensitizer proteins contribute to apoptosis induction by bind-
ing and inhibiting anti-apoptotic Bcl-2 family proteins [96, 99]. The pores in the mitochondrial
membrane result in loss of membrane potential, release of cytochrome ¢, and apoptosome
formation. The apoptosome complex consists of cytochrome ¢, deoxyadenosine triphosphate
(dATP), apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 and induces the au-
tocatalytic activation of caspase-9 and subsequent activation of the executioner caspase-3 or
-7 [100].

Both, the extrinsic and the intrinsic pathway, can act independently, but they are also con-
nected. For example, in many tumor cells, activation of the extrinsic pathway is insufficient to
trigger apoptosis and simultaneous activation of the intrinsic pathway is required. This is ac-
complished by caspase-8, which can directly cleave BID, leading to the activation of the intrin-

sic pathway and amplification of the extrinsic signal [101].

Finally, the active executioner caspases cleave DNA repair enzymes and cytoskeleton proteins
causing mitochondrial dysfunction, chromatin condensation, membrane blebbing and cell frag-
mentation (reviewed in [102, 103]). The cell is then packaged into apoptotic bodies and re-

moved by phagocytic cells.

12
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Figure 5. Overview of the extrinsic and intrinsic pathways of apoptosis. Cytotoxic T cells or natural killer (NK)
cells produce death ligands or cytotoxic granules to induce apoptosis. Death ligands bind to their death receptors to
initiate the extrinsic apoptotic cascade by activating caspase-8. TRAIL receptors can also induce NF«B to trigger
pro-survival signaling. To amplify the apoptosis signal, caspase-8 activates the intrinsic pathway by cleaving BID.
The intrinsic pathway is also induced by intrinsic factors such as DNA damage, nutrient deprivation or UV radiation
and is regulated by anti- and pro-apoptotic proteins of the Bcl-2 family. Anti-apoptotic Bcl-2 proteins inhibit pro-apop-
totic Bcl-2 proteins. Pro-apoptotic Bcl-2 proteins induce mitochondrial outer membrane permeabilization (MOMP),
which leads to the mitochondrial release of pro-apoptotic factors such as cytochrome ¢ and second mitochondria-
derived activator of caspases (SMAC). SMAC inactivates inhibitor of apoptosis (IAP) proteins that negatively regulate
caspase activation. Cytochrome c, together with ATP, Apaf-1 and caspase-9 (Casp9) form the apoptosome which
activates caspase-3/-7. There are negative and positive interactions between apoptosis and other forms of cell death
such as autophagy, necrosis, and ferroptosis. Anti-apoptotic regulators are shown in light red, pro-apoptotic regula-

tors are shown in green. Own illustration based on [84].
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1.3.3 TRAIL
The death receptor ligand TRAIL has received more attention than any other death ligand in
cancer research. This is due to TRAIL s ability to induce apoptosis in a broad range of tumor

cells, while leaving untransformed cells unharmed [104, 105].

TRAIL is a type Il transmembrane protein with a receptor binding domain on its extracellular
carboxyl terminus [104]. Transmembrane TRAIL can be cleaved by metalloproteases to re-
lease a soluble form that remains biologically active [106]. Human TRAIL can bind two death
receptors (DRs), DR4 and DRS5, which include full-length death domains (DD), are ubiquitously
expressed, and conduct apoptosis signaling via the caspase cascade (Figure 6) (reviewed in
[107]). DR4 is activated by both soluble and membrane-bound TRAIL, whereas DR5 is only
activated by membrane-bound TRAIL [108]. There are three alternative receptors, which in-
clude the two decoy receptors, DCR1 and DCR2, and osteoprotegerin (OPG). All of those
either completely lack the intracellular DD domains or carry only a truncated domain, and

thereby favor pro-survival signaling (Figure 6) (reviewed in [107]).

Human

Long
isoform Short DCR

isoform
i OPG

!

O Cysteine-rich ) Incomplete @ TAPE
domain cysteine-rich domain repeat
= GPI DD O Truncated ® MPD
anchor DD

Figure 6. Human TRAIL can bind to five receptors. TRAIL receptor 1 (DR4) and TRAIL receptor 2 (DR5) contain
intracellular death domains (DD) to conduct apoptosis signaling. There are two splice variants of DR5 which differ
in the presence of the TAPE (threonine, alanine, proline, glutamine) domain. The TRAIL-R3 (DCR1) contains a
glycosylphosphatidylinositol (GPI) anchor and misses an intracellular DD. TRAIL-R4 (DCR2) has a truncated DD
that can induce pro-survival signaling but not apoptosis. Osteoprotegerin (OPG) is a soluble TRAIL receptor that

binds TRAIL with low affinity (adapted and modified from [107]). MPD, membrane proximal domain.
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TRAIL sensitivity can be regulated at multiple levels, and like many cancers, glioblastoma has
developed various strategies to evade TRAIL-induced apoptosis. These include altered ex-
pression patterns or structural alterations of TRAIL death and decoy receptors, resulting in
reduced sensitivity to TRAIL-induced apoptosis and a preference for pro-survival signaling
[109, 110]. For example, studies have shown that TRAIL receptor binding can activate the
nuclear factor (NF)-kB to induce transcription of anti-apoptotic, pro-survival and pro-inflamma-
tory genes [111, 112]. The mitogen-activated protein (MAP) kinases, in particular the extracel-
lular signal-regulated kinase (ERK), are also involved in TRAIL-induced non-apoptotic effects.
TRAIL induces phosphorylation of ERK1/2, which leads to the transcription of pro-survival and

pro-proliferative genes [113—115].

Furthermore, the TRAIL initiator caspase caspase-8 is heterogeneously expressed, with some
tumors exhibiting low or even absent caspase-8 expression [116—118], and others often re-
taining variable levels of caspase-8 activity [119, 120]. These studies describe an alternative
tumor-supporting role of active caspase-8 in glioblastoma, promoting tumor growth and malig-

nancy rather than inducing apoptosis [119-121].

Finally, anti-apoptotic proteins like cFLIP, Bcl-2, Bcl-xL and Mcl-1 are associated with TRAIL-

resistance and are frequently overexpressed in glioblastoma [122—-125].

1.4 Metabolism

Metabolism is another feature that thoroughly interacts with glioblastoma-shaping events in
the TME. Most importantly, to efficiently meet the increased energy demand of rapid prolifera-

tion, tumor cells have to adapt their metabolism accordingly.

Depending on their genetic background and the nutrient availability in the TME, tumor cells
can modify the flow through metabolic pathways such as anaerobic and aerobic glycolysis,
oxidative phosphorylation, pentose phosphate pathways, fatty acid oxidation and, amino acid-
and nucleotide metabolism [126, 127]. Metabolic reprogramming can be attributed to altera-
tions in signaling pathways such as PI3K-AKT-mTORC1, cMyc and p53 (reviewed in [128—
130]). Alterations in these pathways can for example increase the metabolic flux via transcrip-
tional upregulation and phosphorylation of metabolic transporters and metabolic enzymes (re-
viewed in [128-130]).

Glioblastoma cells are highly dependent on glucose as energy source. Glucose can either
undergo glycolysis coupled to lactate fermentation or is processed and transported as pyruvate
into the mitochondria, where oxidative phosphorylation takes place [131] (Figure 7). Inside the
mitochondrial matrix, pyruvate is further metabolized in the tricarboxylic acid (TCA) cycle,

which generates free electrons that are transferred to NAD and FAD. Through these electrons
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carriers, electrons are channeled into the electron transport chain (ETC). The ETC consists of
four multiprotein complexes and the stepwise movement of the electrons through these com-
plexes is used to create a proton gradient across the inner mitochondrial membrane (IMM).
The final electron acceptor is Oz, which is reduced to water. The generated proton gradient is
then used to fuel the FoF1-ATPase (complex V) to produce large amounts of ATP (30-36 ATP)
in a process called oxidative phosphorylation (OXPHOS). Although OXPHOS is more efficient
in providing energy, some tumor cells use glycolysis and lactate fermentation to generate ATP
with a much lower yield of 2 ATP even in the presence of oxygen (Warburg effect, i.e. aerobic
glycolysis) [132]. The intermediates produced by aerobic glycolysis can be used for the syn-
thesis of nucleotides, lipids and amino acids to support proliferation [133]. At the same time,
increased lactate levels cause acidification of the TME, which contributes to the immunosup-

pressive environment [134—136].

Intermembrane
space

Electron transport chain

@qp@@

ATP synthesis
® ¢ © O

FoF1-ATPase

Inner mito.
membrane [

Fo-Component

FADH2 ™
“ @ . ‘FaD*+2@
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Mitochondrial
matrix

Figure 7. Overview of the electron transport chain and ATP synthesis in mitochondria. The electrons of the
electron carriers NADH and FADH:2 enter the electron transport chain of the inner mitochondrial membrane. There,
they pass through four large protein complexes (complex I-1V) until they are transferred to oxygen, which is reduced
to H20. The energy released in this process is used to transfer protons from the mitochondrial matrix to the inter-
membrane space. Since the inner mitochondrial membrane is impermeable to protons, this generates a proton
gradient. Protons then flow back into the mitochondrial matrix along the concentration gradient through the FoF1
ATPase. This proton motive force is used to generate ATP. Own illustration based on [131].

However, the majority of tumor cells are capable to switch between non-oxidative and oxidative
pathways to produce both, macromolecular precursors and energy [137-139]. Additionally, a
byproduct of high metabolic activity is the increased production of reactive oxygen species

(ROS), which may promote tumor malignancy directly and indirectly (reviewed in [140]). More
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specifically, glioblastoma cells are highly plastic and can switch between different carbon

sources to overcome nutrient shortages [138, 141, 142].

Alterations and adaptations of the cellular metabolism is a major contributor to the malignancy
and treatment resistance of glioblastoma. Therefore, the identification of new metabolic vul-

nerabilities is indispensable for novel treatment strategies.

1.5 TSPO

In 1977, an alternative receptor for benzodiazepines was discovered and named peripheral
benzodiazepine receptor (PBR) [143]. Soon however, PBR was increasingly recognized for its
affinity to cholesterol and its role in cholesterol transport across the mitochondrial membrane.
Accordingly, its name was changed to translocator protein TSPO [144]. Due to its high conser-
vation across the three phylogenetic kingdoms [145] and the reported embryonic lethality of
TSPO knockout mice [146, 147], it has been considered a critical protein for steroidogenesis
and has attracted considerable research interest. Studies mainly employed synthetic TSPO
ligands and in vitro models and soon TSPO was described to be associated with a multitude
of cellular functions. These include cholesterol transport and steroidogenesis [148, 149], but

also cell proliferation [150], apoptosis [151], and mitochondrial functions [152, 153].

However, emerging discrepancies between recent in vivo genetic models and pharmacological
studies of TSPO indicated that distinct molecular functions of TSPO are still enigmatic [154—
157]. This highlights the demand for further experiments to determine the biological function

of TSPO under physiological and pathological conditions.

1.5.1 TSPO expression

Studies in adult rats revealed that TSPO is expressed in many peripheral tissues and the high-
est concentrations are found in steroid-synthesizing tissues such as adrenal glands [158]. In
the central nervous system (CNS) however, TSPO levels are generally low and mostly re-
stricted to ependymal and glial cells [159]. Increased expression of TSPO has been observed
in activated microglia during brain inflammation, in neurodegenerative disorders, and in brain
tumors [159-161]. This led to the development of specific radiolabeled TSPO positron-emis-
sion tomography (PET) tracers to image the increased TSPO expression in areas of neuroin-

flammation and brain tumors in vivo [162, 163].

On a transcriptional basis, TSPO expression is regulated at multiple levels. The functional
characterization of the TSPO promotor revealed a GC-rich promotor with several binding sites
for transcription factors including Pu.1, Activator protein 1 (Ap1), STAT3, Specificity protein 1
(Sp1), Sp3, and Sp4 [164, 165]. There is evidence that TSPO expression is dependent on the
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PKCe/ERK1/2-AP1-STAT3 signaling pathway, suggesting that increased TSPO levels in can-
cer may be attributed to abnormal signaling through this pathway [166]. Furthermore, aberrant
promotor methylation patterns might contribute to an upregulation of TSPO expression, but the

exact relationship remains to be elucidated [164, 167].

1.5.2 Protein structure and subcellular localization of TSPO

TSPO is an 18 kilodalton (kDa) transmembrane protein, located in the outer mitochondrial
membrane (OMM). The current understanding of the TSPO structure at molecular level is
based on a nuclear magnetic resonance (NMR) study of mouse TSPO in complex with the
ligand PK11195 (ProteinDataBank ID: 2MGY, [168]. It shows that TSPO consists of 169 amino
acids that span the OMM via five a-helical transmembrane domains [168]. The highly positive
charged C-terminus protrudes into the cytoplasm and the N-terminal end is exposed into the
intermembrane space [168]. TSPO encodes a cholesterol-recognition amino acid consensus
(CRAC) motif close to the C-terminal end that allows binding of cholesterol at nanomolar affin-
ity [168, 169].

The TSPO protein is encoded by chromosomal DNA and its mitochondrial targeting and import
depends on its C-terminus and Schellman motif [170]. Once integrated into the OMM, TSPO
can polymerize [171, 172] and form complexes with other mitochondrial proteins such as volt-
age-dependent anion channel 1 (VDAC1), adenine nucleotide translocase (ANT), steroido-
genic acute regulatory protein (StAR), and others [173-175]. It is hypothesized that TSPO

mediates a multitude of proposed cellular functions as part of these multi-protein complexes.

1.5.3 Endogenous and synthetic TSPO ligands
Endogenously, TSPO can bind to porphyrins [176], cholesterol [169], and the acyl-CoA-binding
protein (ACBP), previously known as diazepam binding inhibitor (DBI) [177].

The majority of synthetic TSPO ligands were primarily developed as neuroimaging agents (re-
viewed in [178]). They include first generation TSPO ligands such as PK11195 and Ro5-486,
but also pharmacokinetically improved ones such as GE-180 and ER176 (reviewed in [179]).
Additionally, synthetic TSPO ligands were used to functionally characterize TSPO in a multi-
tude of studies [148, 153, 180]. However, the mode of action is often not well defined and the
specificity of TSPO ligands is debated. Several studies report off-target sites and effects inde-
pendent of TSPO [156, 181, 182].

TSPO ligands were also shown to have therapeutic potential (reviewed in [178]). However,
etifoxine (Stresam®) is the only ligand that is clinically approved for the treatment of anxiety-
related disorders in France. It exerts its anxiolytic effects by targeting both, TSPO and GABAa
receptors [183].
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Still, the development of novel, more specific ligands with improved pharmacokinetic properties

continues to progress, offering the opportunity to therapeutically target TSPO in patients.

1.5.4 TSPO in immunomodulation
TSPO is one of the most widely studied biomarkers for neuro-inflammation. During inflamma-
tory processes, TSPO levels increase in specific cell types, but the precise function of this

upregulation is far from being understood (reviewed in [184]).

Microglia/macrophages and astrocytes are major sources of TSPO in neuro-inflammation.
Studies using in vitro and in vivo mouse models showed that TSPO is selectively upregulated
in pro-inflammatory-polarized microglia/macrophages and astrocytes after treatment with pro-
inflammatory stimuli [160, 185]. In line with these findings, TSPO was most prominently upreg-
ulated after treatment with pro-inflammatory IL-1p and IFNy in a recent study using human C20
microglia [186]. The study also showed that treatment with TSPO ligands increased the secre-
tion of anti-inflammatory cytokines, whereas the downregulation of TSPO resulted in an ele-

vated secretion of pro-inflammatory cytokines [186].

However, also conflicting results have been reported. For instance, IFNy and lipopolysaccha-
ride (LPS) stimulation induced TSPO expression in rodent-derived macrophages and micro-
glia, whereas TSPO expression did not change in human primary microglia and was even

downregulated in human monocyte-derived macrophages [187].

In glioblastoma, TSPO is not exclusively expressed in tumor-infiltrating glial cells, but also at
high levels in tumor cells [161]. There is evidence that pro-inflammatory stimuli also increase
TSPO expression/levels in cancer cells. For example, TNFa was shown to upregulate TSPO
via the induction of IL-8 in HT-29 human colon carcinoma cells [171]. This was coupled to
increased ROS production and the induction of cell death, which could be prevented by the
TSPO ligand PK11195 [171].

At this point, it is not known if high concentrations of TSPO in the tumor indirectly or directly
affect immunosuppression of glioblastoma. For example, a link between TSPO activation and
the impact on cytotoxic effector T cells has not been established so far. Recent studies suggest
that TSPO is involved in ROS production [171, 188, 189]. ROS are known to stimulate the
expression/release of immunomodulatory cytokines [190, 191] or to directly impact surround-
ing immune cell populations including effector T cells [192—-194], possibly indicating a connec-

tion between TSPO expression and immunomodulation.

1.5.5 TSPO in apoptosis
As described before, mitochondria play a key role in regulating cell death through a variety of

mechanisms. The localization of TSPO in the OMM designates it a reasonable candidate for
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the modulation of apoptosis, however, data collected over the years are controversial (re-
viewed in [184]).

Intuitively, a high expression of TSPO in glioblastoma cells as well as the TME could suggest
tumor-protective effects. However, TSPO knockdown in C6 rat glioma or human U118MG gli-
oblastoma cells revealed a pro-apoptotic effect of TSPO, as TSPO-deficient cells were re-
sistant to apoptosis-induction in both models [151, 195]. In addition, the exposure of several
cancer cell lines, including glioblastoma, to various TSPO ligands resulted in the collapse of
the mitochondrial membrane potential, activation of the caspase cascade and subsequent
apoptosis [196—198]. In contrast to that, TSPO ligands were also described to reduce apopto-

sis in different glioma cells lines [151, 180, 199].

Furthermore, the mechanism how TSPO modulates apoptosis is also not clear yet. It has been
suggested that TSPO, in cooperation with VDAC1 and ANT, controls mitochondrial membrane
permeability by regulating the conductance of the mitochondrial permeability transition pore
(mPTP) [200]. This assumption was supported by experimental evidence that shows that
TSPO ligands modulate the activity of the mPTP [152, 201, 202]. Lately however, the role of
TSPO on mPTP function has been challenged. A study in liver-specific TSPO - KO mice re-
vealed that the TSPO protein is not a member of the mPTP complex and that the control of
mPTP activity occurs through a mechanism independent of TSPO [156]. In addition, the effect
of TSPO ligands on mPTP activity was mediated by interactions with different, yet unknown
targets [156]. Nevertheless, there are recent studies in other model systems showing that

knockout of TSPO significantly reduced the mitochondrial membrane potential [203-205].

In conclusion, the role of TSPO in apoptosis and mPTP function remains unclear, and contro-
versies indicate that the impact of TSPO depends on species and cell type. Further studies

are required to characterize TSPO as an apoptosis modulator in glioblastoma.

1.5.6 TSPO in mitochondrial respiration

Mitochondria not only play an important role in apoptosis, but they are also the central source
of energy by producing large amounts of ATP for cell survival und functioning. In this context,
there is increasing evidence that TSPO is linked to the cellular energy balance (reviewed in
[184]).

For instance, microglia isolated from TSPO knockout mice showed an altered oxygen con-
sumption and lower ATP levels compared to wildtype counterparts [206]. The stable overex-
pression of TSPO in Jurkat cells with low endogenous TSPO resulted in the upregulation of
electron transport chain (ETC)-related genes, elevated mitochondrial ATP production, and,

consequently, increased cell proliferation and motility [207]. Consistent with these findings,

20



Introduction

loss of TSPO in C20 microglia decreased the mitochondrial membrane potential and cytosolic

Ca?* levels, which was accompanied by a reduction in mitochondrial respiration [205].

A study using a glioma animal model and patient-derived glioblastoma cells revealed that
TSPO plays a key role in glioma malignancy by controlling the metabolic balance between
OXPHOS and glycolysis [208]. The authors could show that TSPO knockout in these models
resulted in increased mitochondrial fragmentation, reduced ATP production, and decreased
mitochondrial oxidative phosphorylation. Moreover, TSPO-deficiency caused a metabolic shift

towards glycolysis, evidenced by increased glucose uptake and lactic acid conversion [208].

However, a contradictory study has been published as well. In this study, the comparison of
oxygen consumption rates of mitochondria from liver-specific TSPO knockout mice and
wildtype counterparts showed no difference in basal, ATP-linked and -independent respiration
[156].

Mechanistically, TSPO has been associated with the FoF1 ATPase, which is responsible for
ATP production during OXPHOS, although the exact mode of action is not known yet [182,
209]. Liu and colleagues proposed that TSPO might modulate the FoF1 ATPase via a direct
interaction with the ATP “synthasome” complex (composed of ATPase, phosphate carrier, and
ANT) and the PBR complex composed of TSPO, VDAC1 and ANT [207] .

Taken together, the majority of these studies support the role of TSPO in mitochondrial energy
metabolism. The conflicting results point out the idea that the response to loss of TSPO may
be variable and dependent on cell type, tumor developmental state and microenvironmental
dependencies. Further studies will be required to evaluate TSPO as a target for altered bioen-

ergetics in glioblastoma.
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1.5.7 TSPO in glioblastoma

Early on, it was recognized that TSPO expression was increased in glioblastoma compared to
the non-neoplastic brain [210]. The level of TSPO expression correlates with the grade of ma-
lignancies among glioma cell proliferation, apoptotic indices and poor clinical outcome of pa-
tients [161, 180, 211]. Various studies also indicate an involvement of TSPO in several malig-
nant hallmarks of glioblastoma (reviewed in [184, 212]) (Figure 8). However, the functional
relevance of high TSPO levels in glioblastoma remains unresolved and warrants further inves-
tigations on TSPO’s role in immune modulation, apoptosis, and metabolism, the deregulation

of which contribute significantly to the malignancy of glioblastoma.
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Figure 8. The role of TSPO in the hallmarks of glioblastoma. TSPO has been discussed to play a role in several
hallmarks of cancer that were first described by Hanahan and Weinberg in 2000. However, the majority of studies
focus on the role of TSPO in resisting cell death and deregulated cellular energetics. The image is based on the
work of [212] and is adapted from [184].
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Aims of the thesis

2 Aims of the thesis

The ability of glioblastoma to evade T cell immune control adds largely to the devastating na-
ture of this brain tumor. In this context, resistance to extrinsic and intrinsic apoptosis pathways
and metabolic imbalances are key hallmarks of glioblastoma that further contribute to immune
evasion, malignancy, and tumor progression. Despite intensive research, current therapy op-

tions are limited, and new therapeutic targets are desperately needed.

Based on evidence in the literature, TSPO, a protein significantly upregulated in glioblastoma,

may be involved in these malignant features of glioblastoma.

Here, | hypothesize that TSPO might protect glioblastoma tumor cells against cytotoxic T cell
attacks and that modulation of TSPO activity could represent a promising intervention in terms
of glioblastoma immunotherapy. Therefore, my goal was to gain a functional understanding of
TSPO in glioblastoma progenitor cells in response to T cell immune control. In particular, the
work is focused on the role of TSPO in the regulation of and resistance to apoptosis and its

impact on mitochondrial respiration.
Based on this background, the specific aims of this thesis are to,

e Characterize the relevance of TSPO in glioblastoma hallmark features such as cell vi-
ability, migration, and proliferation.

e Study the involvement of TSPO in mechanisms that follow T cell attack such as apop-
totic cell death and the release of immune-modulatory cytokines triggered by cytotoxic
effector molecules.

e Study the role of TSPO in basic mitochondrial functions such as mitochondrial respira-

tion and ROS production.
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3 Materials and Methods

3.1 Materials

3.1.1 Laboratory equipment

Materials and Methods

Table 1. Laboratory equipment used in this thesis including the company in alphabetical order.

Instrument

Company

-80 °C Freezer Forma 900

AF6000LX fluorescence microscope

Agarose gel chambers PeferctBlue Gelsystem Mini S and L

Agarose gel documentation/ Transilluminator
centrifuge 5430R, refrigerated

FACS Canto™ |l Flow Cytometer
Fluorescence microscope Axio Observer Z1
Gilson™ PIPETMAN Classic 0.2-2 pl
Gilson™ PIPETMAN Classic 1-10 pl
Gilson™ PIPETMAN Classic 200-1000 pl
Gilson™ PIPETMAN Classic 20-100 pl
Gilson™ PIPETMAN Classic 20-200 pl
Gilson™ PIPETMAN Classic 2-20 pl

Heating Block Thermomixer 5436

HeraCell incubator

Heraeus Biofuge Pico centrifuge

Heraeus Multifuge 3 S-R

HeraSafe laminar flow

Image Quant LAS 4000

Light microscope Fluovert Type 090-123.012
Mastercycler ep gradient S
Mehrfachdispenser-Pipette Multipette® M4
Mini Trans-Blot® Cell

NanoPhotometer P300

Neubauer hemacytometer (Depth 0.1 mm; 0.0025 mm?
Orbital Shaker DOS-10L

pH-meter CG842

Power Supply PowerPac™ Basic

Thermo Scientific, USA
Leica, Germany
Peqglab, Germany
Peqglab, Germany
Eppendorf, Germany
BD Biosciences, USA
Zeiss, Germany
Gilson, USA

Gilson, USA

Gilson, USA

Gilson, USA

Gilson, USA

Gilson, USA
Eppendorf, Germany
Thermo Scientific, USA
Hanau, Germany
Thermo Scientific, USA
Thermo Scientific, USA
GE Healthcare, USA
Leitz, Germany
Eppendorf, Germany
Eppendorf, Germany
Bio-Rad, USA

Implen, Germany
Assistent, Germany
NeolLabLine, Germany
Schott, Germany
Bio-Rad, USA
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Powersupply EC4000P Series 90

gTR-PCR Cycler Mx3005 P

SDS Page PeferctBlue Dual Gel Twin S

Seahorse XFp Extracellular Flux Analyzer

Tilt/roller mixer RS-TR 05

VarioSkan Flash Multimode Reader

Vortex Genie 2
Water bath 1083

3.1.2 Chemicals and reagents

Materials and Methods

EC Apparatus Corporation,
USA

Agilent Stratagene, USA
Peqglab, Germany

Agilent Technologies, USA
Phoenix instrument, Ger-
many

Thermo Scientific, USA
Scientific industries, USA
GFL, Germany

Table 2. Chemicals and reagents used in this thesis including the company in alphabetical order.

Article

Order number

Company

2-Methylbutane

30 % Acrylamide/Bis Solution
Accutase

AEBSF

Ammoniumpersulfat (APS)
Ampicillin

Bovine serum albumin (BSA)
Citronensaure Monohydrat
Diemethylsufloxid (DMSO)
Dithiothreitol (DTT)

Donkey serum

D-Sucrose

Ethanol (> 99.8 %)

Ethidium bromide

Glucose (D+) Monohydrate
Glycerol (99%)

Glycin

H.DCFDA

H.O (RNase free, DNase free)

HALT Protease inhibitor Cocktail,

100X

M32631

3029.1
AG964
A8456
A9164
A9518-5G
821006
3958.1
A994.2
D0632
S30-M
9097.1
9065.4
E1510
108342
G2025
0079.4
D6883
T143
78441

Sigma-Aldrich, Germany

Bio-Rad, Germany
Sigma-Aldrich, Germany
Sigma- Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Roth, Germany

Roth, Germany
Sigma-Aldrich, Germany
Merck, Germany

Roth, Germany

Merck, Germany
Sigma-Aldrich, Germany
Serva, Germany
Sigma-Aldrich, Germany
Roth, Germany

Sigma, Germany

Roth, Germany

Life Technologies, USA
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Hydrochloric acid fuming (HCI) 37%
Isopropanol

Laminin

LE Agarose

L-Glutamine

Methanol

Milk Powder Blotting grade
PageRuler Plus Prestained Protein
Ladder

Paraformaldehyd (PFA)
Phenylmethylsulfonyl fluoride (PMSF)
Ponceau S

ProLong Gold Anti Fade Reagent
Resazurin

Sodium chloride

Sodium deoxycholate

Sodium dodecyl sulfate (SDS)
Sodium fluoride (NaF)

Sodium hydroxide (NaOH)
Sodium Orthovanadate (NazOV4)
Sodium pyruvate solution
Sodiumcitrate-dihydrate
3-Mercaptoethanol
Tetramethylethylenediamine (TEMED)
Tris (Trizma Base)

Triton X-100

Trypan Blue

Trypsin

Tryptone

Tween 20

Western HRP Substrate

XF Base Medium minimal DMEM
XF Calibrant solution pH 7.4

Yeast Extract

100317
33539
354232
840004
G7513
106007
T1451
26619

441244
P7626-5G
P3504
P36930
AR002
P029.3
D6750
0183.3
A0547 0500
109137
S6508
S8636
1.06448.1000
M7154

T 9281

T 1503
T8787
T8154

T3924
8952.3
9127.1
WBLUFO100
102353-100
103059-000,
100840-000
92144-500-G-F

Materials and Methods

Merck, Germany

Merck, Germany

Corning

Biozym, Germany
Sigma-Aldrich, Germany
Merck, Germany

Roth, Germany

Thermo Fisher Scientific, USA

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Thermo Fisher Scientific, USA
R&D Systems, USA

Roth, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
Merck, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Merck, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Roth, Germany

Roth, Germany

Merck, Germany

Agilent Technologies, USA
Agilent Technologies, USA

Sigma-Aldrich, Germany
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3.1.3 Cell culture media and supplements

Materials and Methods

Table 3. Cell culture media and supplements used in this thesis including the company in alphabetical order.

Media & Supplements

Order number

Company

CloneR™, 10 x

DMEM Dulbecco’s Modified
Eagle Medium

Dulbecco’s Phosphate Buff-
ered Saline (1x PBS)
Epidermal Growth Factor
(EGF)

Fibroblast Growth Factor
(FGF)
Penicillin-Streptomycin (P/S)
RHB-A

RPMI 1640

05888
41965-039

14040133

130-097-751

130-093-842

P4333

Y40001
11875093

STEMCELL technologies, Canada
Gibco™, Thermo Fisher Scientific, USA

Gibco™ Thermo Fisher Scientific, USA

Miltenyi-Biotec, Germany

Miltenyi-Biotec, Germany

Sigma-Aldrich, Germany

Takara, Japan
Gibco™, Thermo Fisher Scientific, USA

3.1.4 Recombinant proteins and functional antibodies

Table 4. Recombinant proteins and functional antibodies used in this thesis including the company in alphabetical

order.

Recombinant protein

Order number

Concentration

Company

Anti-DR4 Clone HS101
Anti-DR5 Clone HS201
Recombinant human FasL
Recombinant human IFNy
Recombinant human TNFa
Recombinant human TRAIL

GTX33944 1 mg/ml
GTX33945 1 mg/ml
310-03H 100 pg/ml
300-02 100 pg/ml
300-01A 100 pg/ml
310-04 100 pg/mi

3.1.5 Antibodies for Western blot

Table 5. Western blot antibodies used in this thesis including the company in alphabetical order.

GeneTex, USA
GeneTex, USA
PeproTech, Germany
PeproTech, Germany
PeproTech, Germany

PeproTech, Germany

Antigen Species Dilution Order number Company

Alpha Tubulin | Mouse 1:500 A11126 Invitrogen, USA
BAX Rabbit 1:1000 2772 Cell Signaling, USA
Bcl-2 Rabbit 1:1000 4223 Cell Signaling, USA
Bcl-xL Rabbit 1:1000 2764 Cell Signaling, USA
BID Rabbit 1:1000 2022 Cell Signaling, USA
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Caspase-3
Caspase-9
cFLIP
Cleaved
Caspase-3
Cytochrome C
ERK 1/2
GAPDH
Mcl-1
NF«B
PARP1
pERK1/2
pNFxB
pSTAT3
STAT3
TSPO

VDAC1
B-Actin

Rabbit
Rabbit
Mouse
Rabbit

Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit

Mouse

Mouse

1:1000
1:1000
1:500

1:1000

1:5000
1:1000
1:2500
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:5000

1:2500
1:2500

14220
9502

9664

Ab1333504
3192
47724
5453

8242

9532

9101

3033

9145

4904

Ab15895
A5316

Materials and Methods

Cell Signaling, USA
Cell Signaling, USA
Santa Cruz, USA

Cell Signaling, USA

Abcam, United Kingdom
Cell Signaling, USA
Santa Cruz, USA

Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA
Kind gift from Dr. V. Mi-
lencovic

Abcam, United Kingdom
Sigma Aldrich, Germany

3.1.6 Antibodies for immunocytochemistry

Table 6. Immunocytochemistry antibodies used in this thesis including the company in alphabetical order.

Antigen Species Dilution Order number Company

ATPB Mouse 1:1000 Ab14730 Abcam, United King-
dom

DAPI 1 ug/mi D9542 Sigma

PBR Rabbit 1:500 Ab109497 Abcam, United King-
dom

a-mouse Alexa Donkey 1:500 A-10042 Life Technologies, USA

Fluor 565

a-rabbit Alexa Donkey 1:1000 A-21206 Life Technologies, USA

Fluor 488
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3.1.7 Antibodies for flow cytometry

Materials and Methods

Table 7. Flow cytometry antibodies used in this thesis including the company in alphabetical order.

Company

Antigen Dilution Order number
APC anti-CD119 (IFN-RI) 1:10 130-128-197
APC anti-CD120a (TNF-R1) | 1:10 130-121-991
APC anti-CD261 (DR4) 1:20 307406

PE anit-CD120b-(TNF-R2) | 1:50 130-119-777
PE anti-CD262 (DR4) 1:20 307208

PE anti-CD95 (Fas) 1:50 130-128-407

Miltenyi Biotec, Ger-
many

Miltenyi Biotec, Ger-
many

BioLegend, USA
Miltenyi Biotec, Ger-

many

BioLegend, USA
Miltenyi Biotec, Ger-

many

REA control antibodies (Milentyi) with corresponding fluorescent labels were used in a dilution

1: 50 according to manufacturer’s instruction.

3.1.8 Oligonucleotides

Table 8. Oligonucleotides used in this thesis including the company in alphabetical order.

Primer Sequence Company

Interleukin 6 Fw: 5’- CTCAGCCCTGAGAAAGGAGA -3’ Eurofins Scientific, Luxem-
Rev: 5'- AGGTTGTTTTCTGCCAGTGC -3° bourg

Interleukin 8 Fw: 5- TGCGCCAACACAGAAATTAT -3 Eurofins Scientific, Luxem-

mutant_TSPO

RPL13-A

TSPO

TSPO_exon2

Rev: 5'- TGAATTCTCAGCCCTCTTCAA -3’

Fw: 5- GGCTGGCCTTCGCGAC-
CACCCTTAATTATTGCGTATGGCGG -3°

Rev: 5°- CCGCCATACGCAA-
TAATTAAGGGTGGTCGCGAAGGCCAGCC -3
Fw: 5- CATAGGAAGCTGGGAGCAAG-3’

Rev: 5- GCCCTCCAATCAGTCTTCTG-3"

Fw: 5- TCTTTGGTGCCCGACAAA -3’
Rev: 5-GGTACCAGGCCACGGTAG T -3’

Fw: 5'- CTGGAAATGCGTTCACTCAG -3’
Rev: 5- GCCTGGAGAAGACCCTCTGT -3°

bourg
Sigma/Merck-Millipore,

Germany

Eurofins Scientific, Luxem-
bourg
Eurofins Scientific, Luxem-
bourg
Eurofins Scientific, Luxem-

bourg
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3.1.9 shRNA and gRNAs
Table 9. shRNA and gRNAs used in this thesis in alphabetical order including the company.

Name Target genelID: Sequence Company
Guide 706 5- CACCGTCCCGCTTTGTCCACGGCGA -3 Kind gift from
T116 Stefanie Bader
Guide 706 5- CACCGTCCACGGCGAGGGTCTCCGC -3 Kind gift from
T126 Stefanie Bader
shRNA | 706 Fw: 5- CCGGCCACACTCAACTACTGCG- Eurofins Scien-
TSPO TATCTCGA GATACGCAGTAGTTGAG- tific, Luxembourg

TGTGGTTTTTG -3’

Rev: 5- AATTCAAAAACCACACTCAACTAC

TGCGTATCTCGAGATACGCAGTAGTTGAG-

TGTG G -3

3.1.10 Plasmids

Table 10. Plasmids used in this thesis including the company in alphabetical order.

Plasmid Reference Company

pCMV-VSG-G Addgene plasmid #8454 Addgene, USA, kind gift from
Bob Weinberg [213]

pGEM-T A3600 Promega

pLJM1-EGFP Addgene plasmid #19319 Addgene, USA, kind gift from
David Sabatini [214]

pLKO.1 puro Addgene plasmid #8453 Addgene, USA, kind gift from
Bob Weinberg [213]

psPAX2 Addgene plasmid #12260 Addgene, USA, kind gift from
Didier Trono

PX458 Addgene plasmid #48138 Addgene, USA, kind Kind gift
from Feng Zhang [215]

T116 PX458 Kind gift from Stefanie Bader

T126 PX458 Kind gift from Stefanie Bader




3.1.11 Enzymes

Materials and Methods

Table 11. Restriction enzymes used in this thesis including the company in alphabetical order.

Restriction enzyme

Order number

Company

Agel
BamHI-HF
EcoRI-HF
HindIll-HF
Kpnl

R0552L
R3136L
R3101L
R3104L
R3142L

New England Biolabs, United Kingdom
New England Biolabs, United Kingdom
New England Biolabs, United Kingdom
New England Biolabs, United Kingdom
New England Biolabs, United Kingdom

Table 12. Polymerases used in this thesis including the company in alphabetical order.

Polymerase

Order number

Company

Herculase Il Fusion DNA polymer-

ase

PfuUltra Il Fusion HS DNA polymer-

ase

600675

600670

Agilent Technologies, USA

Agilent Technologies, USA

Table 13. Enzymes used in this thesis including the company in alphabetical order.

Enzymes

Order number

Company

Calf Intestinal Alkaline Phosphatase

(CIP)
Proteinase K
RNase A

T4 DNA Ligase

3.1.12 Consumables

M0525S

740396
740397
M0202S

New England Biolabs, United
Kingdom

Macherey-Nagel, Germany
Macherey-Nagel, Germany
New England Biolabs, United
Kingdom

Table 14. Consumables used in this thesis including the company in alphabetical order.

Article

Order number

Company

Conical centrifuge tubes (15
and 50 ml)

Cover slips, 24 x 60 mm
CryoPure Tubes, 2 ml,
QuickSeal

Disposable syringe (1 ml)

62554502; 62547254

H878.2
72380007

9161708V

Sarstedt, Germany

Roth, Germany

Sarstedt, Germany

Braun, Germany
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Eppendorf Combitips advanced
(0.2; 1; 2.5; 5 ml)

FACS Tubes Round Bottom (5
ml)

Nunc™ Lab-Tek™ [I Chamber
Slide™ 8 Well

Pasteur Pipettes

PCR strip of 8 (200 pl), flat cap
Petrischale, (94 x 16 mm)
Pipette filter tips (10-1000 pl)

Pipette tips (10-1000 pl)

Plate 96 wells black opaque
Plate 96 wells white opaque
PVDF blotting membrane (0.2
um)

Safe-lock tubes (0.5, 1.5, 2 ml)
Serological Pipettes (5, 10, 50
ml)

Sterican® disposable needle
26G

Tissue culture dish (96 x 21
mm)

Tissue culture flask (25, 75 cm?)
Tissue Culture Test Plates F-
base (6, 12, 24, 96 well)
Twin.tec® PCR Plate 96

Whatman paper (0.34 mm)

0030089774; 0030089430;
0030089650; 0030089456
352052

16260661

45221

72.991.002

633180

066025300; 076028300;
076228300; 07076938300
70.3010.;70.3030.20;70.3050.020
330042

6005680

10600021

72.704; 72.706.400; 72.695.500
606180; 607180; 768180

4665457

93100

90026 ;90076
92006: 92012; 92024; 92096

0030128583

588 31 92

Materials and Methods

Eppendorf, Ger-
many
Corning, USA

Fisher Scientific,
Germany

Roth, Germany
Sarstedt, Germany
Greiner, Germany
Nerbe plus, Ger-
many

Sarstedt, Germany
Kisker, Germany
Perkin Elmer, USA
Amersham, United
Kingdom

Sarstedt, Germany

Greiner, Germany

Braun, Germany

TPP, Switzerland

TPP, Switzerland
TPP, Switzerland

Eppendorf, Ger-
many
VWR, Germany
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3.1.13 Kits

Materials and Methods

Table 15. Kits used in this thesis including the company in alphabetical order.

Article

Order number

Company

BCA- Assay Solution A,
Solution B

Brilliant lll Sybr Green Mix
Caspase-Glo® 8 Assay
CyQUANT® Direct Cell
proliferation Assay

ECL Western Blot Bright
FITC Annexin V Apoptosis
Detection Kit wih 7-AAD
GoScript™ Reverse Tran-
scriptase

Halt Inhibitor Cocktail
Human Interleukin 6 ELISA
Human Interleukin 8 ELISA
Incucyte® Caspase-3/7
Green Dye
JetOPTIMUS® DNA
Transfection Reagent
Nucleo Spin DNARapid-
Lyse

Nucleo Spin Gel/ PCR
Clean up

Quiagen Plasmid Kit (Mini,
Maxi)

RNA Plus Isolation Kit
Seahorse XFe96 FluxPak
Metafectene®

Seahorse XFp FluxPak

UPTIUP95424 A,
UPTIUP95425 A
600 883

G8200

C35012

WBLUFO100
640922

A5001

1861281

31670069

31670089

4440

101000051

740100.50

740609.250

127106; 2 162

74184.250

102601-100

T020-1.0
103022-100

ThermoFisher Scientific, USA
Agilent, USA
Promega, USA

ThermoFisher Scientific, USA

Merck-Millipore, Germany
BioLegend, USA

Promega, USA
ThermoFisher Scientific, USA
ImmunoTools, Germany
ImmunoTools, Germany
Satorious, Germany
Polyplus, France
Macherey-Nagel, Germany
Macherey-Nagel, Germany
Quiagen; Netherlands
Macherey-Nagel, Germany
Agilent, USA

Biontex Laboratories, Germany
Agilent, USA
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3.1.14 Solutions and buffers

Table 16. Solutions and buffers used in this thesis in alphabetical order.

Materials and Methods

Solution & Buffers Composition Utilization
Ammonium persulfate, 10 % | 1 g APS SDS PAGE
10 ml ddH.O
Ammonium persulfate, 10 % | 1 g APS SDS PAGE
10 ml ddH.O

Antibody buffer

Assay medium

Blocking buffer

Blocking Solution 2.5 %

Blocking Solution 5 %

Citrate buffer

EGTA/Tris, 0.1 M

MIBC buffer

1 % Triton X100

2 % donkey serum

1XPBS pH 7.4

12.125 ml XF Base medium
minimal DMEM

125 pl (1mM) Sodium pyruvate
solution (stock 100 mM)

125 pl (2 mM) L-Glutamine
(stock 200 mM)

250 pl (20mM) a-D-Glucose
(stock 1 M) Adjust pH to 7.4
with 0.1 N NaOH

0.5 % Triton X100

10 % donkey serum

1 XPBS pH 7.4

2.5 g non-fat dry milk powder
100 ml TBS-T

5 g non-fat dry milk powder
100 ml TBS-T

0,1 M Citric acid monohydrate
0,1 M Sodium citrate

Adjust pH to 6,0 with 0,1M
NaOH

3.81 g EGTA in 50 ml ddH20
Adjust pH to 7.4 with Tris pow-
der

Adjust volume to 100 ml with
ddH20

5 ml Tris/MOPS

Immunocytochemistry

Seahorse assay

Immunocytochemistry

Western blot

Immunocytochemistry

Mitochondrial isolation

Mitochondrial isolation
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Paraformaldehyde, 4 %

Ponceau S

RIPA

SDS loading buffer (Laemmli)

SDS Running Buffer, 1 X

SDS Running Buffer, 10 X

500 yl EGTA/Tris

10 ml sucrose

Adjust volume to 50 ml with
ddH20

Add freshly

1 mM AEBSF

1 X Halt (10x)

1 mMDTT

4 % PFA

2.5 yM NaOH

0.4 uM CaCl;

50 uM Sucrose

0.2 M NaPOs (pH 7)

1 g Ponceau S (0.1 %)

50 ml acetic acid (5 %)
Adjust volume to 1 | with
ddH20

50 mM Tris-HCL (pH 8,0)
150 mM NaCl

0.5 % Trition X-100

0.5 % Sodium deoxycholate
1 mMDTT

1 mM AEBSF

1 x Halt Cocktail (Stock 100x)
12 % SDS

60 % Glycerol

600 mM DTT

60 mM Tris (pH 6.8)

0.06 % Bromphenolblue
100 ml 10 X SDS Running
Buffer

900 ml ddH20

10 g SDS

30.3 g Tris base

144.1 g Glycin

Materials and Methods

Cell fixation

Western blot

Protein lysation for West-

ern blot

SDS PAGE

SDS PAGE

SDS PAGE
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Sucrose, 1 M

TBE buffer, 10 X

TBS, 10 X

TBST-T, 1 X

Transfer Buffer, 1 X

Transfer Buffer, 10 X

TrissMOPS 0.1 M

Adjust volume to 1 | with dd
H.O

34.23 g sucrose

100 ml ddH20

0.89 M Tris- base

0.89 M Boric Acid

0.02 M Na:EDTA (0.5 M)
Adjust pH to 8.8

60.5 g/l Tris base

87.6 g/l NaCl

Adjust pH to 7.5 with HCL
Adjust volume to 1 | with
ddH20

100 ml 10 X TBS buffer
900 ml ddH2.0

1 ml Tween20

100 ml 10 X Transfer buffer
700 ml ddH20

200 ml Methanol

30.3 g Tris base

144.1 g Glycin

Adjust volume to 1 | with
ddH.O

1,21 g Tris in 50 ml ddH.O
Adjust pH to 7.4 with MOPS
powder

Adjust volume to 100 ml with
ddH.O

Materials and Methods

Mitochondrial isolation

Agarose electrophoresis

Western blot

Western blot, washing
buffer

Western blot

Western Blot

Mitochondrial isolation
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3.1.15 Software

Materials and Methods

Table 17. Software used in this thesis including the company in alphabetical order.

Software

Company or developer

Citavi, version 6.10

FlowdJo version,version 10.9

GraphPad Prism, version 8.0.2

ImagedJ, version 1.53

Inkscape, version 1.2.2

LasX, version 3.7.6.25997

Microsoft Office 2017

MxPro QPCR Software

Seahorse Wave Desktop Software, version
2.6.1.53

Swiss Academic Software GmbH, Swiss
Tree star, Becton Dickison, USA
GraphPad Software, USA

Wayane Rasband, NIH, USA

Inkscape Community

Leica microsystems

Microsoft, USA

Agilent Technologies, USA

Agilent Technologies, USA
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3.2 Methods

3.2.1 Cell culture methods

3.2.1.1 Tumor cell lines and cultivation

The primary glioblastoma cell line BTIC13 was maintained in serum-free RHB-A medium sup-
plemented with 1 % Penicillin/Streptomycin (P/S) and 20 ng/ml each of human epidermal
growth factor (EGF) and human fibroblast growth factor (FGF) (RHB-A complete). Cells were
cultured at 37 °C with 5 % CO. and 95 % humidity. For passaging, cells were detached with a
1:1 mixture of Accutase® and PBS when they reached 80 % of confluence. They were centri-
fuged for 4 min, 1,200 rpm at room temperature (RT), the supernatant was removed, and the
pellet re-suspended in fresh medium. Following, cells were seeded at splitting ratio of 1:5 up
to 1:10 in T75 flasks in 10 ml RHB-A complete.

3.2.1.2 Cryopreservation and thawing of cells

For preservation of the cell culture, cryostocks of the cell lines were generated. Therefore, cells
were harvested as described in section 3.2.1.1 and cell pellets were re-suspended in RHB-A
containing 10 % DMSO. 1 ml of the cell suspension was transferred into cryovials, placed in a
freezing container and stored at -80 °C.

A frozen cryostock was thawed rapidly in a 37 °C water bath and transferred in a 15 ml falcon
containing 5 ml of fresh culture medium. Cells were pelleted for 5 min, 800 rpm at RT, the
supernatant was discarded, the pellet re-suspended in 1 ml of RHB-A complete and trans-

ferred into a culture flask.

3.2.1.3 Cell number quantification
To obtain a viable cell count, 10 uyl of Trypan Blue were added to 40 ul of cell suspension.
Then, the mixture was loaded on a hemocytometer and living cells were counted in a mean-

dering fashion. The cell number per ml was calculated as follows:

amount of counted cells

X 1.25 x 10,000 = cells/ml

amount of counted square.

3.2.1.4 Generation of stable TSPO knockdown BTIC13 lines

TSPO-specific shRNA as well as a non-targeting control shRNA were cloned into the lentiviral
pLKO.1 puro plasmid using Agel/EcoRl restriction enzymes. Following, the 10 ug shRNA plas-
mid together with 5 ug pCMV-VSV-G and 5 ug psPAX2 were co-transfected into human em-
bryonic kidney (HEK) 293T cells to generate lentiviral particles. Metafectene (Biontex Labora-
tories) was used as transfection medium according to the manufacture’s protocol. After
24 hours, the supernatant containing the lentiviral particles was removed, filtrated, and used
for the transduction of BTIC13 by spinoculation for 1 hour, 900 rom at RT. The transduction

procedure was performed by Dr. A. Vollmann-Zwerenz according to the S2 safety regulations
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(GenTSV). Transduced cells were selected with RHB-A supplemented with 3 ug/ml puromycin

24 hours later. Surviving cells were pooled and cultured for further analysis.

3.2.1.5 Generation of monoclonal TSPO knockdown BTIC13 lines

Clonal cell lines of stably transduced BTIC13 TSPO knockdown and control cells were ob-
tained by single cell dilution. Therefore, cells were harvested with a 1:1 mix of Accutase® : PBS
and centrifuged for 4 min, 1,200 rpm at RT. The cell pellet was thoroughly re-suspended by
passing the cells several times through a serological pipet in order to singularize the cells. After
quantification of the cell concentration, several 1:5 dilution steps were performed to achieve a
final concentration of 10 cells / ml. Then, 100 ul of the 10 cells / ml solution were transferred
into each well of a 96-well plate. The following day, plates were observed via microscopy and
wells containing a single colony were marked and expanded into larger culture dishes until

they could be used for experiments.

3.2.1.6 TSPO re-expression in monoclonal TSPO knockdown BTIC13 lines

To ensure the on-target effect of the TSPO downregulation, TSPO was re-expressed in the
clonal TSPO knockdown cell line KD1. Details of designing and cloning of the mutant
(mt)TSPO re-expression vector are described in section 3.2.3.1. Therefore, 10 pug of pLIJM1-
mtTSPO vector, the 10ug pLJM1-empty control plasmid together with 5 ug pCMV-VSV-G and
5 ug psPAX2 were co-transfected into HEK 293T cells and transduction procedure was per-

formed as described before in section 3.2.1.4.

3.2.1.7 Generation of TSPO knockout BTIC13 lines

For the generation of TSPO knockout BTIC13 cells, 24 hours prior transfection, 3 x 10° cells
were seeded into T75 flasks in 10 ml RHB-A complete. On the following day, the cells were
transfected with 10 ug of PX458 plasmid encoding for the Cas9- GFP fusion protein and either
the gRNA T116 or gRNA T126 using the JetOPTIMUS® transfection kit (Polyplus).
Briefly,10 ug of plasmid were diluted in 1 ml of JetOPTIMUS® Buffer and shortly vortexed.
Afterwards, 10 ul of JetOPTIMUS® reagent were added, shortly vortexed, spun down and in-
cubated for 10 min at RT. In the meantime, cells were changed to P/S-free RHB-A medium.
After the incubation period, 1 ml of the transfection mixture was added dropwise to the cells.
Four hours later the medium was changed to RHB-A complete. Cells were sorted for GFP
expression by flow cytometry (FACSAria™, BD) in the central FACS facility of the Leibniz-
Institute for Immunotherapy, 48 hours after the transfection. Following, single cells were
seeded into 96-well plates per limiting dilution to obtain clonal population as described above.
To increase single cell survival, cells were fed with serum-free 1X CloneR™ (STEMCELL™

technologies) at day 2 and day 4 after plating. After monoclonal lines have been sufficiently
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expanded, they were screened for potential knockouts via Western blot and sequencing of

genomic DNA.

3.2.1.8 Verification of CRISPR clones
3.2.1.8.1 Genomic DNA extraction

Genomic DNA was extracted from potential knockouts using the NucleoSpin® DNA Rapid
Lyse kit (Macherey-Nagel™). Therefore, cells were harvested, washed with PBS and trans-
ferred into 2 ml tubes. Cells were lysed by adding 150 pl of RLY Buffer together with 10 pl
Proteinase K and incubated for 30 min at 56°C. Samples were vortexed every 10 min to assure
complete lysis. Following, samples were mixed with 440 ul RLB Buffer and loaded onto Nucle-
oSpin® DNA RapidLyse Columns. Samples were centrifuged for 1 min at 11,000 x g at RT
and flow through was discarded. After two washing steps with 500 ul RLW Buffer, silica mem-
branes were dried by centrifugation (1 min, 11,000 x g) and DNA was eluted into a new tube
with 50 ul of RLE Buffer. Concentration and purity of genomic DNA was quantified using a

spectrophotometer. The genomic DNA was stored at -20 °C.

3.2.1.8.2 Exon 2 amplification

The gRNAs were designed to target exon 2 of TSPO. Therefore, to characterize and verify the
CRISPR/Cas9-mediated edit, exon 2 was amplified from genomic DNA using the Herculase I
Fusion DNA Polymerase (Agilent). The final volume of each sample reaction was 50 ul and

was set up as described in table 18.

Table 18. Components of the PCR reaction for the amplification of genomic DNA.

Component Amount per reaction
5X Herculase Il Reaction Buffer | 10 ul

dNTP mix (25 mM each dNTP) 1.25 pl

Genomic DNA 300 ng

Forward primer (10 uM) 1.25 pl

Reverse primer (10 uM) 1.25 pl

Herculase Il Fusion DNA Pol 0.5 ul

Nuclease free dH,0O To 50 pl

The PCR program was set as following: initial denaturation (95 °C for 2 min), 30 cycles of
denaturation (95 °C, 20 sec), annealing (55 °C, 20 sec) and extension (72 °C, 30 sec), followed
by the final extension (72 °C, 3 min). PCR products were stored at —20 °C or directly loaded

on 1.5 % agarose gels stained with ethidium bromide.
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3.2.1.8.3 Purification of PCR products from agarose gels

To analyze and purify successfully amplified PCR products, 1.5 % agarose gels with 0.5 x TBE
buffer were casted and stained with ethidium bromide. PCR samples were mixed with 6X
TriTrack DNA loading dye (Thermo Scientific™), loaded on the gel and separated at 120 Volts
for 30 min in 0.5 x TBE buffer. The GeneRuler 50 bp DNA ladder (Thermo Scientific™) served
as size standard. DNA bands were documented with an UV gel imager, desired DNA bands

were cut out and transferred into 2 ml tubes.

3.2.1.8.4 Agarose gel clean-up

PCR amplicons and DNA were purified using the Nucleospin® Gel and PCR Clean up Kit
(Machery-Nagel™) according to the manufactures protocol. Briefly, after adding 500 pl of NTI
buffer, the cut-out agarose pieces were melted at 50 °C. Then, the molten product was loaded
on a column and washed multiple times with NT3 buffer. In a final step, the DNA was eluted in
30 pl elution buffer (5 mM Tris-Hcl, pH 8.5).

3.2.1.8.5 Sequencing

To validate successful gene targeting, PCR amplicons were directly sent for sanger sequenc-
ing. Therefore, 10 ng/ml of the purified PCR product together with the sequencing primers
TSPO_Exon2 were sent to LGC Genomics, Germany. To identify CRISPR-induced indels and
de-convoluted overlapping spectra from different alleles in the obtained sequencing trace files,
the web-based application CRISP-ID [216] was used. The resulting sequence was again veri-
fied for hetero- or homozygous edits by DNA nucleotide sequence alignment (Nucleotide
BLAST; NCBI) in comparison to the human TSPO sequence. To account for frameshifts, the
reading frame was examined using the Serial cloner software (SerialBasics, Franck Perez).
Finally, the obtained amino acid sequence was compared to human TSPO protein sequence

using the ClustalW2 website (https://www.ebi.ac.uk/Tools/msa/clustalw2/).

3.2.2 Functional assays

3.2.2.1 Proliferation assay

The resazurin reduction assay (R&D System) was used to assess the basal proliferation po-
tential of cell lines, to determine ECso values of cytokines and death ligands, and to examine
their effects on cell viability. The resazurin assay is a NADH/H*- dependent, fluorometric, met-
abolic assay. Resazurin is enzymatically reduced to resorufin, and the amount of resorufin
produced is proportional to the number of viable cells. To determine the basal proliferation
potential, proliferation was measured at five different points in time (0 hours, 24 hours,
48 hours, 72 hours, and 96 hours). For each time point, 5x10° cells per well were seeded in
100 pl RHB-A in black 96-well, flat-bottomed plates. After each growth period, 10 % of resaz-

urin was directly added to the wells and after 4 hours of incubation at 37 °C, the fluorescence
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was measured at 560 nm excitation / 590 nm emission with the Varioskan™ Flash Multimode
Reader (Thermo Scientific™). For the determination of the ECso values of cytokines TNFa,
IFNy, and death ligands FasL and TRAIL, 5x103 cells were plated in black 96-well, flat bottom
plates in 50 ul RHB-A. The next day, cells were treated with a rising concentration of cytokines
(0, 0.1,1,10, 25, 50, 100, 250, 500, 1,000 ng/ml per cytokine or death ligand) in 50 pl of RHB-
A, resulting in a final volume of 100 ul per well. Five replicates were performed for each treat-

ment. After 48 hours, resazurin was added and measured as described above.

The CyQUANT® Direct cell Proliferation Assay (Invitrogen™) is a metabolism-independent,
direct proliferation assay and was used to detect impact of respiration inhibitor metformin on
cell proliferation. 5x103 cells were seeded in 100 ul RHB-A in transparent flat-bottomed 96 well
plates and incubated for 24 hours at 37 °C. Following, cells were exposed to 0 mM, 1 mM and
10 mM metformin and incubated for 48 hours. After that the CyQuant assay was performed
according to the manufacturer protocol and the fluorescence was measured at 508 nm excita-

tion / 527 emission with the Varioskan™ Flash Multimode Reader (Thermo Scientific™).

3.2.2.2 Spheroid assay

To evaluate basal migratory capacity of cells, a spheroid assay was performed. 96-well flat-
bottomed plates were coated with 100 pl of 1 % agarose in PBS. Cells were seeded at a den-
sity of 5x10° cells/well in 200 pl of RHB-A medium and incubated at 37 °C. After 48 hours,
spheroids were picked in a volume of 100 ul and transferred into 96-well U-bottomed plates,
containing already 100 pl of medium. Images of spheroids were taken after O hours, 16 hours,
24 hours, and 40 hours at 2.4 x magnification with the ProgRes C3B camera and the ProgRes
Capture Pro 2.6 software in a resolution of 2080 x 1542 pixels. Size of the spheroids was
analyzed using the free drawing tool of ImageJ and the scale was set to 460 pixel/1000 pm.

All values were normalized to the initial spheroid size (0 hours).

3.2.2.3 Real-time live-cell imaging for activated caspase-3/7

To monitor the activation of caspase 3/7 during co-culture of BTIC13 with cytotoxic Influenza-
antigen-specific cytotoxic CD8" T cells (FIuT) cells in real time the Incucyte® Live Cell analysis
system (Essen Bioscience) was used in cooperation with Dr. A. Menevse. BTIC13 cells were
plated on transparent flat-bottomed 96-well plates at a density of 5x103 cells per well. After
24 hours, cells were pulsed with 0.001 ug/ml Flu- peptide. After 1 hour of incubation, the puls-
ing medium was removed and 2x10* FIuTCs or plain CM (complete lymphocyte medium con-
taining 10 % AB serum, 1 % P/S, 1 % Hepes, and 0.01 % beta mercaptoethanol) were added
in 100 pl to the wells. For the blockade of the TRAIL receptors DR4 and DR5, the a-DR4 and
a-DR5 antibodies were added in 2X concentration (final concentration: 5 ug/ml) in 50 ul, 30

min before adding 50 ul of FIuT cells or plain CM. Then, the Incucyte® Caspase-3/7 Green
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Dye (Sartorius) was added to the cells. Cells were imaged every hour for 26 hours at a 10 x

magnification. Tumor cell apoptosis was quantified with the Incucyte®2020B software.

3.2.2.4 Caspase-8 Glo assay

The Caspase-Glo® 8 Assay (Promega) was used to measure caspase-8 activity after TRAIL
treatment. 1x10% cells were seeded in white opaque, flat-bottomed 96-well plates in 50 ul RHB-
A and incubated for 48 h at 37 °C. A blank reaction containing medium without cells was also
included to measure background luminescence. Then, cells were treated with 50 ng/ml TRAIL
for 1 hours and 3 hours. Before adding the Caspase-Glo® 8 reagent, the reagent and the cul-
ture plate were equilibrated to RT. Following, 50 ul of Caspase-Glo® 8 reagent were added to
each well and gently mixed. Luminescence was measured after 2 hours of incubation at RT

with the Varioskan™ Flash Multimode Reader (Thermo Scientific™).

3.2.2.5 TRAIL receptor blocking assay

BTICs (3x103 cells / well) were plated in black 96-well, flat-bottomed plates in 50 yl RHB-A
and incubated for 48 hours at 37 °C. Subsequently, a-DR4 and a-DR5 blocking antibodies
were added together with 50 ul of RHB-A at a final concentration of 5 ug/ml. After 1 hour of
incubation at 37 °C, cells were treated with 50 ng/ml TRAIL and 48 hours later, cell viability

was measured using the resazurin assay as described in in section 3.2.2.1.

3.2.2.6 Mitochondrial stress test

To measure changes in the mitochondrial respiration, glycolysis and ATP production rate, the
Seahorse XFe96 Cell Mito stress test (Agilent) was performed. 48 hours prior to the assay,
cells were plated in a laminin-coated (10 pg/ml in PBS) Seahorse XF96 cell culture microplate
at a density of 2x10*cells per well in 100 pl of RHB-A. Each cell line was seeded in replicates
of four, the wells A1, A12, H1, and H12 remained empty as a blank control. To attach the cells
evenly to the bottom of the wells, the plate was centrifuged at 300 x g for 2 min before being
placed in the incubator at 37 °C. 24 hours prior to the assay, the sensor cartridge was hydrated
by adding 200 ul of Seahorse XF Calibrant to each well of the utility plate and then placing it
into a non-CO, 37 °C incubator overnight. At the day of the assay, the assay medium was
prepared by supplementing Seahorse XF DMEM with 1 mM Sodium pyruvate, 2 mM L-Gluta-
mine and 20 mM a-D-Glucose and the pH value was adjusted to 7.4. Cells were washed with
200 pl of assay medium once. Subsequently, 180 pl of assay medium were added to each well
and the plate was placed into a non-CO; 37 °C incubator for 30 min up to one hour for degas-
sing. In the meantime, the stress test modulators Oligomycin (10 mM), FCCP (20 mM) and
Rotenone/Antimycin A (5 mM) were prepared by diluting the stock 1:1,000 in 5 ml of assay
medium. The sensor cartridge was loaded with 20 ul of Oligomycin into injection port A (final

concentration 1 uM), 22 ul of FCCP into injection port B (final concentration 2 uM) and 25 pl of
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Rotenone/Antimycin A into injection port C (final concentration 0.5 uM). Then, the loaded sen-
sor cartridge was placed into the XFe96 Flux instrument tray and calibrated for 15 to 30 min.
After complete calibration, the utility plate of the sensor cartridge was replaced with the cell
culture microplate and the measurement was started. The XF Cell Mito Stress Test begins with
four baseline measurements to quantify the basal respiration, followed by the sequential injec-
tion of the modulators to measure parameters such as ATP-linked respiration, maximal respi-
ration, and spare respiratory capacity. This provides information about the mean oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) in order to assess mitochon-
drial function and cellular metabolism. At the end of the assay, the assay medium was removed
and samples were normalized to the total protein amount to account for cell number variations.
Therefore, cells were lysed with ice-cold RIPA buffer (60 ul /well) for 30 min on ice. Afterwards,
the plate was centrifuged for 3 min at 300 x g and the samples were transferred into a standard
96-well plate by dividing the content of one well into 25 ul duplicates. The BCA assay was
performed as described in section 3.2.5.1.1. The resulting protein amounts were used for nor-
malizing the raw OCR measurements for each well to the total protein (ug) using the Wave

software.

3.2.3 DNA-based methods

3.2.3.1 Site-directed mutagenesis

To rescue the TSPO expression in the TSPO knockdown clone KD1, site-directed mutagene-
sis was used to introduce silent point mutations in the shRNA-target region of TSPO. Forward
and reverse HPLC-purified primers were designed to include 11-12 base pairs of complemen-
tary sequence on either side of four mismatched bases. Since smaller plasmids are more effi-
ciently amplified, site-directed mutagenesis was performed with an intermediate pGEM-T vec-
tor (3015 bp) before cloning the mutant (mt)TSPO insert into the target plasmid pLIJM.1-EGFP
(8083 bp). Table 19 shows the mutagenesis PCR parameters.

Table 19. Components of the PCR reaction for the site-directed mutagenesis.

Component Amount per reaction
10X PfuUltra Il reaction buffer 5.0 ul

dNTP mix (25 mM each dNTP) | 0.5 pl

DNA template 100 ng

Forward primer (10 M) 1.0 ul

Reverse primer (10 uM) 1.0 ul

PfuUltra Il fusion HS DNA pol 1.0 ul

DMSO (optional) 5-10 %

Nuclease free dH,O To 50 pl
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The PCR program was set as the following: initial denaturation (95 °C for 2 min), 30 cycles of
denaturation (95 °C, 30 sec), annealing (60 °C, 30 sec) and extension (72 °C, 3.5 min), fol-
lowed by final extension (72 °C, 10 min). 5 pl of the PCR products were loaded on an analytical
0.8 % agarose gel stained with ethidium bromide to analyze for size and mass of the PCR
products.

To eliminate the parent plasmid from the PCR products, 2 pl of Dpnl endonuclease were added
to the 45 pl of remaining PCR product together with 10 ul of 10X CutSmart buffer. The reaction
mix was filled up with nuclease-free water to 100 ul and incubated for 1 hour at 37 °C. Subse-
quently, 100 pl of the Dpnl digest were transformed into 100 ul of chemically competent E.coli
bacteria as described in section 3.2.3.3. Prior to cloning the mtTSPO insert into the target
plasmid, purification of the intermediate plasmid and validation of the desired construct by an-
alytical gel electrophoresis and sequencing were performed as described in detail in the sec-
tions 3.2.1.8.3, 3.2.1.8.4, and 3.2.1.8.5, respectively.

3.2.3.2 Restriction digest and ligation

To prepare the ligation, the plasmid and the DNA insert had to be cut with the according re-
striction enzymes. 2 ug of plasmid and 7 ul of insert were digested with 1 pl of each restriction
enzyme (see Table 11). After adding 10X CutSmart buffer, the digestion mix was filled up with
ddH-0 to a total volume of 50 pl and incubated for 2 hours at 37 °C. To prevent re-circulariza-
tion of the vector, 1 ul of CIP (Calf Intestinal Alkaline Phosphatase; NEB) was added to the
digestion mix at 60 min and 90 min of incubation. In a following step, digested vector and insert
were separated by agarose gel electrophoresis and purified using the NucleoSpin® Gel and
PCR Clean up kit (Macherey-Nagel™) as described in section 3.2.1.8. Ligation was performed
using a 1 to 3 ratio of digested, purified plasmid to insert, 10X T4 Ligase Buffer, and 1 pl of T4
DNA Ligase. The reaction mix was filled up to 20 uyl with ddH>O and incubated overnight at

16 °C in a Thermocycler and then immediately stored at 4 °C.

3.2.3.3 Transformation of bacteria

To amplify the ligated plasmids, they were transformed into chemically competent E. coli bac-
teria. Therefore, a frozen stock of NEB10 bacteria was thawed on ice. Accordingly, 20 ul of the
ligation mixture were added to 100 pl of bacteria, gently mixed, and incubated for on ice for
60 min. Next, cells were heat shocked for 55 sec at 42 °C in a water bath and then immediately
returned on ice for 2 min to induce plasmid uptake. After adding 900 ul of pre-warmed LB
medium without antibiotics, the cell suspension was transferred into a 13 ml tube with assem-
bled ventilation push cap and incubated for 1 hour at 37 °C shaking at 150 rpom. Afterwards,
the cells were centrifuged for 5 min at 4,000 rpm, the supernatant was discarded by pouring
and the pellet re-suspended in the remaining supernatant. The bacteria were then plated on

LB agar plates with appropriate antibiotics for selection and incubated overnight at 37 °C.
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3.2.3.4 Plasmid isolation from bacteria

Plasmids were isolated from bacteria in the mini- or maxi-scale as required. Single bacterial
colonies were picked from selective agarose plates to directly inoculate 5 ml of overnight LB-
mini-culture or a starter culture of 5 ml LB medium for the maxi-scale. Both cultures contained
the appropriate selection antibiotic and were either incubated at 37 °C at 150 rpm overnight or
in case of the starter culture for 6 hours. 500 pl of the starter culture were then used to inoculate
500 ml of the maxi culture followed by overnight incubation at 37°C and 150 rpm. After har-
vesting the bacterial cells by centrifugation (4,700 rpm for 30 min at 4 °C), plasmids were iso-
lated according to the manufacturer’s protocol of the QlAprep Spin Miniprep Kit (Qiagen) or
the QIAGEN Plasmid Maxi Kit (Qiagen). The concentration of the purified plasmids was quan-
tified spectrophotometrically and the plasmid DNA was stored at -20 °C.

3.2.3.5 Control digest and DNA sequencing of plasmid

For analytical digest of plasmids, 20 ul of DNA were digested with 0.5 ul of each restriction
enzyme in 3 pl of 10X CutSmart buffer filled up to a total volume of 30 ul with nuclease-free
H2O. The reaction mix was incubated for 1.5 hours at 37 °C before DNA fragments were ana-
lyzed for size and mass via agarose gel electrophoresis. As a second validation step, the cor-
rect DNA sequence was confirmed by DNA sequencing. Therefore, 100 ng/ul of plasmid DNA
were diluted in 40 pl nuclease-free water and sent together with 10 uM of the according se-

quencing primer to LGC Genomics (LGC Genomics, Germany).

3.2.4 RNA-based methods

3.2.4.1 RNA isolation from mammalian cells

Cell pellets were harvested at 1,500 rpm, washed once with 1 ml PBS and shock frozen in 2-
methylbutane at — 80 °C. Total RNA was isolated from cell pellets using the NucleoSpin® RNA
plus Kit (Macherey-Nagel™) according to manufacturer’s guidelines. Here, samples were
lysed with 350 pl LBP Lysis buffer. Genomic DNA was removed using the NucleoSpin® gDNA
removal column and binding conditions of RNA to NucleoSpin® RNA Plus Column were ad-
justed by adding 100 pl of binding solution BS. The columns were washed once with wash
buffer WB1 and two times with wash buffer WB2 to remove buffer residue and salts. Then,
RNA was eluted in a volume of 30 pl with RNase-free H,O and the RNA concentration meas-

ured using the NanoPhotometer® P300.

3.2.4.2 Reverse transcription

The GoScript™ Reverse Transcription System (Promega) was used to synthesize RNA into
cDNA for gRT-PCR. For the reverse transcription of poly(A)+ mRNA, 500-1,000 ng of RNA
template were diluted in 8 pl of RNase-free water in 0.2 ml thin-walled PCR tubes. Then, the

template was thermally denatured at 70 °C for 10 min and chilled on ice. In the meantime, the
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reverse transcription reaction mix was assembled on ice containing the following components
(Table 20):

Table 20. Components of the reverse transcription to synthesize cDNA.

Component Amount per reaction
GoScript™ 5X Reaction buffer 4.0 ul

MgCl, 5l

PCR Nucleotide mix 1l

Oligo(dT)+s Primer 0.5 ul

Random Primer 0.5 ul

Recombinant RNasin® Ribonucle- | 0.5 pl
ase inhibitor

GoScript™ Reverse Transcriptase | 0.5 pl

Final volume 12 pl

Finally, 12 pl of the reaction mix were added to the template and the samples were quickly
mixed and spun down. Following an initial annealing at 25 °C for 4 min, the reaction was incu-
bated at 42 °C for 1 hour before heat inactivation of the reverse transcriptase at 75 °C for 10

min. The final cDNA was diluted 1:5 with nuclease-free water and stored at -20 °C.

3.2.4.3 Quantitative real time polymerase chain reaction (QRT-PCR)

The amount of target MRNA was determined by quantitative real-time polymerase chain reac-
tion (QRT-PCR). For the comparative Ct method, 50-100 ng of template cDNA, 10 pl of 2X
SYBR Green QPCR master mix (Agilent) and 250 nM forward and reverse primer were used
per 20 ul reaction. Each sample was prepared in duplicates for the 96-well format. The specific
amplification efficiency (90-110 %) of all primers used was verified by generating a standard
curve. For this, cDNA was diluted in steps of 5 to final concentrations of 1:1, 1:5, 1:25 and
1:125. A no-template control (NTC) was included in each run to rule out contamination or non-
specific amplification. RPL13-A mRNA expression was used as housekeeping expression con-
trol. For the list of target specific primers see table 8. The qRT-PCR performed at the Mx3005P

cycler (Agilent) using the following program:
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Table 21. gqRT-PCR program and thermal profile.

Step Temperature Time Cycle

Initial denaturation 95 °C 3:00 min 1X

Denaturation 95 °C 0:15 min 40X

Annealing/Extension 60 °C 0:25 min

Melting Curve analysis 68 °C 0:30 min 1X
95 °C 0:30 min

3.2.5 Protein-based methods
3.2.5.1 Protein extraction from mammalian cells

3.2.5.1.1 Preparation of total protein lysates

Cell pellets were harvested at 1,500 rpm with a 1:1 Accutase®:PBS mixture, washed once with
1 ml PBS and immediately frozen in 2-methylbutane at — 80 °C. All steps of the protein isolation
were performed on ice. Pellets were re-suspended in 50-150 ul ice-cold RIPA buffer supple-
mented with 1X Halt™ Protease-Inhibitor-Cocktail (100X, ThermoFisher Scientific), 1 mM
AEBSF and 1 mM DTT. After 10 min of incubation on ice, the lysates were centrifuged at
14,000 rpm, for 10 min at 4 °C. Subsequently, the clear supernatant containing the protein was
transferred into a new tube. To determine the protein concentration, 6 ul of the samples were
diluted 1:10 in PBS for the bicinchoninic acid (BCA) assay (ThermoFisher Scientific). 25 pl of
the BCA standard and 25 ul of the diluted samples were pipetted in duplicates on a transparent
flat-bottomed 96-well plate. The BCA solution A and B were mixed (1:50) and 200 ul of the
mixture were added to each well. After 30 min of incubation at 37 °C, the absorbance was
measured at 562 nm with the Varioskan™ Flash Multimode Reader (Thermo Scientific). The
protein concentration was interpolated from the standard curve. The lysates were stored at
- 80°C.

3.2.5.1.2 Preparation of subcellular-fractionated protein lysates

At least two 10 ml dishes containing 1.5x10° cells/dish were seeded and harvested at 85 %
confluence to avoid activation of intrinsic apoptosis by overgrowth. After exposure to 50 ng/ml
TRAIL for 3 hours, cell pellets were harvested at 1,500 rpm with a 1:1 Accutase®:PBS mixture,
washed once with 1 ml PBS and immediately placed on ice. The following steps of subcellular
fractionation were carried out on ice as quickly as possible. All pellets were re-suspended in
200-400 pl of ice-cold MIBC buffer supplemented with 1X Halt™ Protease-Inhibitor-Cocktail
(100X, ThermoFisher Scientific), 1 mM AEBSF and 1 mM DTT and incubated for 20 min on
ice. After that, cells were gently lysed by passing the cell suspension 30 times through a 26-

gauge needle tip using a 1 ml syringe. Subsequently, the samples were centrifuged at 700 x g
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for 10 min at 4 °C. Without touching the cell pellet containing debris and the nuclei, the super-
natant with the cytoplasm, membrane and mitochondria was transferred into a new tube. To
increase the purity of this fraction the samples were centrifuged again for 5 min (700 x g, 4 °C).
The supernatant was then transferred into a new tube. To avoid contamination of the mito-
chondrial fraction with lysosomes and peroxisomes, the centrifuge was set to “soft ramp” be-
fore centrifuging at 3,000 x g, for 15 min at 4 °C. The supernatant containing the cytoplasmic
fraction was carefully transferred into a fresh tube without touching the mitochondrial pellet.
The mitochondrial pellet was washed with 200 pl of MIBC buffer and centrifuged at 3,000 x g,
15 min at 4°C. The supernatant was then carefully removed and the pellet re-suspended in 40-
60 ul of MIBC buffer depending on the size. The quantification of the protein concentration with
the BCA Assay was carried out as described in section 3.2.5.1.1. Therefore, the cytosolic frac-
tion was diluted 1:10 and the mitochondrial fraction 1:5 in PBS. The lysates were stored at
— 80 °C and boiled with 5X Laemmli for 10 min at 95 °C before loading onto a SDS gel.

3.2.5.2 SDS polyacrylamide gel electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was used to separate
and compare proteins based on their size. 12 % SDS gels were prepared according to table

22 and wrapped in wet paper towels for overnight storage at 4 °C.

Table 22. Recipe for 12 % SDS gels.

Component (in ml) Separation gel (12 %) Stacking gel (5 %)
H20 1.6 0.68

30 % Acrylamide 2.0 0,17

1.5 M Tris (pH. 8.8) 1.3 /

1.5 M Tris (pH 6.8) / 0.13

10 % SDS 0.05 0.01

10 % APS 0.05 0.01

TEMED 0.002 0.001

Samples were diluted to 20-50 ug of protein with PBS, mixed with 5X Laemmli buffer and
boiled for 10 min at 75 °C. The SDS gels were fixed in the PerfectBlue™ Double gel system
(Peglab) and buffer chambers were filled with 1X SDS running buffer. After a short spin, boiled
samples and the PageRuler Prestained Protein ladder (Thermo Fisher) were loaded into each

lane and gels run for 30 min at 80 Volts and ~1.5 hours at 120 Volts.
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3.2.5.3 Western transfer and immunodetection of proteins

Following SDS Page, proteins were transferred onto PDVF membranes via wet electroblotting.
Before assembling the blotting sandwich, foam pads, filter paper and SDS gels were equili-
brated in 1X transfer buffer. The PDVF membranes were first activated with 100 % methanol
for 1 min, before they were also incubated in 1X transfer buffer. After equilibration, the blotting
sandwich was assembled starting with a foam pad on the negative electrode site (black frame)
of the transfer cassette. This was followed by three filter papers, the SDS gel, the activated
PDVF membrane and again three filter papers and the foam pad for the positive electrode site
(red frame). After each assembling step, air bubbles were removed. Then the transfer cassette
was closed and placed into the Mini Trans-Blot cell (BioRad) filled with 1X transfer buffer.
Transfer took place at 150 mA for 2.5 hours at 4 °C. Afterwards, the membranes were stained
with Ponceau S solution to verify protein transfer. Then, membranes were quickly de-stained
with ddH20 and incubated with 5 % blocking solution for 1 hour at RT while shaking. To detect
phosphorylated proteins, the 5 % and 2.5 % blocking solution were supplemented with 1 mM
NaF and 1 mM Na3VO.. Membranes were incubated with the appropriate primary antibody
diluted in 2.5 % blocking solution overnight rotating at 4 °C. The next day, membranes were
washed three times with TBS-T (0.1 % Tween-20 in TBS) for 10 min before incubating them
with the appropriate secondary, horseradish peroxidase (HRP)-coupled antibody in 2.5 %
blocking solution. All primary and secondary antibodies and the dilutions used are listed in
table 5, section 3.1.5. Finally, blots were washed again three times with TBS-T and developed
using the ECL Western Blot Bright chemiluminescence HRP solution (Merck-Millipore) and the
Image Quant LAS 4000 (GE Healthcare).

3.2.5.4 ELISA

An enzyme-linked immunosorbent assay (ELISA) was used to quantify interleukin-6 (IL-6) and
interleukin-8 (IL-8) protein secretion of BTICs. Therefore, 1.5x10° cells on 6-well were seeded
and incubated for 48 hours at 37 °C before treatment. Supernatants from BTIC cell culture
were collected after stimulation of cells with 50 ng/ml TNFa and IFNy for 24 hours and
48 hours. To later normalize the protein concentration to the cell count, the cell number per
well was also determined. Supernatants were stored at -80 °C and brought to RT before use.
The experiments were performed according to the manufacturer’s instruction of the Human IL-
6 ELISA (ImmunoTools) and Human IL-8 ELISA (ImmunoTools). The standard curve was gen-
erated from 200 pg/ml to 1.56 pg/ml for IL-6 and from 250 pg/ml to 2.015 pg/ml for IL-8 via
serial dilution. The dilution of the samples had to be determined experimentally and adjusted
for each run to be within the range of the standard curve. After several incubations and washing

steps, the enzymatic conversion of the TMB substrate was stopped after 15 min of incubation
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with 0.2 N H2SO4. After that, the absorbance was measured at 540 nm and 570 nm as refer-
ence wavelength using the Varioskan™ Flash Multimode Reader (Thermo Scientific) and the

concentration of the samples was interpolated from the standard curve.

3.2.5.5 Flow cytometry
3.2.5.5.1 Surface receptor staining

For direct surface staining of unfixed cells by flow cytometry, cells were harvested as described
in section 3.2.1.1, washed once with PBS, centrifuged (1,200 rpm, 4 min) and resuspended in
PBS + 0.2 % BSA. Cell suspensions were then evenly distributed in FACS tubes, spun down
and resuspended in 50 pl of PBS + 1 % BSA. After addition of antibodies (section 3.1.7, table
7), cells were briefly vortexed and incubated 1 hour on ice in the dark. Following incubation,
cells were washed again by adding 500 ul of PBS + 0.2 % BSA per tube, spun down and
resuspended in 250 — 500 pl PBS + 0.2 % BSA. Cells were kept on ice in the dark until analysis
on a BD FACS Canto Il (BD Biosciences).

3.2.5.5.2 Total ROS

To detect cellular ROS cells by flow cytometry, cells were harvested and counted as described
in sections 3.2.1.1 and 3.2.1.3. Subsequently, cells were washed once with 2 ml of PBS (1,200
rem, 4 min), and 2.5 to 5x10° cells were transferred into FACS tubes. Following, cells were
washed with 1 ml FACS wash buffer (PBS + 2 % FCS) and again centrifuged (1,200 rpm,
4 min). In the meantime, the 2’,7’-Dichlorodihydrofluorescein diacetate (H.DCFDA) solution
was prepared by diluting the stock concentration (20 mM) to 1:50 ration with PBS to obtain a
concentration of 400 uM in 200 ul PBS.

After centrifugation, the supernatant was discarded, and the cells were resuspended in 500 pl
FACS wash buffer. Then, 12.5 pl of H.DCFDA dilution were added to each tubes to obtain a
final concentration 10 uM. Additionally, an unstained control was prepared. The FACS tubes
were covered with a lid to prevent oxidation of the H.DCFDA and incubated for 20 min at 37 °C.
After that, cells were washed with 3 ml cold PBS and directly analyzed on a BD FACS Canto
Il (BD Biosciences) in the FITC channel. Debris and cell doublets were excluded based on
forward/sideward scatter parameters. The acquired data were further processed using FlowJo

software.

3.2.5.5.3 Annexin V/ 7-AAD

To analyze the proportion of living in dead cells the FITC Annexin V Apoptosis Detection Kit
(BioLegend) with 7-AAD was used. Therefore, cells were initially plated in 6-well plates and
treated the following day with 50 ng/ml TRAIL for 1 hour, 3 hours, or 6 hours. After the treat-
ment, cells were harvest as described before (section 3.2.1.1). The detached cells were col-

lected in flow cytometry tubes and then centrifuged for 4 min at 1,400 rpm at RT. Subsequently,
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the cell pellets were washed with 500 pl of ice-cold flow cytometry buffer (centrifugation: 4 min,
1,600 rpm, RT) and then resuspended in 50 ul of Annexin binding buffer. To each sample,
2.5 ul of Annexin solution was added, followed by vortexing. Next, 2.5 pl of 7-AAD solution was
added and the samples were vortexed again. The cells were incubated for 15 min in the dark
at RT. Subsequently, cell analysis was performed using a BD FACS Canto Il flow cytometer,
which measured the proportions of viable cells (double negative), early apoptotic cells (An-
nexin V positive), necrotic cells (7-AAD positive) and dead cells (7-AAD and Annexin V posi-
tive). Debris and cell doublets were excluded based on forward/sideward scatter parameters.

The acquired data was further processed using FlowJo software.

3.2.5.6 Immunocytochemistry

To investigate structural integrity of mitochondria of TSPO KO cells and validate loss of TSPO,
immunocytochemistry was performed. Therefore, 8-well Lab-Tek™ chamber slides (Thermo
Scientific) or glass coverslips in 12 well plates were coated with laminin solution (10 pg/ml in
PBS). 2.5x10* cells per well were plated in 200 ul of RHB-A and incubated for 48 hours at
37 °C. Cells were fixed with 4 % PFA for 10 min followed by three washing steps with PBS for
5 min. For the TSPO staining, an antigen retrieval step with 0.1 M sodium citrate buffer (pH 6)
was performed to de-mask antigen sites. Therefore, a vegetable steamer was filled with ddHO
and preheated to boiling temperature together with a flask of the retrieval buffer. Subsequently,
300 ul of hot retrieval buffer were added to the wells of the fixed cells, and the mixture was
placed into the steamer. Both the lid of the plate as well as the lid of the steamer were closed
to prevent the slides from drying out. After 15 min of steaming, slides were allowed to cool
down and the standard protocol was continued. Important to mention, the antigen retrieval
method is an optimized protocol for immunohistochemistry with a rack of glass slides. Neither
the Lab-Teks™ nor the 12-well plates are particularly heat resistant, so further optimization
steps will be necessary to better adapt to the immunocytochemistry protocol. After fixation and
the optional antigen retrieval step, cells were blocked and permeabilized with 10 % donkey
serum and 0.5 % TritonX100 in PBS (Blocking buffer) for 30 min at RT. Incubation with the
primary antibodies rabbit-anti-PBR (1:500) and mouse-anti-ATPB (1:1,000) was performed
overnight at 4 °C in 100 uyl of antibody buffer containing 2 % donkey serum and 0.1 %
TritionX100 in PBS. The next day, slides were washed three times with PBS for 10 min. Then,
cells were incubated with Alexa Fluor™ 568-conjugated goat anti-mouse and Alexa Fluor™
488-conjugated goat anti-rabbit secondary antibodies and Dapi (1 ng/ml) in antibody buffer for
1 hour at RT in the dark. After a quick wash with PBS, slides were mounted with Prolong Gold
Anti Fade medium (ThermoFisher Scientific), dried for 24 hours at RT and stored light pro-
tected at 4 °C.
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3.2.5.7 Microscopy

The cells were imaged with the Leica AF60000LX fluorescence microscope using the objective
Leica HCX PL APO 63X/1.3 GLYC. Images were taken by the Leica DFC7000GT digital cam-
era with the Leica LASX software. 3D stacks were recorded and processed with the Leica

deconvolution software module.

3.2.6 Statistics

Statistical analysis was performed on datasets with three or more biological replicates. Statis-
tical differences were analyzed using the GraphPad Prism 8 software. To determine statistical
differences among the means of three or more independent groups, one-way analysis of vari-
ance (ANOVA) was applied, followed by Dunnett's post hoc test. To identify differences be-
tween treatment response of TSPO-deficient groups versus control groups, two-way ANOVA
was used, followed by Dunnett’s post hoc test or another appropriate post hoc test. In all cases,
p values < 0.05 were defined as statistically significant and denoted as follows: * = p < 0.05; **
=p<0.01,and *** = p < 0.001.
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4 Results

4.1 TSPO expression in glioblastoma

TSPO levels are highly elevated in glioblastoma compared to the healthy brain [161]. To in-
vestigate the impact of increased TSPO expression in glioblastoma, primary, patient-derived
brain tumor initiating cells (BTICs) were chosen as a model cell culture system. BTICs exhibit
stem-like properties and are capable to initiate tumor growth upon xenotransplantation. They
phenocopy the molecular characteristics and therapeutic resistance of the original tumor [217—
219], which makes them a suitable model to study the aggressive and heterogenetic nature of

glioblastoma.

First, the basal TSPO expression in various BTIC lines of different subtypes was determined.
Western blot analysis revealed that TSPO protein expression was detected in all the 23 BTIC
lines tested (Figure 9). As expected in this heterogenous tumor, the expression of TSPO was
also heterogenous between BTIC lines. BTIC lines with high and comparatively low levels of
TSPO were detected in both, proneural and mesenchymal subtypes. For further analyses, the
well-characterized BTIC13 line [217, 220-222] was selected, since it exhibits stable prolifera-
tion and migration patterns in cell culture, grows adherently, and can be easily transfected. In
addition, BTIC13 is human leukocyte antigen (HLA)-A2-positive which was required for subse-

quent T cell co-culture experiments.
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Figure 9. TSPO is heterogeneously expressed in patient-derived brain tumor initiating cells (BTICs). West-
ern blot analysis of TSPO protein expression in various proneural and mesenchymal BTIC lines. Protein loading
was confirmed by B-Actin staining. The well-characterized mesenchymal BTIC13 line (highlighted in orange) was

selected for further analyses and showed intermediate TSPO expression levels compared to the other BTICs.
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4.2 T cells and T cell-derived soluble factors induce TSPO expres-
sion in BTIC13

The precise causes driving the increased TSPO expression in glioblastoma remain elusive.
However, elevated TSPO levels are not only observed within tumor tissue but also under in-
flammatory conditions within the brain. Moreover, there is evidence that pro-inflammatory stim-
uli increase TSPO expression in malignant cells [171]. Furthermore, TSPO expression posi-
tively correlates with the degree of T cell infiltration in a correlation analysis conducted in the
TCGA glioblastoma dataset [222]. This led to the hypothesis that either T cell-derived soluble
factors or direct contact between T cells and tumor cells could contribute to the elevated levels
of TSPO in glioblastoma. The samples for the Western blot analysis were kindly provided by
Dr. A. Menevse who generated the human leukocyte antigen (HLA)-A2-positive Influenza
(Flu)-antigen specific CD8* T cells and the polyclonally activated T cell supernatant and con-
ducted the T cell-tumor cell co-culturing experiment at the Leibniz Institute for Immunotherapy

(LIT) in Regensburg.

Briefly, the HLA-A2-positive BTIC13 [222] was pulsed with an HLA-A2-specific Influenza pep-
tide (FIuP) at concentrations of 1, 0.1, and 0.01 ng/ml. Subsequently, the peptide-loaded
BTIC13 was co-cultured with Flu-antigen-specific, cytotoxic CD8* T cells (FIuT) at an effector
to target ratio of 1:1. Additionally, BTIC13 cells were exposed to cell culture supernatant of
activated FIuT cells (FIuT sup). After 20 hours of co-culture or FIuT sup stimulation, TSPO

expression levels of BTIC13 were determined by Western blot.

Results indicate that both FIuT sup and co-culturing strongly increased the TSPO expression
in BTIC13 (Figure 10). The most potent effect was observed in cells loaded with the highest
Flu-peptide concentration (1 ng/ml) which resulted in a roughly threefold upregulation of TSPO
compared to the control medium (Figure 10A). Cells pulsed with lower peptide concentrations
(0.1 and 0.01 ng/ml) still exhibited higher TSPO levels than the FIuT sup-treated samples,
though there was no appreciable difference in TSPO expression between the two lower con-
centrations (Figure 10). Considering the almost twofold increase of TSPO expression in FluT
sup-treated samples compared to the control medium, soluble factors in the supernatant of
cytotoxic T cells already contribute to the increased TSPO levels. However, direct cell interac-

tions and sufficient recognition of the Flu-antigen is required to maximize this effect.
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Figure 10. Induction of TSPO expression in the presence of T cells and T cell supernatant. Western blot
analysis of TSPO protein expression in BTIC13. TSPO protein induction was evaluated after 20 hours of stimulation
with supernatant of polyclonally activated FIuT cells (FIUT sup) or co-culture with FIuT cells in a 1:1 ratio. To perform
the co-culture, BTIC13 was pulsed with decreasing concentrations of flu-peptide (FIuP). (A) The graph shows the
relative protein quantification of two independent experiments. Data are normalized to GAPDH expression and
presented as fold change compared to the control medium (CM). Data are shown as mean + SD. (B) Representative
Western blot of TSPO protein induction by FIuT sup and FIuT cell co-culture. Equal loading was confirmed by

GAPDH staining. Samples were kindly provided by Dr. A. Menevse, LIT, Regensburg.

Recent research has revealed a positive link between TSPO expression and the genes encod-
ing for the Interferon gamma (IFNy) receptors (IFNGR1, IFNGR2) and Tumor necrosis factor
alpha (TNFa) receptors (TNFRSF1A, TNFRSF1B) in glioblastoma [222]. IFNy and TNFa are
pro-inflammatory effector molecules secreted by cytotoxic T cells which can induce a plethora
of functions upon neighboring immune and malignant cells [223, 224]. This led to the hypoth-
esis that T cell-derived IFNy and/or TNFa activate an IFNR- and/or TNFR-dependent signaling

cascade that contributes to the upregulation of TSPO in glioblastoma.

To investigate this, BTIC13 was stimulated with 50 ng/ml of recombinant human IFNy and
TNFa for 24 and 48 hours. Then, TSPO mRNA and protein level were evaluated via quantita-
tive real-time PCR (qPCR) and Western blot analysis.

IFNy significantly increased TSPO mRNA expression at both 24 and 48 hours compared to the
untreated control (Figure 11A). Similarly, TSPO protein levels were elevated at 24 hours and
were significantly increased at 48 hours (Figure 11B, C). In comparison, treatment with TNFa.
resulted only in a modest increase in TSPO mRNA levels and had no effect on TSPO protein

levels (Figure 11).
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Figure 11. IFNy induces TSPO expression in BTIC13. gPCR (A) and Western blot analysis (B, C) of TSPO
expression in BTIC13. Cells were stimulated with recombinant human IFNy and TNFa for 24- and 48 hours. (A)
TSPO mRNA levels are shown relative to RPL13A expression and presented as fold change compared to the
untreated control. Cumulative data of three independent experiments are represented as mean + SD. (B) Quantified
TSPO protein levels are shown relative to B-Actin expression and presented as fold change compared to the un-
treated control. Cumulative data of three independent experiments are represented as mean + SD. (C) Representa-
tive Western blots for TSPO expression. Equal loading was confirmed by p-Actin staining. Asterisks indicate signif-
icant differences between treatment and control conditions. P-values for (A) and (B) were calculated using two-way
ANOVA followed by Dunnett’s post hoc test (*P < 0.05; **P < 0.01).

To confirm these observations, the IFN receptor and TNF receptors of BTIC13 were blocked
with neutralizing antibodies raised against IFN-R1, TNF-R1, and TNF-R2, 30 minutes prior to
the treatment (samples were kindly provided by Dr. A. Menevse, LIT, Regensburg). After stim-
ulating the cells with FIuT sup for 24 hours, the impact on TSPO expression was evaluated via

Western blot.

Each of the TNF-R1, TNF-R2, and IFN-R1 blockade alone proved insufficient to prevent FluT-
sup-mediated TSPO induction compared to the control condition (CM) (Figure 12). However,
concurrent blockade of all three receptors attenuated the TSPO induction upon FIuT sup treat-

ment (Figure 12).

Collectively, these findings suggest that both direct T cell-tumor cell contact and T cell-derived
pro-inflammatory soluble factors, particularly IFNy, contribute to the increased TSPO expres-
sion in BTIC13.
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Figure 12. Simultaneous blockade of TNF- and IFN-receptors attenuates TSPO induction by T cell super-
natant. Western blot analysis of TSPO expression in BTIC13. BTIC13 was pre-incubated for 30 min with either
Isotype Control (Ctrl), anti-TNF-R1, anti-TNF-R2, anti-IFN-R1, or all three blocking antibodies combined. TSPO
protein expression was evaluated after 24 hours of stimulation with supernatant of polyclonally activated FIuT cells.
Basal TSPO expression is shown in the control medium (CM). (A) Graph shows the relative protein quantification
of two independent experiments. Data are normalized to GAPDH expression and presented as fold change com-
pared to the isotype control. Data are shown as mean + SD. (B) Representative Western blot of TSPO protein
expression after TNF- and IFN- receptor blockade and FluT sup stimulation. Equal loading was confirmed by

GAPDH staining. Samples were kindly provided by Dr. A. Menevse, LIT, Regensburg.

4.3 Generation of TSPO-deficient BTICs

To gain insight into the function of TSPO and its physiological significance in BTIC13, two
distinct loss-of-function approaches were carried out. First, TSPO-deficient BTICs were gen-
erated using a lentiviral knockdown system via short hairpin RNAs (shRNAs). The lentiviral
transduction of the pLKO.1 plasmid (kind gift from Bob Weinberg Addgene ID #8453
http://n2t.net/addgene:8453; RRID:Addgene_8453) containing the shRNAs and the puromycin
antibiotic selection were performed by Dr. A. Vollmann-Zwerenz under S2 laboratory safety

standards.

BTIC13 was transduced with two TSPO-specific shRNAs to generate the stable polyclonal
TSPO-knockdown cell lines shTSPO_1 Bulk and shTSPO_2 Bulk. A non-targeting control
shRNA was used to establish the control cell line Scr Bulk. Both, the shTSPO_1 Bulk and
shTSPO_2 Bulk were effective in downregulating TSPO expression (Figure 13A). Compared
to the Scr Bulk, they reduced the protein levels of TSPO by 76 % and 72 %, respectively.
To obtain a deeper understanding of the intrinsic heterogeneity of BTIC13, single cell-derived
monoclonal cell lines were generated in addition. Therefore, bulk parental cell lines were
seeded as single cells by limiting dilution and transferred stepwise into larger culture vessels
until they could be used for experiments. The clonal knockdown cell lines KD1 and KD2 origi-
nated from shTSPO_1 Bulk, and the KD3 clone was obtained from shTSPO_2 Bulk. The con-

trol clone Scr C1 was derived from the Scr Bulk control cell line. TSPO protein levels were

58



Results

significantly reduced in all three knockdown clones (Figure 13B). Compared to the control
clone Scr C1, TSPO expression was decreased by 91 %, 96 %, and 83 % in KD1, KD2, and
KD3, respectively.
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Figure 13. Stable TSPO knockdown in BTIC13 cells. Western blot analysis of TSPO expression in shRNA-
transduced BTIC13. (A) Heterogenous TSPO-deficient “bulk” cell lines were obtained by lentiviral transduction of
BTIC13 TSPO-specific sShRNA (shTSPO_1 Bulk, shTSPO_2 Bulk). Non-targeting control shRNA was used to gen-
erate a control cell line (Scr Bulk) (B) Monoclonal cell populations were derived from bulk parental cell lines by
single cell dilution (Scr C1, KD1, KD2, KD3). (A, B) Graphs show the relative protein quantification of three inde-
pendent experiments. Data are normalized to GAPDH or p-Actin expression and presented as fold change com-
pared to the Scr control. Representative Western blots of TSPO protein levels in (A) TSPO-deficient bulk and (B)
single cell-derived clonal populations. Equal loading was confirmed either by GAPDH or B-Actin staining. Lentiviral
transduction was performed by Dr. A. Vollmann-Zwerenz, UKR, Regensburg. P-values were calculated using one-
way ANOVA followed by Dunnett’s post hoc test (***P < 0.001).

As a second, complementary loss-of-function approach, stable TSPO knockout (KO) BTIC13
cell lines were generated using the CRISPR/Cas9 system. S. Bader kindly provided the Cas9-
GFP fusion plasmid (pSPCas9 (BB)-1A-GFP (PX458) (gift from Feng Zhang, Addgene plasmid
# 48138; http://n2t.net/addgene:48138; RRID: Addgene 48138), containing either the single
guide RNA (sgRNA) T116 or T126. Both guide RNAs are designed to specifically target exon
2 of the TSPO gene (Figure 14A).

To achieve a high transfection efficiency of the Cas9/GFP_T116 and Cas9/GFP_T126 encod-
ing plasmid in BTIC13, the JetOptimus® transfection system (Polyplus) was used, which is
specifically designed for difficult-to-transfect cells. 48 hours after the transfection, cells were
sorted for GFP expression in the central fluorescence activated cell sorting (FACS) facility of
the LIT, Regensburg. After sorting, TSPO protein levels were determined to ascertain the effi-
ciency of the Cas9 _T116 and Cas9_T126 system. Both guide RNAs resulted in an almost
complete reduction of TSPO expression compared to BTIC13 wildtype (Figure 14B).
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Next, single cell-derived clonal populations were generated using a limiting dilution series to
obtain monoclonal cell lines with a complete and stable knockout of TSPO. After clonal expan-
sion, cells were screened by Western blot for loss of TSPO expression (Figure 14C). Clones
that still expressed TSPO were chosen as control cells. Following that, CRISPR/Cas9-induced
genome editing events of potential KO and control clones were analyzed. Therefore, exon 2
nucleotide sequence of the TSPO gene was amplified from genomic DNA by PCR and se-
quenced by Sanger sequencing. The obtained chromatograms were compared to the TSPO
wildtype genomic sequence and screened for insertion/deletion (INDEL) events at the target
site of the guide RNAs. Based on this analysis, the clones highlighted in orange (Figure 14C)
were selected for all further experiments and their names were changed to control C_Ctrl (T126
Bl G2), KO1 (T116 A1 F11), KO2 (T116 Ill E5), and KO3 (T126 All C9) for better readability.
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Figure 14. Generation of CRISPR/Cas9-mediated TSPO knockout in BTIC13. BTIC13 was transfected with a
Cas9-GFP/gRNA_T116- or Cas9-GFP/gRNA_T126-encoding plasmid. 48 hours after the transfection, cells were
FACS-sorted for GFP expression. (A) Schematic illustration of the exon/intron structure of the human (hu) TSPO
gene and the sites targeted by guide RNAs T116 and T126. The transcription start site (ATG) and stop site (TGA)
are indicated. (B) Western blot showing TSPO levels of T116- and T126-transfected BTIC13 Bulk lines obtained
after sorting for GFP expression. (C) Screening for homozygous TSPO KO clones by Western blot analysis. Mono-
clonal populations were derived from bulk parental cell lines by single cell dilution. Clones that were chosen for
further analysis are highlighted in orange. (D) Representative Western blot confirms loss of TSPO in clones T116
A1 F11 (KO1), T126 All C9 (KO2), and T116 Il E5 (KO3) compared to control clone T126 Bl G2 (C_Ctrl). (B-D)
Equal loading was confirmed by B-Actin or GAPDH staining.
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Figure 15A shows the chromatogram alignment of the selected control clone and the knockout
clones. The target sites of the guides T116 and T126 are highlighted in grey and blue, respec-
tively, and the site of the INDEL event is marked in yellow. In KO1, a homozygous deletion of
five base pairs (Figure 15A) resulted in a shift in the translational reading frame of the TSPO
protein (Figure 15B). Similarly, in KO2 a homozygous deletion of two base pairs, and in KO3
a homozygous deletion of one base pair altered the reading frame and thus the amino acid
sequence (Figure 15A, B). As the extensive missense in the amino acid sequence occurs early
at position E29Sfs for KO1, E29Gfs for KO2, and R32Afs for KO3 with a protein length of 169
amino acids, a disrupted structure and functionality of the TSPO protein can be assumed (Fig-
ure 15B).
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Figure 15. Validation of CRISPR/Cas9-mediated TSPO knockout in BTIC13. (A) Representative chromato-
grams of C_Ctrl and TSPO KO clones obtained after Sanger sequencing. Target sequences of guide RNAs T116
and T126 are highlighted in gray and blue, respectively. Yellow region indicates a single nucleotide polymorphism
(SNP) or insertion/deletion (INDEL) events. Sequence alignment and image was generated using python code
from Chang Y, cfutils, (version 0.0.0.dev54, 2022) GitHub repository, https://github.com/y9c/cfutils.git. (B) Multiple
protein sequence alignment of the first ~60 amino acids of BTIC13 wildtype (WT), C_Ctrl, and TSPO KO clones
shows an altered protein sequence for KO1 and KO2 starting at position E29 (E29Sfs; E29Gfs), and for KO3 at
R32 (R32Afs). Color code indicates sequence similarity ranging from dark blue (identical) to light blue. Numbering

indicates amino acid residues.
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Next to genomic sequence analysis and Western blot detection, the TSPO knockout was vali-
dated by immunofluorescence. Therefore, an immunocytochemistry staining with antibodies
raised against TSPO and the mitochondrial marker ATP synthase subunit beta (ATPB) was
performed in the control and all three KO clones. TSPO staining was only detectable in the
control clone C_Ctrl and co-localized with the mitochondrial marker ATPB (Figure 16). The KO
clones exhibited ATPB fluorescence signals similar to the C_Ctrl, however, the TSPO signal

was completely absent, confirming the loss of TSPO (Figure 16).
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Figure 16. Inmunocytochemistry analysis to validate the loss of TSPO. Representative images show fixed
cells after heat-mediated antigen retrieval, stained with antibodies against TSPO (green) and the mitochondrial
marker ATPB (red). Images were analyzed by fluorescence microscopy and 3D-deconvolution. DAPI was used for
nuclear staining. Merged images on the right reveal overlapping signals for TSPO and ATPB only in control cells

and not in the KO clones. Scale bars: 10 pm.
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Sufficient TSPO staining requires an antigen retrieval step, which, however, interferes with the
quality of the ATPB staining. To investigate whether the loss of TSPO altered the overall mito-
chondrial morphology in BTIC13, cells were single-stained for ATPB and subjected to fluores-
cence microscopy. An altered mitochondrial morphology is displayed by atypically elongated
or fragmented mitochondria besides others, which may be a sign of mitochondrial dysfunction.
In BTIC13, however, there was no obvious overall difference in basic mitochondrial morphol-
ogy of KO clones KO1, KO2, and KO3, compared to the control clone C_Ctrl (Figure 17).

C_Ctrl KO2

Figure 17. TSPO deficiency does not alter basic mitochondrial morphology. ATPB antibody-stained mito-
chondria of BTIC13 CRISPR Ctrl (C_Ctrl) and TSPO KOs (KO1, KO2, KO3) were analyzed by fluorescence mi-
croscopy and 3D-deconvolution. Representative image of two independent experiments with comparable results

are shown. Scale bars: 10 ym (overview), 5 ym (insets).
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4.4 Characterization of TSPO-deficient BTICs

Rapid proliferation and high migratory rates are fundamental features of aggressive cancer
cells, and there is evidence that TSPO plays a role in both malignant traits. Therefore, the
following experiments characterize how the loss of TSPO affects the basic proliferation and
migratory capacity of BTIC13. In addition, the expression levels of receptors corresponding to
important T cell effector molecules were evaluated and the effect of these molecules on cell
viability was investigated. This helped to identify which effector molecules would be best to

use in subsequent experiments.

4.4.1 Impact of TSPO deficiency on cell proliferation

First, the basic proliferation rates of TSPO-deficient BTICs compared to control BTICs were
determined. Therefore, TSPO-deficient and control bulk and clonal cells were seeded at de-
fined cell numbers, and proliferation was measured at 0, 24, 48, 72, and 96 hours using the

Resazurin® reduction assay (R&D Systems).

All three model systems (knockdown bulk, knockdown clones and knockout clones) showed
robust proliferation rates characterized by exponential growth rates. Notably, the bulk cell lines
exhibited the highest proliferation rates compared to the clonal cell lines. Within 48 hours, the
number of cells more than tripled compared to the initial (O hour) measurement and reached a
nine-fold increase after 96 hours (Figure 18A). Both clonal models were less proliferatively
active compared to the bulk cell lines. After 48 hours, the cell numbers doubled and they
reached a relative maximum of three to four-fold after 96 hours (Figure 18B, C). Noteworthy,

each cell line showed a unique proliferative capability independent of TSPO status.

However, after normalizing to the 0-hour baseline, no significant differences were found be-
tween the TSPO-deficient and control cell lines for each cell line model (Figure 18). KO1 is the
only exception, with a considerable higher growth rate that became significant at 48 hours
when compared to C_Ctrl (Figure 18C). In summary, however, these results suggest that

TSPO-deficiency does not impact the basic proliferation rates of BTIC13.
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Figure 18. TSPO deficiency does not impact basal proliferation rates of BTIC13. The Resazurin assay was
performed to analyze the basal proliferation rates of TSPO-deficient bulk (A), TSPO KD clones (B), and TSPO KO
clones (C) compared to their respective controls. Fluorescence emission was measured at the specified time points
and normalized to 0 hour values. Asterisk indicates significant differences between KO1 cell line and control C_Cirl.
Cumulative data of three independent experiments are shown as mean + SD. P-values were calculated using two-
way ANOVA followed by Dunnett’s post hoc test (*P < 0.05).

4.4.2 Impact of TSPO deficiency on cell migration

To identify whether TSPO impacts the basal migratory capacity of BTIC13, a two-dimensional
spheroid migration assay was performed. Therefore, TSPO-deficient and control bulk and
clonal cells were seeded in agarose-coated plates to initiate spheroid formation. After spheroid
initiation, single spheroids were transferred into laminin-coated U-bottom plates and spheroid
outgrowth was monitored at 0, 16, 24, and 40 hours. The relative migration rate was deter-
mined by measuring the area covered by the cells at each time point and subsequent normal-

ization to the initial spheroid size (0 hours).

TSPO knockdown in the BTIC13 bulk cell lines had varying effects on the migration rates. The
shTSPO_1 Bulk exhibited a high migratory capacity similar to that of the control Scr Bulk (Fig-
ure 19A). In contrast, the migratory capacity of shTSPO_2 Bulk was significantly impaired,

showing a substantial reduction in the migration rate already at 16 hours (Figure 19A).
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The migratory rate of all three TSPO knockdown clones was significantly reduced in compari-

son to the control clone, and approximately only one quarter of the area was covered after
40 hours (Figure 19B).

Overall, the migratory capacity of the TSPO KO clones was lower than that of the KD cell lines.
Whereas the Scr Bulk and Scr C1 showed migration rates within the same range, the migratory
capacity of the knockout control C_Ctrl was reduced by one third (Figure 19). Nevertheless,
the TSPO KO clones showed a significantly decreased migration at 40 hours compared to
C_Citrl. Noteworthy, KO3 exhibited no migratory activity at all (Figure 19C). In conclusion, these

findings imply that TSPO deficiency exerts a suppressive effect on the basic migratory rate of
BTIC13.

A B .

£ 11977 o ScrBulk g 1107 :E‘I;m

S gy qg64 ®SNTSPO_1 Bulk S geo6 4

T 4 shTSPO_2 Bulk 3 4 KD2

I N 5 KD3

= 6x108 ® 6x10° o

£ £

2 4x1064 *kk 2 4x106 -
< 4 6%

*%k%
i 2x10°7 *kk *:* % 2x10° 7 s F%% Nus *xx N5,
S ) *kk *;* ﬂ
© o 0 le-mp— - T T
oh 16h  24h  40h Oh  16h  24h  40h

C
8x10° w C_Ctd

§ o KO1

N

T

E 4x10%7]

2 7 4

“E 2x106 i

= \

4] *% ***

o . . NNN .,

£ o e - . ‘ —
Oh 16h 24h 40h

Figure 19. TSPO deficiency impairs basal migration rates of BTIC13. Spheroid migration assay was performed
to analyze the basic migratory capacity of TSPO-deficient bulk (A), TSPO KD clones (B), and TSPO KO clones (C)
compared to their respective controls. Migration was measured at indicated time points and is presented as the
relative area expansion normalized to the initial spheroid size at 0 hours. Cumulative data of three independent
experiments are shown as * SD. Asterisks indicate significant differences between TSPO-deficient cell line and

control. P-values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; **P < 0.01;
***P <0.001).

67



Results

4.4.3 Characterization of the relevant T cell effector molecules of BTIC13

To enable the activity of T cell effector molecules on tumor cells, it is necessary that tumor
cells express the corresponding receptors. Consequently, a primary goal was to obtain an
overview of effector molecules that could be used for subsequent experiments. Therefore, the
surface expression of relevant receptors for effector molecules in BTIC13 was characterized

by flow cytometry.

First, receptors of the pro-inflammatory cytokines TNFa and IFNy including TNF-R1, TNF-R1
and IFN- R1 were evaluated (Figure 20, upper panel). Within BTIC13, 78.4 % of the cells ex-
press TNF-R1. In contrast, only a minority fraction of BTIC13 (27.8 %) showed a positive TNF-
R2 surface expression. IFN-R1 was expressed by the majority of BTIC13 cells (97.1 %).

Furthermore, the expression levels of receptors mediating the extrinsic apoptosis response
were evaluated (Figure 20, lower panel). Those include the Fas receptor which interacts with
the death ligand FasL that was found to be expressed in 100 % of the BTIC13 population. In
addition, the receptors of the death ligand TRAIL, namely death receptors (DR)-4 and -5, were

expressed by 69 % and 98 % of the cells, respectively.

In summary, BTIC13 showed a generally high surface expression of relevant cytokine- and

death receptors.
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Figure 20. Cell surface expression of receptors of key T cell effector molecules in BTIC13. Flow cytometry
analysis of TNFa (TNF-R1, TNF-R1) and IFNy (IFN-R1) cytokine receptors as well as the death ligand receptors,
Fas, DR4, and DR5. Representative histogram plots show the antibody-stained samples (blue) against the isotype

control (grey).



Results

The preceding experiments confirmed that BTIC13 expresses surface receptors of relevant
cytokines and death ligands. However, there are also intrinsic mechanisms that determine
sensitivity to these factors and may shape TSPO-induced apoptotic events. As this thesis is
dedicated to the role of TSPO in apoptosis, the next step was to evaluate the impact of intrinsic
mechanisms on cell viability and to establish a working concentration of these factors for fur-

ther experiments.

For this experiment, TSPO-deficient and -control BTICs were exposed to increasing concen-
trations of recombinant human TNFa, IFNy, FasL, and TRAIL. The concentrations ranged from
0 ng/ml up to 1,000 ng/ml, and the relative proportion of viable cells was measured after 48 h

with the Resazurin® reduction assay.

Figure 21 displays the impact of TNFa, IFNy, FasL and TRAIL on the cell viability of the TSPO-
KD bulk cells. A 25 % reduction in cell viability at the highest concentration was defined as
cutoff for considerable effects on cell viability. As evident from figure 21A and figure 21B, TNFa
and FasL had only minimal effects on cell viability even at high concentrations and did not
reach the 25 % cut-off mark. IFNy evoked a modest but dose-dependent reduction of cell via-
bility (Figure 21C). At a concentration of 1,000 ng/ml, the relative proportions of viable cells of
shTSPO_1 Bulk, shTSPO_2 Bulk and Scr Bulk were 78 %, 85 %, and 71 %, respectively. The
strongest effect on cell viability was observed with TRAIL (Figure 21D). In all three cell lines,
TRAIL reduced the cell viability starting at concentration of 1 ng/ml until reaching a plateau
phase at 250 ng/ml. At this plateau phase, the proportion of viable cells was reduced by ap-
proximately 50 %. This indicates that about one half of the population in BTIC13 is responsive
to TRAIL, while the other half is resistant due to yet unknown reasons. Notably, there were no
significant differences between the two TSPO- deficient cell lines (shTSPO_1 Bulk, shTSPO_2
Bulk) and the control Scr Bulk.
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Figure 21. Effect of TNFa, IFNy, FasL, and TRAIL on cell viability of BTIC13 KD bulk cells. Cells were treated
with increasing concentrations of TNFa, IFNy, FasL, and TRAIL as indicated. After 48 hours, cell viability was meas-
ured with the Resazurin reduction assay. Data are presented as relative fluorescence normalized to 0 ng/ml treat-

ment. Cumulative data of three independent experiments are shown as mean = SD.

Comparable to the results of the KD bulk cells (Figure 21), TNFa, FasL, and IFNy had no
substantial effect on cell viability in the TSPO KD clones (Figure 22A, B, C). Exposure to
TRAIL, on the other hand, resulted in a dose-dependent reduction of cell viability. This effect
was particularly pronounced in KD1 and KD2. After passing the threshold dose of 1 ng/ml,
increasing concentrations of TRAIL resulted in a steep decline of viable cells until reaching a
plateau phase at 250 ng/ml with around 30 % of viable cells remaining (Figure 22D). In con-
trast, KD3 showed a similar TRAIL response compared to the control Scr C1. Here, increasing
exposure to TRAIL resulted in a moderate but dose-dependent reduction of viability that plat-
eaued at a concentration of 250 ng/ml with approximately 60 % of the cells still viable. Given
the differential responses of the KD clones, these findings support the assumption that sub-

populations of the BTIC13 bulk cells are intrinsically TRAIL-responsive or -resistant.
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Figure 22. Effect of TNFa, IFNy, FasL, and TRAIL on cell viability of BTIC13 KD clones. Cells were treated
with increasing concentrations of TNFa, IFNy, FasL, and TRAIL as indicated. After 48 hours, cell viability was meas-
ured with the Resazurin reduction assay. Data are presented as relative fluorescence normalized to 0 ng/ml treat-

ment. Cumulative data of three independent experiments are shown as mean + SD.

Consistent with the results for the TSPO KD Bulk and clonal cell lines, TNFa, IFNy and FasL
did not significantly reduce the cell viability of the TSPO KO clones as the cut-off threshold of
25 % was not reached (Figure 23A, B, C). However, contrasting the previous findings, TRAIL
did not have a strong impact on cell viability in the TSPO KO clones (Figure 23D). While KO1
and KO2 showed an almost negligible response (84 % and 72 % survival rates at the plateau
phase starting at 250 ng/ml), KO3 and the control C_Ctrl were almost completely resistant to
TRAIL treatment (Figure 23D).
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Figure 23. Effect of TNFa, IFNy, FasL, and TRAIL on cell viability of BTIC13 KO clones. Cells were treated
with increasing concentrations of TNFa, IFNy, FasL, and TRAIL as indicated. After 48 hours, cell viability was meas-
ured with the Resazurin reduction assay. Data are presented as relative fluorescence normalized to 0 ng/ml treat-

ment. Cumulative data of three independent experiments are shown as mean + SD.

Based on these experiments, a working concentration of 50 ng/ml of TRAIL was selected for
the in-depth apoptosis analysis. This concentration is approximately within the median of the
dose-response range of TRAIL-sensitive BTIC13 cells. The percentage of viable cells at

50 ng/ml for each cell line is summarized in table 23.

Table 23. Percentage of viable cells at 50 ng/ml TRAIL.
The relative number of viable cells was determined using the Resazurin reduction assay and normalized to the

0 ng/ml treatment.

TSPO Knockdown % cell viability at TSPO Knockout % cell viability at
cell line [50 ng/ml TRAIL] cell line [50 ng/ml TRAIL]
Scr Bulk 62 % C_Ctrl 96 %
shTSPO_1 Bulk 62 % KO1 89 %
shTSPO_2 Bulk 72 % KO2 75 %
Scr_C1 82 % KO3 100 %
KD1 41 %
KD2 37 %
KD3 76 %
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In summary, despite expressing the corresponding receptors on the cell surface, the impact of
TNFa, IFNy, and FasL on cell viability was found to be negligible in both, TSPO-deficient and
-control BTIC13, which excludes them for an in-depth apoptosis analysis. In contrast, TRAIL
exhibited a dose-dependent reduction of cell viability in TSPO KD bulk and clones, albeit to a
different extent. Furthermore, TSPO KO clones were not sensitive to TRAIL. These observa-
tions warranted further investigations on the impact of TSPO function on the response to TRAIL

in the different cell populations.

4.5 Impact of TSPO deficiency on apoptosis

Cellular resistance to apoptosis is an important mechanism by which glioblastoma evades the
immune system. Recent findings revealed that stable downregulation of TSPO augments T
cell-mediated killing of human glioblastoma cell lines and BTICs [222]. This notion is reinforced

by multiple studies that suggest a role of TSPO in apoptosis [151, 195, 199].

These observations gave rise to the following hypothesis: elevated levels of TSPO in glioblas-
toma contribute to the resistance against the anti-tumor effects of cytotoxic T cells by modu-
lating the apoptotic response. In this context, the impact of TSPO in apoptosis was investigated
in BTIC13 in more detail.

4.5.1 TRAIL-induced apoptosis response of TSPO-KD bulk BTIC13
The previous experiments showed that the death ligand TRAIL affects cell viability of BTIC13.
Accordingly, a cytotoxic T cell attack in a cell culture setting using TRAIL was simulated to

explore the apoptosis signaling of TSPO-deficient and control BTICs.

In a first experiment, shTSPO_1 Bulk and Scr Bulk cells were treated with 50 ng/ml TRAIL for
6 hours. To differentiate between early and late apoptotic cells as well as necrotic cells, cells
were stained with Annexin V (AnxV) and 7-amino-actinomycin D (7-AAD). Early apoptotic cells
express phosphatidylserines on the outer leaflet of the plasma membrane, which can be la-
beled with AnxV. Late apoptotic cells and necrotic cells lose their cell membrane integrity and
become permeable to 7-AAD. By this method, the percentage of dead cells (early, late apop-

totic, and necrotic cells) was analyzed by flow cytometry.

TRAIL strongly increased the percentage of dead cells in shTSPO_1 Bulk compared to the
untreated control (Figure 24A). Exposure to TRAIL also resulted in a significantly higher per-
centage of dead cells in shTSPO_1 Bulk compared to the control Scr Bulk. Notably, the per-
centage of dead cells in Scr Bulk was already higher in the untreated samples (~20 % vs.
~10 % in shTSPO_1 Bulk) and TRAIL did not profoundly elevate this number (Figure 24A).
Exposure to TRAIL resulted in a significantly higher percentage of dead cell in shTSPO_1 Bulk
compared to the control Scr Bulk (Figure 24A).
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As a next step, the activation of the caspase cascade was investigated to gain a deeper un-
derstanding of the underlying apoptosis pathways. First, the optimal timing for TRAIL treatment
was determined. Therefore, BTIC13 cells were stimulated with 50 ng/ml of TRAIL at five dif-
ferent time points (0.5, 1, 3, 6, and 16 hours) and the processing of key components of the
caspase cascade was investigated via Western blot. These included caspase-9 (Casp9),
which is the initiator caspase of the mitochondrial-mediated apoptosis pathway. Once mito-
chondrial apoptosis is activated, caspase-9 is processed to its active form, which becomes
apparent in the Western blot by detecting the cleaved (cl) Casp9 fragments. Activation of the
effector caspase-3 (Casp3) is evidenced by the detection of clCasp3 fragments (fragments at
20 kDa, 17 kDa and 12 kDa). Finally, the processing of the DNA repair enzyme PARP1 was
examined, as its degradation to clPARP1 by active caspases is considered as hallmark event

of apoptosis.

Exposure to TRAIL resulted in a fast activation of Casp3. As early as 30 min post-exposure,
clCasp3 fragments were present in the Western blot (Figure 24B). The activation of Casp9
appeared slightly later at 3 hours of treatment (Figure 24B). This suggests that the initial re-
sponse to TRAIL occurred directly via the extrinsic apoptosis pathway (Casp3 activation) fol-
lowed by a subsequent shift towards the mitochondrial pathway (Casp9 activation). The frag-
mentation of PARP1, an event downstream of caspase-activation, also became evident after
3 hours. At the 6-hour mark, apoptosis activation was at its strongest, as the strongest cleav-
age bands were detected in the Western blot. By 16 hours, PARP1 was fully degraded which
implies that the apoptotic cascade was maximally activated and had reached its final state
(Figure 24B).

This experiment revealed that first distinct patterns of apoptosis induction occur as early as 1
hour of TRAIL treatment. Based on these findings, 1 and 3 hours were selected as exposure

times for the apoptosis experiments.
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Figure 24. TRAIL induces apoptosis in the BTIC13 bulk cell line. (A) Flow cytometry analysis of shTSPO_1
Bulk and Scr Bulk. Cells were treated with 50 ng/ml of TRAIL for 6 hours and stained with Annexin V (AnxV)-FITC-
A and 7-amino-actinomycin D (7-AAD)-APC-A. Percentage of dead cells was calculated as 100 %—%AnxV- 7-
AAD- . Cumulative data of three independent experiments are shown as mean + SD. (B) Representative Western
blots for caspase-9 (Casp9), caspase-3 (Casp3) and PARP1 processing into cleaved (cl)Casp9, clCasp3, and
clPARP1. BTIC13 was treated with TRAIL (50 ng/ml) for 0.5, 1, 3, 6, and 16 hours. Equal loading was confirmed
by GAPDH staining. P-values were calculated using two-way ANOVA followed by Sidak’s post hoc test (*P < 0.05).

Following that, it was investigated whether there are temporal differences in the caspase cas-
cade activation of TSPO-deficient compared to TSPO-proficient bulk cells. Accordingly, TSPO-
KD and control bulk cells were stimulated with 50 ng/ml TRAIL for 1 or 3 hours, and the pro-

cessing of the caspase cascade was investigated via Western blot.

Exposure to TRAIL for 1 hour triggered a rapid activation of Casp3, whereas processing of
Casp9 and PARP1 was not detectable (Figure 25; Supplementary figure 1). However, 3 hours
of TRAIL exposure induced cleavage of Casp3, Casp9, and PARP1 (Figure 25; Supplementary
figure 1).

As evident from the representative Western blot, bands for cleavage products of Casp3, Casp9
and PARP1 were more intense in the TSPO-deficient bulk cells compared to the Scr Bulk
control (Figure 25A, Supplementary figure 1A). Yet, relative protein quantification including
four independent experiments demonstrated variable results for both, shTSPO_1 Bulk and
shTSPO_2 Bulk (Figure 25B, C, D, Supplementary figure 1B, C, D). Notably, although PARP1
fragmentation was significantly higher in TSPO-deficient bulk cells compared to the control,
caspase activation was inconclusive (Figure 25D, Supplementary figure 1D). For instance,
shTSPO_1 Bulk showed increased activation of Casp9 but no difference in activation of Casp3
when compared to Scr Bulk (Figure 25). In contrast, shTSPO_2 Bulk showed lower levels of
Casp9 activation, but no difference in Casp3 compared to Scr Bulk as well (Supplementary

figure 1).
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Taken together, these events collectively indicate that TRAIL induces cell death via the
caspase cascade. However, it remains unclear whether TSPO deficiency sensitizes BTIC13
towards TRAIL-induced apoptosis. To determine whether the observed variances in apoptosis
response were caused by TRAIL-resistant subpopulations within the BTIC13 bulk, apoptosis

in TSPO-deficient clonal cell lines was investigated next.
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Figure 25. Impact of TRAIL on caspase activation in TSPO-deficient bulk cells. Western blot analysis of
caspase-9 (Casp9), caspase-3 (Casp3) and PARP1 processing in shTSPO_1 Bulk compared to the control Scr
Bulk. Cells were treated with TRAIL (50 ng/ml) for 0, 1, and 3 hours. (A) Representative Western blot of cleaved
and full-length forms of Casp9, Casp3, and PARP1. Equal loading was confirmed by GAPDH staining. (B-D) Graphs
show the relative protein quantification of three independent experiments. Data are presented as the ratio of cleaved
to full-length protein of Casp9 (B), Casp3 (C) and PARP1 (D). Data are normalized to GAPDH expression shown

as mean = SD. P-values were calculated using two-way ANOVA followed by Sidak’s post hoc test (**P < 0.01).

4.5.2 TRAIL-induced apoptosis response of TSPO-KD clones
The next goal was to elucidate whether the cellular response to TRAIL depends on TSPO
expression or on intrinsic heterogeneity of BTIC13. Therefore, the TRAIL-induced apoptotic

response of TSPO-KD and control clones was more deeply investigated.
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Using the established experimental setup, TSPO-KD clones (KD1, KD2, KD3) and the control
clone Scr C1 were treated with 50 ng/ml TRAIL for 1 and 3 hours, and the activation of the
extrinsic and intrinsic apoptotic cascade was systematically analyzed. First, the impact of
TRAIL on cell death was assessed by AnxV and 7-AAD staining of TSPO KD clones and con-

trol clones followed by flow cytometry.

Representative histograms depict a time-dependent increase of TRAIL-induced cell death in
KD1 and KD2 which was substantiated by an increase in AnxV-positive cells after 3 hours of
treatment (Figure 26A). Notably, the exposure to TRAIL did not elevate the number of AnxV-
positive cells in KD3 and Scr C1 (Figure 26). In more detail, in KD1 and KD2, TRAIL increased
the percentage of cells in early apoptosis stages in comparison to KD3 and Scr C1. (Figure
26, Supplementary figure 2). As expected, short-term exposure of TRAIL had no impact on
late stages of apoptosis (Figure 26B, Supplementary figure 2). In addition, no significant dif-
ferences were observed in necrosis between KD clones and control clone (Figure 26B, Sup-

plementary figure 2).
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Figure 26. TRAIL induces cell death in KD1 and KD2. Flow cytometry analysis of TSPO KD clones (KD1, KD2,
KD3) and the control clone Scr C1. Cells were treated with 50 ng/ml of TRAIL for 1 and 3 hours and stained with
AnxV-FITC-A and 7-AAD-APC-A. (A) Representative histograms showing the number of AnxV positive cells. (B)
Percentage of cells in living (% AnxV-/ 7-AAD"), early apoptotic (% AnxV*/ 7-AAD"), late apoptotic (% AnxV*/7-

AAD*) and necrotic (% AnxV-/ 7-AAD*) condition. Cumulative data of three independent experiments are shown
as mean = SD. Asterisks indicate significant differences of KD clones compared to Scr C1. P-values were calculated
using two-way ANOVA followed by Tukey’s post hoc test (***P < 0.001).
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As second a step, the activity of the initiator caspase (caspase-8) of the extrinsic apoptosis
pathway was evaluated. Since it was not possible to detect caspase-8 by Western blot, a lu-
ciferase-based assay was used to measure caspase-8 activity. As shown in figure 27, 1 hour
and 3 hours of TRAIL treatment resulted in a significantly higher activation of caspase-8 in
KD1 and KD2 compared to the control Scr C1. In contrast, KD3 displayed limited levels of
caspase-8 activity after TRAIL exposure, comparable to that of Scr C1 (Figure 27).
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Figure 27. TRAIL induces stronger caspase-8 activity in KD1 and KD2. A luciferase-based caspase-8 Glo assay
was used to measure the activity of caspase-8 in BTIC13 KD clones. Data are presented as fold change relative to
0 hours of treatment. Cumulative data of three independent experiments are shown as mean + SD. Asterisks indi-

cate significant differences of KD clones compared to the Scr C1. P-values were calculated using two-way ANOVA
followed by Dunnett’s post hoc test (**P < 0.01; ***P < 0.001).

The Western blot analysis of processing of Casp9, Casp3 and PARP1 revealed a more prom-
inent activation of the apoptotic cascade in KD1 and KD2 compared to the control clone Scr
C1 (Figure 28A). The elevated apoptotic activity of KD1 and KD2 was consistent across bio-
logical replicates and highly significant when compared to the Scr C1 (Figure 28). In line with
previous experiments, KD3 showed a similar apoptosis response as Scr C1, and only a slight
activation of Casp9 and Casp3 along with weak PARP1 fragmentation was detected (Fig-
ure 28).
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Figure 28. Impact of TRAIL on caspase cascade activation in TSPO KD clones. Western blot analysis of
caspase-9 (Casp9), caspase-3 (Casp3) and PARP1 processing in TSPO KD clones (KD1, KD2, KD3) compared to
the control clone (Scr C1). Cells were treated with 50 ng/ml TRAIL for 0, 1, and 3 hours. (A) Representative Western
blot for cleaved and full-length forms of Casp9, Casp3, and PARP1. Equal loading was confirmed by GAPDH stain-
ing. (B-D) Graphs show the relative protein quantification of three independent experiments. Data are presented as
the ratio of cleaved to full-length protein of Casp9 (B), Casp3 (C) and PARP1 (D). Data are normalized to GAPDH
expression shown as mean + SD. Asterisks indicate significant differences between KD clones and control clone
Scr C1. P-values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (**P < 0.01; ***P <
0.001).

Activation of Casp9 indicates that the mitochondrial apoptosis pathway is involved in TRAIL-
induced apoptosis of BTIC13. Mitochondrial apoptosis is highly regulated by members of the
Bcl-2 protein family. For example, BID plays a critical role in activating the intrinsic apoptosis
pathway by linking it to the extrinsic pathway. BID is activated by caspase-8, which cleaves it
into its truncated form. In turn, truncated BID activates pore-forming proteins like BAX, leading
to the permeabilization of the outer mitochondrial membrane. Consequently, pro-apoptotic fac-
tors such as cytochrome c are released into the cytosol, ultimately resulting in the activation of
Casp9. Key anti-apoptotic regulators of the Bcl-2 family include Bcl-2, Mcl-1, and Bcl-xL. Sim-

plified, they prevent apoptosis initiation by binding and inhibiting BH-3 activator proteins such
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as BID as well as pore-forming proteins. As said, differences in expression ratios of pro- and
anti-apoptotic Bcl-2 family members may profoundly regulate the cell sensitivity to TRAIL.
Therefore, the expression of key Bcl-2 family proteins was investigated via Western blot anal-

ysis.

TRAIL treatment reduced the levels of full-length BID protein levels which indicates that BID is
cleaved to its truncated form to initiate intrinsic apoptosis (Figure 29A, B). This decrease in
BID was significant in KD1 and KD2 compared to Scr C1 (Figure 29B). Degradation of BID
was not as apparent in KD3 and Scr C1 after TRAIL treatment (Figure 29B). All three knock-
down clones exhibited significantly lower levels of Bcl-2 compared to the control Scr C1 (Figure
29C). Notably, despite low Bcl-2 protein expression, the TRAIL-insensitivity of KD3 suggests
the involvement of other underlying mechanisms that determine the observed apoptosis re-
sponse. In addition, TRAIL treatment facilitated the degradation of the anti-apoptotic Mcl-1
protein, specifically in KD1 and KD2, but not in KD3 and Scr C1 (Figure 29A, D). In contrast,
the expression of Bcl-xL and BAX, did not reveal conclusive differences between KD clones
and control (Figure 29A, E, F).
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Figure 29. Impact of TRAIL on the expression of Bcl-2 protein family members in TSPO KD clones. Western

blot analysis of the apoptosis initiator BID, anti-apoptotic proteins Bcl-2, Mcl-1, Bcl-xL, and pro-apoptotic pore form-
ing protein BAX in TSPO KD clones (KD1, KD2, KD3) compared to the control clone (Scr C1). Cells were treated
with 50 ng/ml TRAIL for 0, 1, and 3 hours. (A) Representative Western blot of the levels of BID, Bcl-2, Mcl-1, Bcl-

xL and BAX. Equal loading was confirmed by B-Actin staining. (B-F) Graphs show the relative protein quantification

of three independent experiments. BID (B), Mcl-1 (D), Bcl-xL (E) and BAX (F) are presented as fold change relative

to 0 hours of TRAIL. Bcl-2 level are shown as fold change relative to Scr C1 (C). Data are normalized to -Actin

expression shown as mean * SD. Asterisks indicate significant differences between KD clones and control clone

Scr C1. P-values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; **P < 0.01;

P <0.001).
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Following mitochondrial membrane permeabilization, cytochrome c is released from mitochon-
dria into the cytosol. To obtain insight into these dynamics, whole cell lysates of the TSPO-
deficient KD1 and control Scr C1 clonal cells were prepared and separated into cytosolic and
mitochondrial fractions. This allowed the assessment of BAX protein translocation from the
cytosol into the mitochondria and the subsequent accumulation of cytochrome c into the cyto-

solic compartment in response to TRAIL exposure.

As shown by a representative Western blot, subcellular fractionation resulted into pure mito-
chondrial and cytosolic fractions (Figure 30A), confirmed by the absence of cytosolic tubulin
within the mitochondrial fraction and the lack of contamination of mitochondrial VDAC within
the cytosolic fraction. Exposure to TRAIL facilitated the accumulation of the pore-forming pro-
tein BAX into the mitochondria (Figure 30). Concomitant with that, increased levels of cyto-
chrome ¢ were detected in the cytosolic fractions after TRAIL treatment (Figure 30). As ex-
pected, this effect was stronger in the TRAIL-sensitive clone KD1 compared to the control Scr
C1.

Taken together, these experiments demonstrated that both, the extrinsic and intrinsic apoptotic
cascades are involved in the TRAIL response of the TSPO KD clones. TRAIL sensitivity of
TSPO-deficient KD1 and KD2 was notably heightened compared to the TSPO-proficient con-
trol. However, despite low TSPO expression, KD3 shows a similar response to TRAIL as the

control.
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Figure 30. Increased cytochrome c release in KD1 compared to control cells after TRAIL treatment. Western
blot analysis of cytochrome c release in TSPO-deficient KD1 and control Scr C1. Cells were treated with 50 ng/ml
TRAIL for 3 hours. (A) Representative Western blot of cytochrome ¢ and BAX in mitochondrial and cytosolic cell
fractions. Purity of the mitochondrial fractions was confirmed by VDAC staining, purity of the cytosolic fraction was
confirmed by tubulin staining. (B,C) Graphs show the relative protein quantification of at least two independent
experiments. Data are normalized to 0 hours of TRAIL and presented relative to VDAC for the mitochondrial frac-
tion and relative to tubulin for the cytosolic fractions. Asterisks indicate significant differences between KD1 and

control Scr C1. P-values were calculated using two-way ANOVA followed by Sidak’s post hoc test (**P < 0.01).

4.5.3 TRAIL-induced apoptosis response of TSPO-re-expressing clones

To answer the question, if the differential apoptotic sensitivity outlined above is a TSPO-de-
pendent effect or rather dependent on the genetic background of individual cells within the
original culture, a TSPO re-expressing plasmid (pLJM1-EGFP, gift from David Sabatini
(Addgene ID #19319, http://n2t.net/addgene:19319; RRID:Addgene_19319) was designed
which encodes a mutated human TSPO cDNA sequence. The integration of four base pair

substitutions resulted into silent mutations within the shRNA binding region to prevent efficient
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shRNA-induced mRNA degradation (Figure 31A). The TSPO-deficient KD1 clone was lentivi-
rally transduced with either the control plasmid pLJM1 or with the pLJM_mutant (mt) TSPO
plasmid. Since the TSPO-re-expression effect was small in bulk cells, single cell clones were
generated, and those showing the highest TSPO-re-expression were selected for further ex-
periments along with an empty vector control (highlighted in orange). For better readability,
names were changed to rescue control R_C1 (KD1_pLJM C5), KD1_R1 (KD1 mtTSPO C8),
and KD1_R2 (KD1 mtTSPO E11) (Figure 31B).

A
shRNA target sequence: ACACTCAACTACTGCGTAT

...4|20 480...
WT TSPO-... ACTCAACTAC
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Figure 31. TSPO re-expression in the BTIC13 knockdown clone KD1. (A) Nucleotide sequence alignment of
wildtype (WT) and shRNA-resistant mutant TSPO cDNA is shown. Color code represents sequence similarity from
dark blue (identical) to light blue. The four base pair exchanges leading to the silent mutations are indicated. (B)
Western blot shows screening for successful TSPO re-expression after viral transduction in comparison to WT, Scr
C1, and KD1 cells. The clones chosen for further experiments are highlighted orange. Equal loading was confirmed
by GAPDH staining.

To test the hypothesis that TSPO re-expressing clones would reacquire resistance to TRAIL,
the induction of apoptosis was compared between BTIC13 wildtype (WT), Scr C1, KD1, R_C1,
KD1_R1, and KD1_R2. Therefore, cells were exposed to TRAIL for 3 hours and Casp9, Casp3,
and PARP1 processing was examined via Westen blot. Additionally, the expression of the anti-
apoptotic regulator Bcl-2 and the phosphorylation status of the pro-survival transcription factor

NF«xB p65 as alternative resistance mechanism was investigated.

Consistent with earlier findings, KD1 demonstrated a more pronounced induction of apoptosis
compared to BTIC13 WT and Scr C1 (Figure 32A-D). Similarly, the rescue control clone R_C1,
exhibited comparable levels of apoptosis akin to those of the KD1 clone (Figure 32A-D). How-

ever, both TSPO re-expressing clones, KD1_R1 and KD1_R2, differed in their sensitivity to
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TRAIL as indicated by diverging levels of Casp9, Casp3 and PARP1 processing. Moreover,
the clone KD1_R2, showing higher TSPO-re-expressing levels, displayed a comparably higher
activation of apoptosis in contrast to the clone KD1_R1 with lower levels of TSPO re-expres-
sion for which a lower extent of Casp9, Casp3 and PARP1 processing was observed (Figure
32A-D).

Regarding Bcl-2 expression, Scr C1 exhibited increased Bcl-2 levels relative to all other clones
as well as BTIC13 WT cells (Figure 32F). The decreased TRAIL sensitivity of KD1_R1, as
described before, did not correlate with levels of Bcl-2 expression, which were found to be
within the same range as for KD1, R_C1 and KD_R2, suggesting other resistance mecha-
nisms. Notably, the cell lines less responsive to TRAIL (BTIC13 WT, Scr C1 and KD1_R1)
showed higher levels of NFkB p65 phosphorylation (Figure 32E). This suggests that stimula-
tion with TRAIL favors pro-survival signaling instead of apoptosis induction in these less re-

sponsive cell lines.

Collectively, these results imply that the response to TRAIL does not solely rely on TSPO
expression and is rather influenced by a multitude of intrinsic resistance mechanisms. These
include a high expression of anti-apoptotic Bcl-2 protein and the activation of pro-survival sig-
naling such as the NFxB pathway. However, it remains uncertain whether TSPO deficiency
sensitizes a subpopulation of BTIC13 to TRAIL. In addition, the experiments performed did not

show consistent markers that clearly predict the response to TRAIL.
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Figure 32. Impact of TRAIL on caspase activation in TSPO-re-expressing clones. Western blot analysis of
caspase-9 (Casp9), caspase-3 (Casp3) and PARP1 processing, NFkB p65 phosphorylation and Bcl-2 expression
in TSPO re-expressing clones (KD1_R1, KD1_R2) compared to the rescue control clone (R_C1), KD1, Scr C1, and
BTIC13 wildtype (WT). Cells were treated with 50 ng/ml TRAIL for 0 and 3 hours. (A) Representative Western blot
for cleaved and full-length forms of Casp9, Casp3, and PARP1, phosphorylated (p) NFxB p65, total NFkB p65 and
Bcl-2. Equal loading was confirmed by GAPDH staining. (B-F) Graphs show the relative protein quantification of
three independent experiments. Data are presented as the ratio of cleaved to full-length protein of Casp9 (B), Casp3
(C) and PARP1 (D), and ratio of phosphorylated to total of NFkB p65 (E). (E) pNFxB/NF«B level are shown relative
to the O hour treatment. Data are normalized to GAPDH expression shown as mean + SD. Asterisks indicate signif-
icant differences of rescue and KD clones compared to control clone Scr C1. P-values were calculated using two-
way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant).
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4.5.4 TRAIL-induced apoptosis response of TSPO KO clones

One of the primary motivations for generating TSPO KO clones, was to substantiate the ob-
servations made for TSPO KD clones. However, previous results already pointed to the dimin-
ished susceptibility of TSPO KO clones towards TRAIL-induced apoptosis. Given that the
TRAIL response is presumably highly dependent on a variety of resistance mechanisms within
BTIC13, the following experiments were aimed to elucidate the underlying factors behind the
acquired TRAIL resistance in the TSPO KO clones.

First, TSPO KO clones were exposed to TRAIL for 6 hours and their respective responses
were screened in the established Western blot setting that includes investigation of processing

of Casp9, Casp3, and PARP1 as well as levels of the Bcl-2 protein.

Compared to the TSPO KD clones, the apoptosis induction in the TSPO KO clones was low
even after 6 hours of TRAIL exposure (Figure 33). As evident by the exemplary Western blot,
exposure to TRAIL resulted in minimal Casp9 activation in KO1 and KO3 that was even too
low for protein quantification (Figure 33A). Correspondingly, the levels of Casp3 activation and
PARP1 processing remained notably subdued and were in no comparison to the induction
observed in the TSPO KD clones (Figure 28). Despite individual differences of the KO clones
in apoptosis response, no conclusive correlations with TSPO expression were possible (Figure
33A, B). Notably, KO2 showed the highest Bcl-2 expression and the lowest sensitivity to TRAIL
(Figure 33). This points to Bcl-2 as a potential resistance mechanism specific to this clone that

is independent of TSPO expression.
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Figure 33. Impact of TRAIL on caspase activation in TSPO KO clones. Western blot analysis of caspase-9
(Casp9), caspase-3 (Casp3) and PARP1 processing, and Bcl-2 expression in TSPO KO clones (KO1, KO2, KO3)
compared to the control clone (C_Ctrl). Cells were treated with 50 ng/ml TRAIL for 0 and 6 hours. (A) Representa-
tive Western blot for cleaved and full-length forms of Casp9, Casp3, PARP1, and Bcl-2. Equal loading was con-
firmed by GAPDH staining. (B-D) Graphs show the relative protein quantification of three independent experiments.
Data are presented as the ratio of cleaved to full-length protein for Casp3 (C) and PARP1 (D). Data are normalized
to GAPDH expression shown as mean + SD. Asterisks indicate significant differences between KO clones and
control clone C_Ctrl. P-values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (**P <
0.01; ***P < 0.001).

4.5.5 Pro-survival signaling as a potential TRAIL resistance mechanism

It has been shown that non-canonical TRAIL signaling includes pathways that activate the
transcription of anti-apoptotic and pro-survival genes to evade apoptosis [107]. Therefore, the
activation of respective pro-survival signaling pathways such as of NFkB, STAT3, and ERK1/2

was investigated next as a potential resistance mechanism to TRAIL.

TSPO KO clones (KO1, KO2, KO3) and the control clone C_Ctrl were exposed to 50 ng/ml
TRAIL for 3 hours and pathway activation by phosphorylation of NFkB p65, STAT3 and
ERK1/2 was analyzed by Western blotting.
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As apparent from the Western blot, 3 hours of TRAIL exposure increased the levels of phos-
phorylated NFkB, and STAT3 (pNF«xB and pSTAT3) (Figure 34A). Notably, this effect was
particularly pronounced in the KO clones KO1 and KO2 (Figure 34A). However, no differences
in ERK1/2 phosphorylation were detected after TRAIL treatment (Figure 34A).

Important to mention, the detection and quantification of the phosphorylated proteins posed
challenges, resulting in variations between replicates. Nevertheless, cumulation of three bio-
logical replicates revealed a noteworthy trend: exposure to TRAIL resulted in increased levels
of pNFkB in KO1 and KO2, reaching significance for KO1 (Figure 34B). Additionally, pSTAT3
levels were increased upon TRAIL treatment, with the most prominent effect in KO2 and C_Cltrl
(Figure 34C). Finally, a subtle reduction in levels of pERK1/2 was observed following TRAIL
treatment (Figure 34D).
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Figure 34. Impact of TSPO deficiency on TRAIL-induced NFxB, STAT3 and ERK1/2 activation. Western blot
analysis of NFxB p65, STAT3, and ERK1/2 activation in BTIC13 control clone (C_Ctrl) and TSPO KO clones (KO1,
KO2, KO3). Cells were stimulated with 50 ng/ml of TRAIL for 3 hours. (A) Representative Western blot for phos-
phorylated (p)NFxB p65 (S536), pSTAT3 (Y705), and pERK1/2 (T202/Y204) compared to the levels of total NF«kB,
STAT3, and ERK1/2. TSPO staining validates TSPO deficiency in KO clones. Equal loading was confirmed by -
Actin staining. (B-D) Graphs show the relative protein quantification of three independent experiments. Data are
presented as the ratio of phosphorylated to total protein of NFkB (B), STAT3 (C), and ERK1/2 (D). Data are nor-
malized to B-Actin expression and expressed as fold change relative to the 0 hours of treatment. Data are shown

as mean + SD. P-values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05).
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Definitive conclusions whether the activation of a specific pro-survival signaling pathway
changes the sensitivity towards TRAIL cannot be drawn at this point. However, collectively
these findings substantiate that a multitude of factors determine the cell susceptibility towards

TRAIL-induced apoptosis.

4.5.6 DR4 TRAIL receptor expression is essential for TRAIL-induced apoptosis

TRAIL mediates its apoptosis-inducing effects by binding the two death receptors DR4 and
DR5. As shown in section 4.4.3, BTIC13 exhibits high expression of DR4 (64 % of total cells)
and DR5 (98 %) (Figure 20). To rule out the possibility that TSPO KO clones and the control
clone do not express the TRAIL receptors anymore, and are therefore resistant to TRAIL, the

surface expression of DR4 and DR5 was evaluated by flow cytometry.

As shown in figure 35, DR5 was highly expressed on the surface of all KO clones (KO1, KO2,
KO3) and of the control clone C_Ctrl (Figure 35, lower panel). In contrast, only a very small
subset of cells, ranging from a minimum of 1.69 % in KO3 to a maximum of 5.45 % in KO2,

were found to be positive for DR4 surface expression (Figure 35, upper panel).
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Figure 35. Cell surface expression of TRAIL receptors DR4 and DR5 in TSPO KO clones. Flow cytometry
analysis of DR4-PE-A, and DR5-APC-A. Histogram plots show the antibody-stained samples (DR4 in blue, DRS5,
in green) and the isotype control (grey). Representative data for two independent experiments with comparable

results are shown.

Accordingly, the next goal was to explore whether DR4 receptor signaling is pivotal for the
TRAIL-induced apoptosis response in BTIC13. Therefore, TRAIL receptor expression of the

TRAIL-responsive KD clones was evaluated first.
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Again, 100 % of the cells analyzed were positive for DR5 expression (Figure 36, lower panel).
The maijority of TSPO KD clones were also positive for DR4 expression (Figure 36, upper
panel). For instance, in the Scr_C1 control, 87.2 % of the cells exhibited DR4 expression. For
the KD clones, 77.4 %, 63 % and 75 % of KD1, KD2, and KD3 cells, respectively, expressed
the DR4 receptor.
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Figure 36. Cell surface expression of TRAIL receptors DR4 and DR5 in TSPO KD clones. Flow cytometry
analysis of DR4-PE-A, and DR5-APC-A. Histogram plots show the antibody-stained samples (DR4 in blue, DR5 in
green) and the isotype control (grey). Representative data for two independent experiments with comparable re-

sults are shown.

To understand which of the two TRAIL receptors DR4 and DR5 is responsible for TRAIL-in-
duced apoptosis in the TSPO KD clones, TRAIL receptor signaling was inhibited by using DR4
and DRS5 blocking antibodies. TSPO KD clones along with the control clone Scr C1 were pre-
incubated with anti-DR4, anti-DRS5, or both blocking antibodies for 30 min. Subsequently, cells
were exposed to 50 ng/ml TRAIL and the impact on cell viability was assessed 48 hours later
using the Resazurin® reduction assay. As shown in figure 37, TRAIL significantly reduced the
cell viability in KD1 and KD2, but not in KD3 compared to the control clone Scr C1. This effect
was strongly abolished when cells were pre-incubated with the DR4-blocking antibody (Figure
37). Conversely, DR5 blocking was not effective in neutralizing the TRAIL apoptosis response
of KD1 and KD2 (Figure 37). Simultaneous blockade of both DR4 and DR5 receptors com-
pletely abrogated the TRAIL effect on cell viability in KD1 and KD2 (Figure 37).

Together, these findings strongly suggest that cell surface DR4 receptor expression is critical
for the TRAIL-induced apoptosis in BTIC13. This indicates that the acquired TRAIL resistance
in TSPO KO clones can be at least partly attributed to the loss of DR4 expression.
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Figure 37. TRAIL-induced apoptosis in BTIC13 KD clones depends on DR4 receptor function. The Resazurin
assay was performed to analyze the impact of TRAIL on cell viability in the presence and absence of DR4 and DR5
blocking antibodies in TSPO-deficient clone KD1 and the control Scr C1. Fluorescence emission was measured
after 48 hours TRAIL exposure and normalized to untreated control. Asterisks indicates significant differences be-
tween KDs and control Scr C1. Cumulative data of three independent experiments are shown as mean + SD. P-
values were calculated using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; ***P < 0.001).

4.5.7 T cell-mediated cytotoxicity acts via the DR5 receptor

In the experiments described above, it was shown that cell surface DR4 receptor expression
is essential for TRAIL-induced apoptosis in TSPO-deficient BTIC13 KD clones using the solu-
ble, recombinant form of TRAIL. Although TRAIL can also be secreted as a soluble protein, its
primary physiological mode of action occurs as membrane-bound protein on the surface of
activated effector T cells (reviewed in [225]). It was shown before that DR4 is activated by both
soluble and membrane-bound TRAIL, whereas DRS5 exclusively responds to membrane-bound
TRAIL [108].

As already published, TSPO deficiency enhanced T cell-mediated killing of BTIC13 cells in a
tumor cell-T cell co-culture setting [222]. Therefore, it was investigated if DR4, DR5 or both

receptors are required for T-cell mediated cytotoxicity.

To this end, KD1 and Scr C1 were pulsed with 0.01 pg/ml Flu peptide, followed by a 30 min
pre-incubation step with blocking antibodies targeting DR4 and DR5. Subsequently, KD1 and
Scr C1 were co-cultured with Flu-antigen-specific cytotoxic T cells at an effector-to-target ratio
of 1:1. Cells were subjected to real-time cell microscopy using the IncuCyte® Zoom system in
cooperation with Dr. A. Menevse, LIT, Regensburg. This system, in combination with In-
cuCyte® Caspase-3/7 Green dye, allowed to monitor activation of caspase-3/7 activation as

an indication of apoptosis over a time course of 26 hours.

Co-culture of BTICs with FIuT cells resulted in a rapid, time-dependent increase of caspase-

3/7 activation in BTICs which reached a plateau phase at around 14 hours of incubation (Figure
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38). Apoptosis induction remained minimal in tumor cells that were not exposed to FluT (Figure
38). Caspase-3/7 activation was more pronounced in the TSPO-deficient KD1 compared to
the control Scr C1 (Figure 38).

While blockade of the DR4 receptor had only a modest effect on T cell-mediated caspase-3/7
activation (Figure 38A), DR5 blockade had a marked effect on T cell-mediated killing in both
KD1 and Scr C1. For instance, when comparing caspase-3/7 activation at 12 hours of co-
culture, DR5 blockade in KD1 facilitated a reduction of T cell-mediated cytotoxicity by 40 %
(Figure 38B). Similarly, blocking DR5 in Scr C1 cells reduced caspase-3/7 activation by ap-
proximately 50 % (Figure 38B).

The strongest effect was observed when both the DR4 and DR5 receptors were blocked sim-
ultaneously. At 12 hours of co-culture, DR4/DR5 blockade caused a reduction of T cell killing
in KD1 and Scr C1, by 50 % and 60 %, respectively (Figure 38C).

Together, these findings indicate that in the described co-culture setting, T cell-mediated cyto-
toxicity primarily involves the action of the DR5 receptor and only secondarily the action of the

DR4 receptor.
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Figure 38. T cell-mediated cytotoxicity in BTIC13 KD clones depends on DR5 receptor function. Real time
cell microcopy (IncuCyte® ZOOM system) to analyze the activation of caspase-3/7 as indication of apoptosis in-
duction. TSPO-deficient KD1 and the control Scr C1 were loaded with 0.01 pug/ml Flu peptide and co-cultured with
Flu-antigen-specific cytotoxic T cells (FIuT) in the presence or absence of DR4 and DR5 blocking antibodies.
Graphs shows the effect of DR4 blockade (A), the effect of DR5 blockade (B), and the effect of DR4 and DR5
blockade (C) on caspase-3/7 activation over a time course of 26 hours of co-culture. Data are presented as the
total apoptotic tumor cell area (green object area) per well (um?/ well) and were normalized to 0 hours of co-culture.
Each sample was prepared in triplicates; error bars indicate mean + SD. Representative data of two independent
experiments with comparable results are shown. Experiments were conducted in cooperation with Dr. A. Menevse,

LIT, Regensburg.

By TSPO downregulation, BTIC13 became significantly more sensitive towards T-cell medi-
ated killing [222]. As demonstrated by the previous assay, apoptosis induction by T cells is
primarily mediated by the DRS receptor. The loss of DR4 surface expression in TSPO KO and
control clones rendered them unsuitable for apoptosis analysis using the soluble, recombinant
form of TRAIL. However, TSPO KO and control clones retain a robust DR5 surface expression

which provides an opportunity to explore their response to T cell-induced apoptosis.
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To this end, Flu-pulsed TSPO KO clones and the control C_Ctrl were co-cultured with activated
FIuT cells in the presence of IncuCyte® Caspase-3/7 Green dye and apoptosis induction was

monitored for 26 hours in the IncuCyte® Zoom system.

As depicted in figure 39, exposure to FluT cells resulted in a time-dependent increase in active
caspase 3/7 in TSPO KO and control clones, and a maximum was reached at around 12 hours
of co-culture. In line with published data for the TSPO KD BTIC13, the activation of caspase-
3/7 was higher in KO1 and KO2 compared to the control C_Ctrl. Conversely, KO3 exhibited a
similar response to T cells similar to that of the control C_Ctrl. This assay again substantiates
the hypothesis that TSPO-deficiency does not exclusively sensitize BTICs towards T cell-in-
duced apoptosis. Instead, other resistance mechanisms, such as increased Bcl-2 levels in

case of KO2, may be superior in certain contexts and dictate the response to apoptosis.
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Figure 39. Caspase-3/7 activity in TSPO KO clones upon T cell confrontation. Real time cell microcopy (In-
cuCyte® ZOOM system) to analyze the activation of caspase-3/7 as indication of apoptosis induction in TSPO KO
clones (KO1, KO2, KO3) and control clone C_Ctrl. BTICs were pulsed with 0.01 pg/ml Flu peptide and co-cultured
with Flu-antigen-specific cytotoxic T cells (FIuT) for 26 hours. Data are presented as the total apoptotic tumor cell
area (green object area) per well (um? / well) and were normalized to 0 hours of co-culture. Each sample was
prepared in triplicates; error bars indicate mean + SD. Representative data of two independent experiments with

comparable results are shown. Experiment was conducted in cooperation with Dr. A. Menevse, LIT, Regensburg.

4.6 Impact of TSPO deficiency on secretion of immune-modulatory
cytokines

Tumor cells are capable to release immune-suppressive factors to provide an optimal environ-
ment for their own tumor growth and immune evasion. As presented before, pro-inflammatory
cytokines such as TNFa and IFNy induce the expression of TSPO on mRNA and protein levels
(Figure 11, Figure 12). These cytokines are also recognized for inducing the production of
immune-modulating factors like interleukin-6 (IL-6) and interleukin-8 (IL-8) [226—228]. Accu-
mulating evidence indicates that glioblastoma-derived IL-6 and IL-8 positively correlate with

enhanced tumorigenicity and therapy resistance [229, 230]. Due to the influence of cytokines
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on TSPO expression and the involvement of TSPO in a multitude of cellular processes related
to mitochondrial function, inflammation, and steroidogenesis, TSPO might be part of a larger
regulatory network that controls cytokine production and affects immune cell activation. This
led to the hypothesis that TSPO, either directly or indirectly, influences the production and
release of IL-6 and IL-8, thereby contributing to immune evasion of glioblastoma. Conse-
quently, the impact of TSPO-deficiency on the expression and secretion of IL-6 and IL-8 was

investigated in the established BTIC13 cell culture models.

Initially, the basal levels of IL-6 and IL-8 secretion in TSPO-deficient and control BTIC13 lines
were characterized. Therefore, the protein concentration of IL-6 and IL-8 in cell culture super-
natants of short-term cultured BTICs were assessed via enzyme-linked immunosorbent assay
(ELISA).

Under baseline conditions, IL-6 and IL-8 protein levels varied in between, as well as within the
different TSPO-deficient model systems (Figure 40). For both TSPO KD bulk cell lines (shT-
SPO_1 Bulk and shTSPO_2 Bulk), IL-6 secretion was elevated compared to the control bulk
cell line Scr bulk (Figure 40A, upper panel). Notably, the basal concentration of IL-8 in the
supernatant of the same cell lines was at least five times higher than that of IL-6 (for Scr Bulk:
~138 pg/ml IL-8 versus ~21 pg/ml IL-6). While the concentration of IL-8 in the supernatant of
shTSPO_1 Bulk was only slightly elevated compared to the control, a strong increase in IL-8

levels were observed for shTSPO_2 Bulk (Figure 40B, upper panel).

The basal concentration of IL-6 for TSPO-KD (KD1 and KD3) and control (Scr C1) clonal cell
lines were within the same range as observed for the bulk cells. However, KD1 displayed lower
levels of IL-6 release compared to Scr C1, whereas KD3 exhibited significantly elevated levels
of IL-6 secretion (Figure 40A, middle panel). Although for both, KD1 and KD3, higher levels of
IL-8 release were observed compared to Scr C1, the overall supernatant concentration of IL-8
was low (from ~0.5 pg/ml for Scr C1 control up to ~1.8 pg/ml for KD3) (Figure 40B, middle
panel). When compared to the bulk cell lines, the concentration of IL-8 in the supernatant of

KD clones was nearly 200 times lower.

Lastly, the TSPO KO clones also displayed distinct secretion profiles. Whereas the IL-6 protein
concentration for KO1 and KO2 resembled that of the control C_Ctrl, KO3 exhibited decreased
levels of IL-6 secretion (Figure 40A, lower panel). The IL-6 concentration in the supernatant of
the KO clones ranged between 4.3 pg/ml (KO3) and 13.2 pg/ml (KO2). Similarly, each KO
clone showed a unique IL-8 secretion. In comparison to the control, KO1 and KO3 exhibited

elevated levels of IL-8 release, whereas KO2 supernatant displayed a reduced concentration
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(Figure 40B, lower panel). The concentrations of IL-8 in the supernatant of the KO clones
ranged from 118 pg/ml (KO2) to 269 pg/ml (KO1).
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Figure 40. Basal levels of IL-6 and IL-8 in the supernatant of TSPO-deficient BTIC13. ELISA analysis of inter-
leukin-6 (IL-6) (A) and interleukin-8 (IL8) (B) protein level in the cell culture supernatant of TSPO-deficient BTIC13.
Shown are the protein level for TSPO KD bulk (shTSPO_1 Bulk, shTSPO_2 Bulk) compared to the control bulk
(Scr Bulk) (upper panel), TSPO KD clones (KD1, KD3) compared to the control clone (Scr C1) (middle panel), and
TSPO knockout clones (KO1, KO2, KO3) compared to the CRISPR control clone (C_Ctrl) (lower panel). Protein
levels [pg/ml] were normalized to 105 cells. Asterisks indicate significant differences between KD3 clone and control
clone Scr C1. Cumulative data of three independent experiments are shown as mean + SD. P-values were calcu-

lated using one-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05).

Next, the impact of TSPO-deficiency on TNFa- and IFNy- induced IL-6 and IL-8 mRNA and
protein levels was investigated. To achieve this, TSPO-deficient and control BTIC13 were
treated with 50 ng/ml TNFa or IFNy for 24 and 48 hours. Subsequently, IL-6 and IL-8 mRNA

and protein level were quantified via qPCR and ELISA, respectively.

Figure 41 depicts the relative levels of TNFa- and IFNy-induced IL-6 and IL-8 mRNA expres-
sion and protein release by the TSPO KD and control clones after normalization to the baseline

condition.
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TNFa stimulation resulted in a time-dependent augmentation in both, IL-6 mRNA levels and
protein release, with highest levels reached at 48 hours of treatment (Figure 41A, B). In more
detail, the control clone Scr C1 showed the highest expression of IL-6 mRNA (Figure 41A). At
protein level, KD1 showed similar levels of IL-6 release compared to control Scr C1, whereas

significantly diminished IL-6 protein secretion levels were observed for KD3 (Figure 41B).

Comparable to the TNFa treatment, the exposure of cells to IFNy resulted in a time-dependent
increase in IL-6 mMRNA levels and protein release, with peak levels after 48 hours. Both KD
clones showed lower IL-6 mRNA expression compared to the Scr C1 clone (Figure 41A). At
protein level, KD3 exhibited similar levels of IL-6 release compared to the control (Figure 41B).
Noteworthy, KD1 displayed a distinctive feature at 48 hours of IFNy treatment. Despite low
levels of IL-6 mMRNA, IL-6 protein release levels were significantly increased compared to the
control Scr C1 (Figure 41A, B).

IL-8 mRNA expression in response to TNFa or IFNy treatment aligned well with levels of se-
creted protein. Both, IL-8 mRNA and protein levels, were increased in a time-dependent man-
ner in the control clone Scr C1 and in KD3 after TNFa stimulation (Figure 41C, D). For KD1,
already 24 hours of TNFa exposure resulted in high levels of IL-8 mRNA and protein release

that remained constant until 48 hours (Figure 41C, D).

IFNy treatment, in contrast, caused an overall reduction of IL-8 mMRNA and protein levels. In
both, Scr C1 and KD1, a reduction of mMRNA and released protein levels of more than 50 %
was observed after 24 hours of IFNy stimulation, which progressed to almost 100 % reduction
after 48 hours (Figure 41C, D). For KD3, IL-8 mRNA and released protein levels did not change
after 24 hours of treatment but were also reduced by more than 50 % after 48 hours of IFNy
treatment (Figure 41C, D).
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Figure 41. TNFa- and IFNy-induced IL-6 and IL-8 mRNA expression and protein secretion in BTIC13 KD
clones. (A, C) gPCR analysis of Interleukin-6 (IL-6) and Interleukin-8 (IL-8) mRNA levels in TSPO KD and control
clones. (B, D) ELISA analysis of IL-6 and IL-8 protein levels in the supernatant of TSPO KD and control clones.
Cells were stimulated for 24 hours or 48 hours with 50 ng/ml TNFa or IFNy. Shown are the relative mRNA and
protein levels of TSPO KD clones (KD1, KD3) compared to the control clone Scr Ctrl. Released IL-6 and IL-8
protein levels [pg/ml] were normalized to 105 cells and presented as fold change relative to 0 hours of treatment.
Cumulative data of three independent experiments are shown as mean + SD. Asterisks indicate significant differ-
ences between KD clones and the control clone Scr Ctrl. P-values were calculated using two-way ANOVA followed
by Dunnett’s post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).
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Identical experiments were repeated using the TSPO KO (KO1, KO2, KO3) and control
(C_Citrl) clones. In the case of the KO clones, 24 and 48 hours of TNFa treatment resulted in
increased IL-6 mMRNA and released protein levels. At mMRNA level, all three KO clones exhibited
lower IL-6 levels compared to the control C_Ctrl for both treatment times reaching significance
at 24 hours for all clones (Figure 42A, B). While 24 hours of IFNy stimulation did not have a
strong impact on IL-6 mRNA and protein levels for all clones, 48 hours of treatment resulted in
significantly higher IL-6 mRNA and released protein levels in all KO clones compared to the
control C_Ctrl (Figure 42A, B).

Similar to the findings for KD clones, treatment of KO clones with TNFa resulted in a time-
dependent induction of IL-8 mMRNA expression. While the level of induction was comparable
between KO1, KO3, and the control C_Ctrl within a smaller range, the KO2 clone exhibited
significantly increased IL-8 mRNA levels (Figure 42C, D). However, this effect was not con-
sistently confirmed for the levels of secreted protein. Whereas the IL-8 protein levels for KO1
resembled the corresponding mRNA levels, KO2 and KO3 demonstrated significantly lower
levels of IL-8 secretion compared to the control C_Ctrl after 48 hours of TNFa exposure (Figure
42C, D).

Lastly, the analysis of the IFNy-induced IL-8 expression and secretion in TSPO KO clones did
not reveal any significant TSPO-dependent effect. It is worth noting that treatment with IFNy
for 24 hours tended to decrease IL-8 mMRNA expression in KO1 and KO3 clones and the control
clone (Figure 42C, D). At the protein level, IFNy exposure caused a time-dependent decrease
in IL-8 release for C_Ctrl, while the IL-8 secretion levels for the KO clones remained nearly

consistent (Figure 42C, D).
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Figure 42. TNFa- and IFNy-induced IL-6 and IL-8 mRNA expression and protein secretion in TSPO KO
clones. (A, C) gPCR analysis of Interleukin-6 (IL-6) and Interleukin-8 (IL-8) mRNA levels in TSPO KO and control
clones. (B, D) ELISA analysis of IL-6 and IL-8 protein levels in the supernatant of TSPO KO and control clones.
Cells were stimulated for 24 hours or 48 hours with 50 ng/ml TNFa or IFNy. Shown are the relative mRNA and
protein levels of TSPO KO clones (KO1, KO2, KO3) compared to the control clone C_Ctrl. Released IL-6 and IL-
8 protein levels [pg/ml] were normalized to 10° cells and presented as fold change relative to 0 hours of treatment.
Cumulative data of three independent experiments are shown as mean + SD. Asterisks indicate significant differ-
ences between KO clones and control clone C_Ctrl. P-values were calculated using two-way ANOVA followed by
Dunnett’s post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).
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Supplementary figure 3 depicts the relative protein levels for TNFa- and IFNy-induced IL-6 and
IL-8 protein secretion within the TSPO KD bulk cell lines. Here, TNFa stimulation resulted in a
time-dependent increase of IL-6 levels in the cell culture supernatants of TSPO-deficient and
control bulk cell lines (Supplementary figure 3A). However, there were no significant differ-
ences in TNFa-induced IL-6 levels between KD bulk and control bulk cell lines. IFNy treatment
increased IL-6 levels for Scr Bulk in a time-dependent manner (Supplementary figure 3B). In
contrast, TSPO KD bulk cells showed a distinct pattern. IFNy stimulation for 24 hours increased
secreted IL-6 protein levels, whereas 48 hours of stimulation resulted in a significant reduction

of released IL-6 levels compared to the control Scr Bulk (Supplementary figure 3B).

Exposure to TNFa strongly elevated IL-8 protein levels released from TSPO KD bulk and con-
trol bulk cells after both, 24 and 48 hours. In more detail, in Scr Bulk the level of IL-8 secretion
increased with treatment time (Supplementary figure 3C). However, in both TSPO-deficient
bulk cell lines, longer treatment periods did not substantially increase IL-8 release (Supple-
mentary figure 3C). Noteworthy, IFNy treatment had no distinctive impact on IL-8 protein levels

released from the BTIC13 bulk cell lines (Supplementary figure 3D).

Summarizing these findings, it was robustly demonstrated that TNFa, and to a lesser extent
IFNy, induced IL-6 expression and release in BTIC13. Additionally, TNFa predominantly in-
duced IL-8 expression and secretion, in contrast to IFNy. However, based on these experi-
ments, TSPO has no clear impact on IL-6 and IL-8 secretion as no distinct pattern was ob-
served comparing TSPO-deficient and control BTICs. Furthermore, the baseline concentra-
tions of IL-6 and IL-8 exhibited substantial variations across different TSPO-deficient cell cul-
ture systems. Collectively, this implies that within BTIC13, intrinsic factors beyond TSPO play

a crucial role in shaping the cytokine milieu.
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4.7 Impact of TSPO deficiency on mitochondrial respiration

Metabolic reprogramming, for example the switch to glycolysis in the presence of oxygen, to
supply rapidly growing tumor cells with glycolytic intermediates, is a critical phenomenon in
many cancers, including glioblastoma. Growing evidence also substantiates the involvement
of TSPO in the mitochondrial energy metabolism [205, 207, 208].

Given this context, a complementary goal of this thesis was to investigate the role of TSPO in
mitochondrial respiration and energy dynamics in the primary glioblastoma cell line BTIC13.
To assess mitochondrial function in real-time in intact TSPO-deficient and -control cells, the

Mitostress test was performed using the Seahorse XFe96 analyzer.

To gain insight into mitochondrial respiration and oxidative phosphorylation (OXPHOS), the
oxygen consumption rate (OCR) was measured. In addition, to provide an overview of glyco-
Iytic activity, the extracellular acidification rate (ECAR) was evaluated. Moreover, by system-
atically inhibiting key components of the electron transport chain (ETC), various parameters
linked to mitochondrial health and ETC function were measured. This provided insights into
basal respiration, maximal respiration, and spare respiratory capacity. Furthermore, respiration
coupled to ATP production, non-mitochondrial energy consumption and proton leak were also

assessed.

Figure 43 shows the OCR and ECAR profiles, and mitochondrial parameters of TSPO-deficient
and -control bulk cells. Measurement of the baseline oxygen consumption rate revealed a sig-
nificantly increased basal respiration of shTSPO_2 Bulk compared to the Scr Bulk control that
was not observed for shTSPO_1 Bulk (Figure 43A, C). The injection of the FoF1 ATPase in-
hibitor Oligomycin decreased the OCR and thereby displays the respiration coupled to ATP
production. Notably, the ATP production was significantly elevated in shTSPO_2 Bulk com-
pared to the control, although this effect was not observed in the shTSPO_1 Bulk cell line
(Figure 43A, F). The remaining basal respiration, uncoupled from ATP production, provides
insights in proton leakage across the inner mitochondrial membrane. Although this parameter
was elevated in shTSPO_2 Bulk, no significant differences were found compared to the control
(Figure 43H).

Next, Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)-induced maximal respi-
ration was investigated. Maximal respiration was significantly enhanced in both TSPO KD bulk
cell lines compared to the Scr Bulk (Figure 43A, D). However, no substantial differences were
found in the spare respiratory capacity, an indicator of the cells adaptability to respond to en-
ergy stress (Figure 43E). In addition, the ETC complex | inhibitor Rotenone and complex Il
inhibitor Antimycin A were used to completely inhibit mitochondrial respiration, with the goal to

observe the rate of non-mitochondrial oxygen consumption. Here, no significant differences
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between TSPO-deficient bulk cells and the control cells in the mitochondria-independent OCR

were observed (Figure 43G).
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Figure 43. Impact of TSPO deficiency on mitochondrial respiration in BTIC13 KD bulk cells. Mitostress test
of TSPO-deficient bulk cells (shTSPO_1 Bulk, shTSPO_2 Bulk) versus control bulk cell line Scr Bulk using the
Seahorse XFe96 analyzer. Profiles of the (A) oxygen consumption rate (OCR) and (B) extracellular acidification
rate (ECAR) in TSPO-deficient and -control bulk cells. The sequential injection of 1 yM Oligomycin (O), 2 yM FCCP
(F), and 0.5 uM Rotenone/Antimycin A (R/A) is indicated. (C-H) The graphs display key respiratory parameters
calculated from the OCR. (A-H) Seahorse raw data were normalized to total protein amount (ug) per well. Cumula-
tive data of three independent experiments are shown as mean + SD. Asterisks indicate significant differences
between KD bulk and control cells. P-values were calculated using one-way ANOVA followed by Dunnett’s post

hoc test (*P < 0.05; **P <0.01).
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The same analyses were performed using TSPO KD clones. Here, the Mitostress test revealed
significant differences in several parameters of mitochondrial function in comparison to the
control Scr C1 (Figure 44). While there were comparable rates of basal respiration and ATP-
production in TSPO KD and control clones (Figure 44A, C, F), FCCP-induced maximal respi-
ration was elevated in KD clones compared to the control Scr C1. This increase was significant
for KD1 and KD3 (Figure 44D). Similarly, compared to the Scr C1 control, the spare respiratory
capacity was significantly increased in KD1 and KD3 and tended towards significance
(p=0.072) in KD2 (Figure 44E). Although not significant, non-mitochondrial oxygen consump-
tion was elevated in all TSPO KD clones compared to the control Scr C1 (Figure 44G). Notably,
the extent of proton leak showed variabilities between TSPO KD clones and the control, which
was significantly reduced for KD2, slightly reduced for KD1, but, slightly elevated for KD3 com-
pared to the control (Figure 44H).

Data in the TSPO KO clones were comparable to findings in the TSPO KD clones (Figure 45).
In more detail, complete loss of TSPO resulted in a significantly increased maximal respiration
and spare respiratory capacity in KO1 and KO3 and elevated levels in KO2 compared to the
control C_Ctrl (Figure 45A, D, E). Additionally, although not significant, basal respiration, ATP
production, and non-mitochondrial oxygen consumption were also increased in the TSPO KO
clones compared to the control C_Ctrl (Figure 45C, F, G). No substantial differences were

observed for proton leak between the TSPO KO and control clones (Figure 45H).

Glycolysis activity of the cells was simultaneously assessed by measuring the extracellular
acidification rate (ECAR). In contrast to the OCR, the ECAR did not show conclusive differ-
ences between TSPO-deficient and control BTIC13 cells (Figure 43B, 44B; 45B).
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Figure 44. Impact of TSPO deficiency on mitochondrial respiration in BTIC13 KD clones. Mitostress test of
TSPO-deficient KD clones (KD1, KD2, KD3) versus control clone Scr C1 using the Seahorse XFe96 analyzer.
Profiles of the (A) oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR) in TSPO-deficient
and control clones. The sequential injection of 1 yM Oligomycin (O), 2 yM FCCP (F), and 0.5 yM Rotenone/Anti-
mycin A (R/A) is indicated. (C-H) The graphs display key respiratory parameters calculated from the OCR. (A-H)
Seahorse raw data were normalized to total protein amount (ug) per well. Cumulative data of three independent
experiments are shown as mean + SD. Asterisks indicate significant differences between KD clones and control
clone. P-values were calculated using two-way (A) and one-way (D, E, H) ANOVA followed by Dunnett’s post hoc
test (*P <0.05; **P < 0.01).
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Figure 45. Impact of TSPO deficiency on mitochondrial respiration in BTIC13 KO clones. Mitostress test of
TSPO-deficient KO clones (KO1, KO2, KO3) versus control clone C_Ctrl using the Seahorse XFe96 analyzer. Pro-
files of the (A) oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR) in TSPO-deficient
and control clones. The sequential injection of 1 uM Oligomycin (O), 2 uM FCCP (F), and 0.5 yM Rotenone/Anti-
mycin A (R/A) is indicated. (C-H) The graphs display key respiratory parameters calculated from the OCR. (A-H)
Seahorse raw data were normalized to total protein amount (ug) per well. Cumulative data of three independent
experiments are shown as mean + SD. Asterisks indicate significant differences between KO clones and control
clone. P-values were calculated using two-way (A) and one-way (D, E) ANOVA followed by Dunnett’s post hoc test

(*P < 0.05; **P < 0.01).

To validate the increased oxygen consumption rate (OCR) in TSPO-deficient clones, cells
were treated with metformin. Metformin is known to impair OXPHOS by inhibiting complex | of

the electron transport chain [220, 231]. The hypothesis tested in this assay was that cells with
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higher OCR would be more dependent on OXPHOS and, therefore, more susceptible to
OXPHOQOS inhibitors.

To investigate the proliferation of BTIC13 clones under OXPHOS inhibition, cells were treated
with 1 mM or 10 mM metformin. These concentrations are commonly used for OXPHQOS inhi-
bition in in vitro studies but exceed the physiological range of metformin plasma concentrations
in patients [232]. 48 hours post-exposure, proliferation was measured using a fluorescence-
based CyQuant Cell Proliferation Assay (ThermoFisher), which allowed direct quantification of

cell numbers without relying on the metabolic status of the cell.

There was no substantial difference in proliferation of TSPO KD clones (KD1, KD2, KD3) and
control clone Scr C1 after exposure to 1 mM metformin (Figure 46A). However, the dose of
1 mM metformin significantly reduced the proliferation in the KO clones (KO1, KO2, KO3),
while it had no effect in the control clone C_Ctrl (Figure 46B). 10 mM of metformin decreased
proliferation in all clones. The effect was significantly stronger in the TSPO-deficient KD clones
(KD1, KD2, KD3) and KO clones (KO1, KO2, KO3) compared to their respective control clones
Scr C1 and C_Citrl (Figure 46A, B). This suggests that the TSPO-deficient clones exhibited a
higher sensitivity to OXPHOS inhibition, as proliferation was more affected by metformin in

those cells.
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Figure 46. Impact of OXPHOS inhibitor metformin on cell viability of BTIC13 KD and KO clones. The CyQuant
assay was performed to analyze the impact of metformin on cell viability in (A) TSPO-deficient KD clones and the
control Scr_C1 and (B) TSPO-deficient KO clones and the control C_Ctrl. Fluorescence emission was measured
after 48 hours exposure to 0-, 1- or 10 mM metformin and normalized to untreated control. Asterisks indicates
significant differences between TSPO-deficient clones and control clones. Cumulative data of three independent
experiments are shown as mean + SD. P-values were calculated using two-way ANOVA followed by Dunnett’s post
hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).

Mitochondrial respiration is linked to the production of reactive oxygen species (ROS). In view
of this connection, it was investigated whether the increased mitochondrial respiration of the

TSPO-deficient clones impacts the intracellular levels of ROS. Therefore, TSPO-deficient KD
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and KO and as well as control clones were stained with the ROS-sensitive fluorescent dye

2’,7’-Dichlorodihydrofluorescein diacetate (H.DCFDA) and subjected to flow cytometry.

Quantification of intracellular ROS levels revealed increased levels of ROS in the TSPO KD
clones KD1, KD2 and KD3 compared to the Scr C1 control clone, which reached significance
for KD1 and KD2 (Figure 47A). Notably, KD1 displayed a two-fold increase in ROS levels,
which resembled the high OCR observed in the Mitostress test (Figure 47A). In contrast, KD3,
which exhibited the highest respiratory activity, showed only a slight increase in intracellular
ROS compared to Scr C1 (Figure 47A). Additionally, there was a small, yet significant, eleva-
tion in ROS levels in all TSPO KO clones compared to the C_Citrl clone (Figure 47B). None-
theless, this modest increase in ROS levels did not reflect the strong OCR increase in the
TSPO KO clones.
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Figure 47. Impact of TSPO deficiency on intracellular ROS levels. Flow cytometry analysis in TSPO-deficient
KD and KO clones stained with H.DCFDA to measure the intracellular ROS levels. (A, B) Representative histogram
plots of TSPO KD and KO clones and their respective controls clones. The grey histogram indicates the unstained
control. The graphs display the relative median fluorescence of H.DCFDA-positive cells of three independent ex-
periments. Data are presented as fold change compared to the control and are shown as mean * SD. Asterisks
indicate significant differences between TSPO-deficient clones and control clones. P-values were calculated using
one-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; **P < 0.01).
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Collectively, these findings suggest that TSPO deficiency increases the oxygen consumption
rate of BTIC13 without altering glycolytic activity. This increase in mitochondrial respiration
coincides with a slight but significant increase in intracellular ROS levels. Still, differences

within TSPO-deficient groups reflect the intrinsic heterogeneity of BTIC13.
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5 Discussion

Given today’s clinical situation, the rationale for exploring innovative approaches and search-
ing for new molecular targets for glioblastoma is clear. Despite comprehensive therapy con-
sisting of surgery, chemo- and radiotherapy, patients diagnosed with glioblastoma have a par-
ticularly poor prognosis [1, 9]. To date, an effective treatment to significantly prolong the re-
lapse-free period and to prevent tumor recurrence is still missing except in small molecularly
defined subgroups, largely due to its inherent heterogeneity and immunosuppressive tumor

microenvironment.

In an ongoing effort to address this challenge, the 18 kDa translocator protein TSPO has re-
cently attracted considerable attention. TSPO is highly expressed in glioblastoma and during
neuroinflammation in comparison to the healthy brain, making TSPO an attractive target for
positron emission (PE) imaging of glioblastoma and the tumor microenvironment [233, 234].
Nevertheless, the specific functional implications of increased TSPO levels in the course of

tumor malignancy are not yet known.

Over the years, TSPO has emerged as a multifaceted protein with implications in diverse cel-
lular processes, including apoptosis [151, 199], mitochondrial metabolism [205, 208] and im-
munomodulation [160, 185]. Resistance to apoptosis and the secretion of immunosuppressive
cytokines as response to cytotoxic T cells is a major mechanism how glioblastoma cells evade

immune surveillance, thereby significantly contributing to the malignancy of glioblastoma.

Therefore, this work investigates the role of TSPO in tumor-intrinsic mechanisms that follow
cytotoxic T cell attack. First, TSPO expression in tumor cells in response to cytotoxic T cells or
pro-inflammatory cytotoxic effector molecules was examined. Second, the role of TSPO in
death ligand-mediated apoptosis, as well as the production and release of immune-modulatory
cytokines in response to pro-inflammatory cytokines has been explored. On a complementary
trait, the adaptation of the cellular energy metabolism is crucial for glioblastoma to meet its
increased energy demand for rapid tumor growth. Mitochondria play a vital role in cellular en-
ergy dynamics and TSPO has been considered as prime candidate for regulating metabolic
balance in glioblastoma [208]. Therefore, the role of TSPO in mitochondrial respiration of glio-

blastoma cells was investigated.

To address these objectives, the patient-derived mesenchymal brain tumor initiating cell line
BTIC13 was used as in vitro cell culture model for glioblastoma. BTICs effectively recapitulate
the molecular traits and therapeutic resistance observed in the original tumor, which makes
them a valuable model system for investigating the aggressive and heterogeneous nature of

glioblastoma [217-219]. To obtain a functional understanding of TSPO in glioblastoma, TSPO
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expression in BTIC13 was downregulated with two complementary loss of function ap-
proaches. First, a stable but partial downregulation of TSPO was achieved using a lentiviral
shRNA-based method and second, a complete knockout of TSPO was attained using the
CRISPR/Cas9 methodology.

A multitude of studies used synthetic TSPO ligands to functionally characterize TSPO [148,
153, 180]. Nevertheless, TSPO ligands were not used in this thesis and all functional assays
were carried out with genetically modified cells only, as TSPO’s biological role is already com-
plex and it is challenging to decipher its precise function in specific contexts. TSPO ligands
might add to the complexity as their specificity and mode of action are not well defined and
their effect might vary on species and concentration used in the experiments [184]. However,
the development of TSPO ligands is still an active area of research and as their clinical appli-
cations continue to evolve, they may play an increasingly important tool to therapeutically tar-
get TSPO.

5.1 Evaluation of TSPO-deficient BTIC13 cells to study the role of
TSPO in glioblastoma

Patient-derived primary BTICs are a versatile and relevant cell culture model system to study
cellular and molecular mechanism of glioblastoma. They recapitulate key aspects of glioblas-
toma tumor biology such as high heterogeneity, molecular characteristics, and resistance to
therapy [218, 219]. Furthermore, they are characterized by stem-like properties such as high

proliferative capacity, clonogenicity, and migratory behavior [235, 236].

To investigate the role of TSPO in malignant hallmarks of glioblastoma, the mesenchymal
BTIC13 cells were used. This cell line has been comprehensively characterized in terms of its
proliferative, migratory, and metabolic properties [217, 220]. Consistent with previous re-
search, BTIC13 showed a high basic proliferative and migratory capacity in the in vitro cell
culture setting. However, TSPO deficiency had no impact on basic proliferation rates within the
different TSPO-deficient cell culture models. Interestingly, loss of TSPO significantly impaired
the basal migratory capacity in the different TSPO-deficient BTIC13 model systems. These
results contrast earlier studies showing that TSPO deficiency promotes proliferation and mi-
gration of glioblastoma U118 MG cells [237], and the proliferation of GL261 mouse glioma cells
[208]. However, also alternative findings have been reported. For example, TSPO expression
is positively correlated with proliferation and migration of C6 rat glioma cells [180, 238]. The
underlying reasons for these discrepancies may include variations in species, cell types, ex-
perimental conditions, and methodological approaches. Additionally, the multifunctional nature
of TSPO, impacting various cellular processes, could contribute to its diverse effects on glio-

blastoma cells in different contexts. Interestingly, the data also revealed that cell line intrinsic
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variables may also determine the migratory capacity. Moreover, in shTSPO_1 Bulk cells other
predominant, yet unknown mechanisms seem to overrule the inhibitory effect of the TSPO

knockdown on cell migration.

To investigate the role of TSPO in BTIC13, TSPO expression was genetically silenced using
two different loss of function approaches. For the shRNA-mediated TSPO knockdown two
TSPO-specific shRNAs were used. Interestingly, shTSPO_1 and shTSPO_2 have the same
target site on the TSPO mRNA and only differ in the adjacent flanking regions. Still, the two
obtained cell lines, shTSPO_1 Bulk and shTSPO_2 Bulk often showed differential responses
in experimental analysis despite having a comparable knockdown efficiency. Consequently, a
CRISPR/Cas9-based complete TSPO knockout was performed to complement the shRNA-
based knockdown experiments and allow for the exclusion of potential off target effects. The
two different guide RNAs T116 and T126 both target sequences within exon 2 of the TSPO
gene. Importantly, exon 2 is the first exon relevant for protein synthesis containing the transla-
tional start codon. Hence, both guide RNA-mediated CRISPR events resulted in frameshift
mutations early in the translated gene region. These frameshift-induced protein sequences
differ remarkably from the wildtype TSPO protein sequence already starting after ~ 30 amino
acids. These impacts make a misfolded, degraded or overall non-functional protein highly
likely. Additionally, it is worth noting that TSPO contains functional domains, such as the cho-
lesterol recognition sequence situated near the carboxy terminus of TSPO (residues A147-
S159) [168]. Consequently, early frameshift mutations are likely to disrupt cholesterol binding,
potentially contributing to significant alterations in the functionality of TSPO. Lastly, the
frameshift occurs within the second transmembrane regions of the TSPO protein and might

therefore potentially prevent integration of TSPO in the outer mitochondrial membrane.

Notably, CRISPR events can lead to different types of edits within a mixed population of cells
[239]. To ensure an understandable, stable and complete knockout of TSPO, single cell clonal
populations were isolated. However, the single cell-derived clonal KO cell lines showed mo-
lecular and functional heterogeneity in different experiments. Similarly, also the KD clonal cell
lines derived from the KD bulk cell lines showed variable responses in the different experi-
ments. This heterogeneity could be reflective of the high intra-tumoral heterogeneity of the
parental bulk cell line and is therefore highly relevant for glioblastoma. However, it is also plau-
sible that single cell clonal culture itself could contribute to the heterogenous outcomes, since
the challenge for a cell line to propagate from a single progenitor cell may also select for certain

genetic alterations [239].

In summary, while highly relevant in glioblastoma, the observed heterogeneity makes it chal-

lenging to determine a biologically meaningful effect of the target gene. Future studies should
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consider incorporating multiple TSPO control cell lines as well as TSPO re-expression within
TSPO-deficient cell lines to validate observed experimental outcomes. The experiments of this
study were all performed using cell lines derived from the parental BTIC13 line. However, the
several model systems derived from BTIC13, such as TSPO-deficient bulk, TSPO KD clones
and TSPO KO clones provided insight into molecular and biologically diverse cell lines and
therefore were valuable in reflecting the highly heterogenous character of glioblastoma. Nev-
ertheless, to further enhance the relevance for glioblastoma research, it is advisable to employ
several BTIC lines representing different molecular subtypes of the disease. Finally, it is es-
sential to acknowledge that the complete spectrum of intrinsic tumor heterogeneity and the
complexities of tumor microenvironment are challenging to replicate within a BTIC system.
Recent advancements in patient-specific glioblastoma models, such as the cerebral organoid
glioma (GLICO) model, offer promising opportunities to investigate glioblastoma ex vivo, within

a microenvironment closely resembling that of the human brain in its primitive state [240].

Nonetheless, the development of an efficient shRNA-based TSPO knockdown and
CRISPR/Cas9-based TSPO knockout in BTIC13 served as the foundation for future studies

aimed at elucidating the role of TSPO in glioblastoma.

5.2 TSPO expression in glioblastoma

The frequent overexpression of TSPO in glioblastoma [161] and within pro-inflammatory brain
environments [241] suggests a potential link between TSPO expression and pro-inflammatory
signaling. Furthermore, TSPO expression appears to be most pronounced in tumors charac-
terized by high immune cell infiltration [161, 167, 242]. Therefore, the first objective addressed
in this thesis was to investigate whether pro-inflammatory T cell-derived factors contribute to

the TSPO overexpression in BTICs.

In this thesis, robust TSPO expression was observed in short-term cultured, patient-derived
primary BTICs of mesenchymal and proneural origins. As evident from the results, both, direct
contact of tumor cells and T cells, and T cell-derived soluble factors, increase TSPO expres-
sion in BTIC13. This observation aligns with an in situ correlation analysis, which revealed a
positive association between TSPO expression and the expression of T cell marker genes
[222].

Different BTIC lines exhibited varying levels of TSPO with TSPO-low and -high expressing
BTICs in both subtypes. Interestingly, previously published data indicate that in the absence
of immune cells, TSPO expression between mesenchymal and proneural BTICs was not sig-
nificantly different [222]. However, other studies using glioblastoma tissue samples revealed

that TSPO expression correlates with different molecular subgroups of glioblastoma and the
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highest expression was detected in patients with the mesenchymal subtype [161, 167]. Fur-
thermore, the mesenchymal subtype not only exhibits elevated TSPO levels, but also a signif-
icant enrichment of immune cells, including cytotoxic T cells [43, 242]. Given this context, it is
possible that short-term monocultured BTICs exhibit individual levels of TSPO independent of
the molecular subgroup. However, TSPO expression might be modulated by T cell-derived
factors and thus, the elevated immune cell infiltration in mesenchymal glioblastoma may con-
tribute to the higher TSPO levels in this subtype in the in vivo situation. Nevertheless, it is
important to note that this analysis was conducted exclusively in one mesenchymal BTIC line.
In addition, the influence of other immune cells as well as other cellular and non-cellular players
in the tumor microenvironment (TME) on TSPO expression in tumor cells has not been inves-
tigated. Further research is required to clarify the relationship between glioblastoma subtype,

tumor immune cell infiltration and TSPO expression in both in vitro and in vivo experiments.

In addition to tumor cells, also other immune cell populations such as tumor associated micro-
glia and macrophages (TAMs) within the TME express TSPO. While this study has primarily
focused on the impact of TSPO in tumor cells, the impact of T cell-derived pro-inflammatory
cytokines such as IFNy and TNFa on TAMs has not been addressed. However, studies in mice
and human C20 microglia have shown that pro-inflammatory cytokines are able to upregulate
TSPO expression and are specifically associated with the pro-inflammatory microglia pheno-
type [160, 185]. Conversely, another study showed that IFNy did not change TSPO expression
in a human primary microglia cell line [187]. With this in mind, future experiments should in-
vestigate the consequence of T cell-derived IFNy and TNFo on TSPO expression in the TME

and specifically in TAMs.

Alternatively, it has been suggested that the increased TSPO expression in glioblastoma is
primarily attributed to TSPO expressing infiltrating myeloid derived suppressor cells (MDSCs)
and TAMs [243]. However, in line with other studies [161, 167], this work showed that TSPO
is indeed also highly expressed by tumor cells and that moreover, immune cell-derived factors

further increase TSPO expression in BTICs.

The immune cell-derived factors that increase TSPO expression were identified based on re-
spective exposure and receptor blocking experiments. These experiments revealed that mainly
IFNy and, to a lesser extent, TNFa are the key pro-inflammatory factors in the T cell superna-
tant responsible for inducing TSPO expression. This finding is supported by a correlation anal-
ysis conducted in a single cell RNA Seq data set, which revealed a correlation between TSPO
and the expression of IFNy- and TNFa-receptors, as well as of genes induced by IFNy- and

TNFa-signaling [222].
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IFNy and TNFa are pro-inflammatory cytokines that are critical for the innate and adaptive
immune response and associated with diverse cellular functions (reviewed in [223, 224]). IFNy
mediates its various biological effects by multiple signaling pathways such as the canonical
JAK-STAT1 signaling pathway [223], but also by PISK/AKT [244], and MAPK signaling [245].
Pathways induced by TNFa include signaling for apoptosis induction, but also NFxB and
MAPK pathways and others [224]. These pathways are known to activate transcription factors
such as STAT1, STAT3 and c-Jun [246—-248]. This is of interest, because TSPO gene expres-
sion seems to be driven by PKCe-dependent MAPK (Raf-1-MEK1/2-ERK1/2) signaling and its
promotor contains bindings sites for transcription factors such as STAT3, c-Jun, ETS1/3, and
Sp1/3 [164—166]. This provides a possible link between IFNy/TNFa signaling and the transcrip-
tional activation of TSPO. However, the molecular pathways engaged in TSPO induction have

not been further addressed in this study and should be the focus of future research.

According to previous findings, TSPO expression can be induced by TNFa in human colon
carcinoma cells [171]. In the present study however, exposure to TNFa or blocking of TNF-R1
and TNF-R2 alone did not affect TSPO expression. Interestingly, the simultaneous blockade
of IFN-R1 and both TNFa receptors had the greatest impact on preventing the increase in
TSPO expression by T cell supernatant. This suggests a potential synergy between TNFa and
IFNy signaling and is consistent with previous findings showing that TNFa enhances IFNy sig-
naling by upregulating the expression of IFNy- receptors [249]. However, the combined effects
of IFNy and TNFa and their potential synergism on TSPO expression were not evaluated in

this study and need to be addressed in future experiments.

While TSPO expression was strongly inhibited by concurrent TNF-R1/2 and IFN-R1 blockade,
it is worth noting that complete inhibition of activated T cell supernatant-mediated upregulation
of TSPO was not achieved. The analysis of cytokine secretion of Flu-peptide-activated T cells
revealed high levels of IFNy (~6500 pg/ml) and to a lower extent TNFa (~650 pg/ml) [222],
making IFNy and TNFa highly relevant for the T cell-mediated TSPO upregulation. However,
it cannot be excluded that there are additional factors in the supernatant that were not analyzed
but contribute to the increased TSPO expression. It is crucial to note that not only other factors
next to IFNy and TNFa, but also other immune cells next to cytotoxic T cells could additionally
modulate TSPO expression especially in the highly complex in vivo setting. Therefore, it is
probable that the linear relationship between TSPO expression in the tumor cells and T cell

contact does not completely reflect the in vivo situation.

Besides induction by pro-inflammatory signaling, there are also alternative mechanisms that
could contribute to increased TSPO expression in glioblastoma. These include TSPO gene

amplifications [250] or epigenetic regulations such as aberrant promotor methylations [164,
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167]. Furthermore, the PKCe/ERK1/2-AP1-STATS3 signaling pathway regulating TSPO expres-

sion on a transcriptional level, is often deregulated in glioblastoma (reviewed in [251]).

These findings conclusively demonstrate that TSPO is highly expressed by tumor cells and

that contact with cytotoxic T cells further increases this expression.

Collectively, the results also support the hypothesis that pro-inflammatory T cells contribute to
an elevated TSPO expression in glioblastoma. Future experiments should expand these find-
ings into a larger cohort of mesenchymal and proneural BTICs. Furthermore, these observa-
tions need to be translated into the in vivo situation to take the complex interaction of the TME

into account.

5.3 TSPO’s role in TRAIL-induced apoptosis of glioblastoma

Resistance to apoptosis strongly contributes to immune evasion and therapy resistance of gli-
oblastoma. Several studies have implicated TSPO in the regulation of apoptosis [151, 195,
199]. This has led to the hypothesis that elevated TSPO levels in glioblastoma may modulate

the apoptosis response, thus contributing to the resistance against cytotoxic T cell control.

To address this question, the involvement of TSPO in the apoptosis response of tumor cells
after T cell attack was investigated. Specifically, the impact of TSPO on TRAIL-induced apop-

tosis in BTIC13 was examined.

This study uncovered that despite expressing relevant cytokine and death receptors, only
TRAIL exhibited a dose-dependent reduction of cell viability in BTIC13. Examination of the
underlying apoptosis signaling pathways revealed that TRAIL-induced apoptosis via the ex-
trinsic and intrinsic apoptotic caspase cascades. However, it became evident that the response
to TRAIL did not solely rely on TSPO expression. Instead, multiple cell-intrinsic factors were

observed that determined the susceptibility towards TRAIL-induced apoptosis.

Among the death ligands tested in the cell culture setting, TRAIL was the only ligand that re-
duced the cell viability of BTIC13. This observation is intriguing, particularly because the re-
ceptor of the death ligand FasL was highly expressed in BTIC13, and both the TRAIL and Fas
pathways utilize a similar signal transduction machinery [252]. Various apoptosis resistance
mechanisms, such as the downregulation of the adaptor protein FADD [253] and caspase-8
[254], or the increased expression of the caspase-8 structural homologue cFLIP [122], can
affect both pathways. Notably, the data presented here demonstrate that apoptosis induction
by TRAIL is possible, suggesting that the basic apoptotic signaling components are functional
in both apoptosis pathways. However, there are also more selective resistance mechanisms

that might specifically impact Fas, such as somatic mutations in the Fas gene [255] or the
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overexpression of Fas-associated phosphatase-1 (FAP-1) [256, 257] which impair Fas-medi-

ated apoptosis induction but have no impact on TRAIL signaling.

TRAIL-induced apoptosis was mediated by both the extrinsic and intrinsic apoptotic cascade
in BTIC13. Sequentially, exposure to TRAIL resulted in a rapid activation of caspase-3 already
within one hour of TRAIL treatment followed by a slightly delayed induction of caspase-9 after
three hours of TRAIL exposure. Apoptosis induction in cells can be classified as a type | or
type Il reaction. In type | apoptosis, activation of the initiator caspase caspase-8 directly trig-
gers the activation of effector caspases such as caspase-3 and caspase-7. In type |l apoptosis,
the pro-apoptotic signal must be amplified via the activation of the intrinsic mitochondrial path-
way in addition to the extrinsic pathway to efficiently induce apoptosis, which includes activa-
tion of caspase-9 and cytochrome c release from the mitochondria. The crucial point at which
extrinsic and intrinsic pathway converge is the BH-3 only protein BID. BID is cleaved by active

caspase-8 to generate truncated BID, which subsequently activates intrinsic apoptosis [101].

The findings of this study suggest that apoptosis in BTIC13 can be classified as type Il. Expo-
sure to TRAIL resulted in the degradation of BID, cytochrome c release, and activation of

caspase-9.

The physiological difference of type | or type Il apoptosis is not fully understood. However, the
levels of active caspase-8 can determine whether a cell reacts as type | or type Il cell [258]. In
BTIC13, caspase-8 was not detectable by Western blot analysis and caspase-8 activity could
only be demonstrated using a luciferase-based glo assay. This implies that the caspase-8 ac-
tivity might by insufficient to directly activate the effector caspases, and mitochondria are re-
quired to amplify the low caspase-8 activity. It is worth noting that other studies have also
described an activation of mitochondrial apoptosis in type | cells [258], and there is evidence
of a transitional state between type | and type I, in which the response depends on the dose
or exposure time of TRAIL [259]. To further validate the classification of apoptosis as type Il in
BTIC13, future experiments could explore the impact of genetic overexpression of anti-apop-

totic Bcl-2 proteins or downregulation of BID on mitochondrial apoptosis induction.

The study revealed that various TSPO-deficient cell lines derived from BTIC13 exhibited a
differential response to TRAIL. This response did not solely rely on TSPO expression, as dif-
ferent TSPO KD clones displayed different sensitivities towards TRAIL-induced apoptosis, de-
spite comparable low TSPO expression. This assumption was further supported by the finding
that lentiviral-induced TSPO re-expression in the highly TRAIL-responsive KD1 clone cell line
and subsequent clonal selection resulted in a TRAIL-sensitive (KD1_R2) and a less sensitive
clone (KD1_R1). Notably, treatment with TRAIL reduced cell viability of the polyclonal BTIC13

bulk cell line only by approximately 50 %. This suggests the presence of TRAIL-responsive
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and TRAIL-resistant subpopulations within BTIC13. These findings were corroborated by mon-
oclonal cell lines obtained from the heterogenous bulk. While two BTIC13 knockdown clones
(KD1 and KD2) showed an increased sensitivity towards TRAIL-induced apoptosis, the other
two clones (KD3 and Scr C1) demonstrated a muted response. Moreover, the BTIC13-derived
TSPO KO clones and control clones were almost completely resistant to TRAIL, and the loss
of the TRAIL receptor DR4 expression was identified as potential resistance mechanism. In-
terestingly, the loss of TRAIL receptor surface expression is a frequently observed mechanism

in acquired TRAIL resistance [260].

Intratumoral heterogeneity is a major contributor to therapy resistance and tumor recurrence.
Several studies have shown that the majority of cancer cells are inherently resistant to TRAIL
or acquire resistance to TRAIL during the course of therapy [261]. As a result, TRAIL resistance
in BTIC13 might be a consequence of both clonal expansion of already existing resistant tumor

cells within the heterogenous bulk or new acquisition of a resistant state.

To which extent genetically or epigenetically distinct subsets within BTIC13 contribute to TRAIL
resistance remains to be determined. However, the BTIC13 clones provide insight into diverse
resistance mechanisms that could potentially influence the TRAIL response. These mecha-
nisms include elevated levels of anti-apoptotic Bcl-2 in Scr C1 and KO2, or a preference for
the activation of NFkB pro-survival signaling upon TRAIL exposure in BTIC13 WT, Scr C1 and
KD_R1. Additionally, the loss of DR4 surface expression in the TSPO KO clones adds another
layer to these resistance mechanisms. Furthermore, other studies have also identified other
resistance mechanisms that were not investigated in this study. These include the low expres-
sion of caspase-8 [254], overexpression of the apoptosis inhibitor cFLIP [122], as well as the
surface expression of pro-survival TRAIL decoy receptors [262]. Given the multitude of differ-
ent resistance mechanisms, a robust molecular marker that predicts TRAIL response in
BTIC13 could not be identified. Moreover, these results underscore the complexity of TRAIL

resistance and emphasize that targeting TSPO alone may not be sufficient to overcome it.

TRAIL can bind to two apoptosis-inducing receptors, DR4 and DR5 (reviewed [107]). As shown
by DR4 and DRS5 blocking experiments, the recombinant soluble form of TRAIL used in the cell
culture experiments needs sufficient expression of the DR4 receptor to activate apoptosis in
BTIC13. In contrast, T-cell mediated cytotoxicity primarily involved the action of the DRS re-
ceptor and only secondarily the action of the DR4 receptor. This observation aligns with find-
ings from other studies showing that DR4 is activated by both the soluble and the membrane-
bound form, whereas DRS5 typically requires the membrane-bound form or secondary cross-
linked antibodies for activation [108, 263]. Alternatively, studies have also shown that DR5 can

be activated via soluble TRAIL variants or antibodies without the need for secondary cross-
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linking to induce apoptosis [264, 265]. Collectively, this suggests that depending on the con-
text, DR4 and DR5 seem to have partly overlapping but also distinct functions. However, in
BTIC13, DR4 expression is required for apoptosis induction by soluble TRAIL. Considering the
observed disparities between monoculture and co-culture experiments, it becomes evident that
translating findings from in vitro studies to the in vivo context may pose challenges. This is
especially true when accounting for the intricate interactions among various cell populations
within the TME. Future experiments should include the re-expression of DR4 in TSPO KO
clones and the knockdown of DR4 in KD clones to further substantiate the significance of DR4

signaling in soluble TRAIL-induced apoptosis.

Similar to findings in this thesis, previous research on TSPO’s role in apoptosis also revealed
several inconsistencies. Depending on the cell line, TSPO-deficiency reduced or increased
sensitivity towards apoptosis-inducing stimulants. For instance, while TSPO-deficiency in-
creased the apoptotic rate of GL261 mouse glioma cells [208], TSPO-deficient C6 rat glioma
cells or U118 MG glioblastoma cells were resistant to apoptosis [151, 195]. Furthermore, the
mechanism by which TSPO modulates apoptosis is not fully understood yet and needs further
investigations on a molecular and cellular scale. TSPO has been proposed to modulate the
mitochondrial permeability transition pore (mPTP), which is a non-selective channel of the in-
ner mitochondrial membrane hypothesized to play a role in mitochondrial apoptosis [266].
However, Sileikyté and colleagues recently challenged the role of TSPO as critical modulator
of the mPTP as TSPO played neither a role in the regulation nor in the structure of the mPTP
[156]. When summarizing these findings, the exact role of TSPO in apoptosis and mPTP func-

tion remains unclear.

It is important to note that in our recently published study, downregulation of TSPO was found
to augment T cell-mediated killing of human glioblastoma cell lines and BTICs, including
BTIC13 [222]. Furthermore, the study demonstrated that TSPO knockdown sensitizes BTICs
specifically towards TRAIL-induced apoptosis by modulating the expression of apoptosis-re-
lated genes, potentially through retrograde mitochondria-to-nucleus signaling [222, 267, 268].
In line with this, two out of three TSPO KO clones also showed increased susceptibility towards
T cell cytotoxicity when compared to the control cell lines. However, an extended in-depth
analysis of TSPO’s impact in TRAIL-induced apoptosis in the monoculture showed remarkable
disparities in apoptosis response, depending on the cell culture system used (TSPO-regulated
bulk vs. TSPO KD vs TSPO KO cells), again pointing into the direction of distinct tumor-cell
and microenvironment-dependent context factors. It is crucial to acknowledge that in tumor-T
cell co-cultures, additional mechanism next to TRAIL-apoptosis signaling may be involved in
the TSPO-sensitizing effect, dependent of the mentioned context factors. These could include

perforin/granzyme B signaling or other co-stimulatory mechanism that were not accounted for
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in the BTIC13 monoculture. As already mentioned, differences between soluble TRAIL and
membrane-bound TRAIL signaling became evident. Therefore, while it may not be the case
that TSPO deficiency is the single factor to sensitize BTIC13 towards TRAIL, TSPO deficiency
might have a sensitizing effect in the context of T cell-mediated cytotoxicity or cytotoxicity oc-

curring in a more complex 3D-culture or in vivo model.

A limitation of the studies on TSPO’s impact on apoptosis is, that only one BTIC line was used.
Given the high intertumoral heterogeneity of glioblastoma, the findings of TSPO'’s role in apop-
tosis may not be universally applicable to other BTIC lines. However, the investigation of bulk,
TSPO KD, TSPO KO and control sublines of BTIC13 unexpectedly provided a broad overview
of distinct genotypes and phenotypes, that in part reflects intratumoral heterogeneity in glio-
blastoma. A potential source of bias is the fact that, while several knockdown and knockout
clonal cell lines were generated, there was only one corresponding control clone for each
TSPO deficiency model system. To detect if TRAIL responses truly depend on inherent heter-
ogeneity, it would be beneficial to investigate whether there are differences in TRAIL response
among a variety of control clones. Nevertheless, it is important to note that the susceptibility of
the control clones to TRAIL is comparable to that of BTIC13 wildtype cells, suggesting that
control clones are representative of BTIC13 wildtype cells in this respect. Additionally, it should
be noted that the generation of single cell-derived clonal cell lines may artificially contribute to
TRAIL resistance, as it cannot be ruled out that increased TRAIL resistance provides a survival
advantage to the single cell-derived clones. Finally, it needs to be mentioned that the TSPO
expression in the TSPO re-expressing clones was lower than in the BTIC13 wildtype and con-
trol clone. Interestingly, the clones that were less responsive to TRAIL showed lower TSPO
re-expression levels as the highly TRAIL-sensitive clone. This finding further highlights the
complexity of the TRAIL response, which depends on various mechanisms beyond TSPO ex-

pression.

This research underscores the remarkable heterogeneity observed in glioblastoma. Contrary
to the initial hypothesis, TSPO deficiency alone did not sensitize BTIC13 towards TRAIL-in-
duced apoptosis. Instead, the response to TRAIL was rather dependent on a diverse array of
resistance mechanisms and could not be attributed to a specific expression pattern. Therefore,
the identification of a predictive marker for the tumor cell TRAIL- or apoptosis-response in
general will be crucial to guide a successful treatment strategy for glioblastoma. Based on that,
a promising approach may involve the combination of TSPO modulation together with direct
targeting of TRAIL-induced apoptosis and additional therapeutic agents that specifically target

TRAIL-resistant subsets.
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In addition, the observed differences in monoculture and co-culture experiments already im-
plied that the TRAIL response may be context dependent, and thus a direct translation of find-
ings into the patient may also be difficult. This modeling problem can be addressed, at least in
part, in future research that includes, in the best case, syngeneic immunocompetent animal
models. Nevertheless, this study emphasizes the need to predict and overcome potential and
diverse resistance mechanism within subsets of tumor cells, which might represent an im-

portant step towards improved treatment for glioblastoma patients.

5.4 TSPO’s role in the secretion of immunomodulatory cytokines

Tumor cells have the ability to actively shape the cytokine milieu within the tumor microenvi-
ronment (TME) to support their growth and evade the immune system [56]. In this study, IFNy
and TNFa were identified as inducers of TSPO expression in BTICs. Interestingly, these pro-
inflammatory cytokines are also known to increase the production of immunomodulatory cyto-
kines such as interleukin-6 (IL-6) [227] and interleukin-8 (IL-8) [269] in glioma cells. Given the
potential involvement of TSPO in mitochondrial function, inflammation, and steroidogenesis, it
was hypothesized that TSPO can modulate, either directly or indirectly, the production and

release of IL-6 and IL-8, thereby contributing to immune evasion of glioblastoma.

To address this hypothesis, TNFa- and INFy-induced IL-6 and IL-8 production and release in
different TSPO-deficient BTIC13 cells was systematically characterized. The analysis revealed
that baseline levels of IL-6 and IL-8 varied between and within TSPO-deficient model systems
of BTIC13 (KD vs. KO). While TNFa and IFNy stimulation both induced IL-6 mRNA expression
and protein release in all cell lines analyzed, IL-8 was primarily upregulated by TNFa. How-
ever, there was no distinct TSPO-dependent pattern in IL-6 and IL-8 production and release

under baseline conditions or after TNFa and IFNy stimulation.

The results clearly indicated that exposure to TNFa and IFNy increased IL-6 mMRNA expression
and protein secretion in BTIC13 in a time-dependent manner. This is in line with previous find-
ings, showing that IL-6 is induced upon TNFa and IFNy exposure in various human glioma
cells [226, 227, 270]. In contrast to IL-6, IL-8 expression and secretion was specifically upreg-
ulated only by TNFa. Exposure to IFNy had either no effect on IL-8 production (KD Bulk and
KO clones) or even decreased the IL-8 concentration within the cell culture supernatant (KD
clones). According to several publications, stimulation by TNFa leads to an elevated produc-

tion of IL-8 in different types of cancer including glioblastoma [171, 228, 269].

IL-6 and IL-8 are proinflammatory cytokines with critical roles in the innate and adaptive im-
mune system (reviewed in [271, 272]). Both cytokines have been implicated with various tu-

mor-promoting intrinsic functions such as tumor cell survival, proliferation, and invasion [271,
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272]. This suggests that the TNFa- and IFNy-mediated upregulation of IL-6 and IL-8 within
BTIC13 could enhance aggressive growth and migratory behavior of tumor cells. However,
cell-intrinsic functions of IL-6 and IL-8 have not been addressed in this study. Furthermore,
both cytokines have been described to exert diverse tumor-supporting functions within the
TME. These include tumor angiogenesis, recruitment of immunosuppressive TAMs and
MDSCs, as well as the inhibition of the anti-tumor immune response of cytotoxic effector cells
[230, 273-276]. In this context, T cell-derived TNFa and IFNy may trigger an adaptive re-
sistance mechanism within BTICs by increasing the production and secretion of IL-6 and IL-8,

which in turn, counteracts T cell-mediated cytotoxicity to escape immune control.

As shown in the experiments, downregulation of TSPO had no clear effect on IL-6 and IL-8
MRNA expression and protein secretion in BTIC13. Notably, the concentration of IL-6 and IL-
8 protein in the cell culture supernatant of unstimulated BTIC13 cells already varied between
and within the different TSPO-deficiency models. For instance, while IL-8 levels in the cell
culture supernatant of BTIC13 KD bulk and KO cell lines were at a comparable range, the
secreted IL-8 protein levels of the KD clones were considerably reduced. Furthermore, when
looking at differences within one model system, for example within the KD clones, KD1 dis-
played slightly lower levels of IL-6 secretion whereas KD3 exhibited significantly higher levels
of IL-6 compared to the control. To account for these differences at the baseline levels, TNFa.-
and IFNy-induced IL-6 and IL-8 concentrations were normalized to the unstimulated condition.
Nevertheless, it was still not possible to detect a TSPO-dependent pattern in TNFa- and IFNy-

stimulated IL-6 and IL-8 production and release in this experimental setting.

It should be emphasized that these experiments were exclusively performed using different
clonal cell lines derived from the mesenchymal BTIC13. As previously discussed, the immune
microenvironment can exhibit significant variations among different molecular subtypes of gli-
oblastoma with highest immune cell infiltration in the mesenchymal subtype [43, 242]. Given
that IL-6 and IL-8 are induced by pro-inflammatory cytokines, their secretion profile within gli-
oblastoma might be strongly influenced by the infiltrating immune cells. Therefore, it is reason-
able to assume that IL-6/IL-8 secretion of mesenchymal and pronounal BTICs may differ ac-
cordingly as immune cell infiltration is lower in the proneural subtype. In support of this, it has
been shown that the mesenchymal subtype is associated with increased IL-8 levels compared
to the proneural subtype [277, 278]. In addition, preliminary unpublished data from our labora-
tory also indicate that proneural BTICs have lower basal levels of IL-6 and IL-8 compared to
the mesenchymal BTIC13. This intriguing observation warrants further investigation of possible
disparities between basal, TNFa- and IFNy-induced IL-6 and IL-8 expression and secretion

and the potentially differential impact of TSPO in mesenchymal and proneural BTICs.
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It is worth mentioning that, in most cases, the IL-6 and IL-8 mMRNA levels corresponded to the
concentration of the secreted proteins. However, in some cases the observed trend at mMRNA
level did not consistently translate to the secreted protein level. While there is no obvious ex-
planation for this discrepancy, it is important to note that, when focusing on the matching

MRNA expression and protein release data, the key findings of the study remain the same.

There is not a direct well-documented link between TSPO and IL-6 and IL-8 production in
glioblastoma. However, in human colon carcinoma cells, it has been shown that TNFa-induced
IL-8 expression which, as a consequence, resulted in an increase in reactive oxygen species
(ROS) and subsequent TSPO overexpression [171]. However, in the current study, a direct
relationship between TNFa-induced IL-8 expression and subsequent ROS and TSPO induc-
tion was not apparent. Admittedly, the impact of TNFa and IFNy on ROS levels were not in-
vestigated here and thus should be a focus of future experiments. Further evidence for a con-
nection between TSPO and IL-6 and IL-8 production was found in microglia. For example,
stable downregulation of TSPO expression in pro-inflammatory polarized human C20 microglia
decreased IL-8 levels [186]. In addition, knockout of TSPO in human C20 microglia significantly
decreased basal IL-6 and IL-8 mRNA levels [279].

Dysregulated IL-6 and IL-8 expression and signaling is a common event in cancer and elevated
levels of IL-6 and IL-8 have been linked to increased tumorigenicity in glioblastoma in in vitro
studies [229, 230, 280, 281] and have been also associated with poor survival of glioblastoma
patients [229, 282]. In this thesis, it has been shown that the pro-inflammatory cytokines
TNFa and IFNy contribute to the increased expression and cytokine secretion of IL-6 and IL-8
in the mesenchymal BTIC13 line. However, under the experimental conditions of this study,

TSPO presence or absence had no impact on the IL-6 and IL-8 production in BTIC13.

Considering the observed differences in TRAIL-DR4 and -DRS5 receptor signaling and apopto-
sis induction between the monoculture experiments using recombinant, soluble TRAIL and
direct interactions of tumor cells and T cells in the co-culture setting, it would be interesting to
investigate TSPO’s impact on IL-6 and IL-8 production by BTIC13 after confrontation with cy-
totoxic T cells in contrast to cytokine cell stimulations. In addition, further research is needed
to address the biological consequences of TNFa- and IFNy-mediated upregulation of IL-6 and
IL-8 within BTICs as well as on the surrounding TME. In this context, it would also be valuable
to compare potential differences between proneural and mesenchymal BTICs. Finally, it is im-
portant to consider other crucial immunomodulatory cytokines, such as IL-10 and TGF-$, which
play key roles in the immunosuppressive microenvironment of glioblastoma [55, 70]. Exploring

the potential involvement of TSPO in regulating expression and secretion of these cytokines
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warrants further investigation. In conclusion, within BTIC13, intrinsic factors beyond TSPO ap-

pear to play a role in TNFa- and IFNy-induced IL-6 and IL-8 production.

5.5 TSPO’s role in mitochondrial respiration

A major energy source in the brain is glucose and glioblastoma cells heavily rely on it [283].
Nevertheless, the ability to dynamically switch between different metabolic pathways, including
glycolysis and mitochondrial respiration, is crucial for the tumor to adapt to nutrient shortages
and meet the increased energy demand of uncontrolled cell division [141, 142]. Growing evi-
dence supports a role of TSPO in the cellular energy metabolism [204, 205, 207] and TSPO
has been proposed as an essential factor in mitochondrial metabolism by modulating the dy-
namic balance between oxidative phosphorylation and glycolysis in glioma [208]. The hamed
dynamic adaption may also shape the response to apoptotic stimuli and local immunosuppres-
sion in the TME [135, 136, 284, 285]. Therefore, as a complementary objective of this thesis,

the role of TSPO in the mitochondrial energy metabolism of BTIC13 was investigated.

As shown by the experiments, TSPO deficiency increased the maximal oxygen consumption
rate without altering the glycolytic activity. This finding coincides with a slight but significant

increase in levels of cellular reactive oxygen species (ROS) in TSPO-deficient clonal cell lines.

The loss of TSPO resulted in an increase in both, maximal respiration, and spare respiratory
capacity in the different TSPO deficiency model systems of BTIC13. However, alterations in
basal respiration were only observed in one TSPO KD bulk cell line (shTSPO_2 Bulk) and in
the TSPO KO clones (KO1, KO2, and KO3), but not in shTSPO_1 Bulk and in the TSPO KD
clones (KD1, KD2, and KD3). Consistently, basal respiration-coupled ATP production was only
increased in shTSPO_2 Bulk and in the TSPO KO clones. These findings indicate that the loss
of TSPO primarily enhances the adaptability of BTIC13 to specifically respond to high energy
demands by having the ability to rapidly oxidize substrates. The data suggest that TSPO defi-
ciency in BTIC13 is particularly relevant when the physiological system is pushed to its maxi-
mal capacity. While it is important to mention that in most cases maximal respiration does not
represent a physiological state of cells [286], an increased maximal respiratory capacity could
provide advantages for cancer cells during mechanisms such as uncontrolled cell division and

rapid proliferation.

By measuring the extracellular acidification rate (ECAR), the effect of TSPO deficiency on gly-
colysis was additionally determined. Interestingly, there were no conclusive differences in
ECAR of TSPO-deficient cells in comparison to control cells. However, the ECAR measured
in the Mitostress test does not correspond to glycolysis alone and rather reflects the combined

production of acids from both, glycolysis and the tricarboxylic acid (TCA) cycle. Nevertheless,
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injecting modulators of the electron transport chain (ETC) can offer limited insights into the
relative contributions of glycolysis and the TCA cycle to the ECAR [287]. For example, when
mitochondrial respiration is inhibited by the injection of Oligomycin, it restricts both, the electron
flow through the TCA cycle and mitochondrial respiration. Consequently, any increase in
ECAR following Oligomycin corresponds to an increase in glycolysis, which compensates for
the reduced mitochondrial respiration. Subsequent injection of FCCP enhances both, mito-
chondrial respiration, and TCA cycle electron flux. Importantly, if the ECAR remains constant
after the injection of Rotenone and Antimycin A, which completely inhibit the ETC and conse-
quently also the flux through the TCA cycle, this indicates that the ECAR measured here pri-
marily results from glycolysis. Based on the ECAR profile of BTIC13, inhibition of mitochondrial
respiration with Oligomycin increased compensatory glycolysis of TSPO-deficient and control
BTIC13 equally. The ECAR remained at a high level after Rotenone and Antimycin A injection.
This suggests that the respiratory CO, produced in the TCA cycle only marginally contributed
to the ECAR of TSPO-deficient and control BTIC13 and, therefore, the ECAR profile predom-

inantly reflects glycolysis.

In summary, the results indicate that in the control cell lines glycolysis is not increased as a
compensatory mechanism to counteract lower oxygen consumption rates in comparison to the
TSPO-deficient BTIC13 cells. However, for a direct measurement of basal glycolysis and over-
all glycolytic capacity, it would be beneficial to perform additional tests such as the glycolytic
rate assay or the glycolysis stress kit. Worth noting, TSPO has also been described to play a
role in fatty acid oxidation [288]. Considering the ability of glioblastoma cells to adapt and
switch between different kinds of energy sources, it would be interesting to investigate the

impact of TSPO on other potentially compensatory mechanisms.

Elevated proton leakage across the inner mitochondrial membrane can be a sign of mitochon-
drial damage or dysfunction. However, there was no significant difference in proton leak of
TSPO-deficient and control cells. This is supported by the finding that the overall mitochondrial
morphology remained intact in TSPO KO clones compared to the control clone. In line with
this, other studies also showed that TSPO deficiency did not affect the overall mitochondrial
morphology [189, 288, 289]. However, other authors reported that the loss of TSPO resulted
in a greater number of fragmented mitochondria [208]. Changes in mitochondrial morphology
were also observed in a TSPO-deficient human neuroblastoma cell line and in mouse embry-
onic fibroblast cells, in which, however, TSPO downregulation resulted in more elongated and
branched mitochondria [290, 291]. Although in the present study, mitochondrial morphology
was not readily affected by loss of TSPO, there is some hint in the literature that TSPO might

play a role in morphology regulation. An in-depth analysis of mitochondrial morphology for
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TSPO-KD/KO cells might be interesting for future studies employing more sophisticated 3D-

fluorescence microscopy and image analysis tools.

Overall, cellular ROS levels were slightly increased in all TSPO-deficient clones compared to
the corresponding control cell lines. This outcome aligns with previous expectations, as ROS
are predominantly produced during oxidative phosphorylation (OXPHOS) [292], and the basal
respiration was only modestly enhanced in TSPO-deficient clones. It is important to note, that
this study did not assess ROS levels during maximal respiration. Interestingly, non-mitochon-
drial oxygen consumption was also slightly elevated in TSPO-deficient clones. This suggests

the involvement of other oxygen-consuming processes outside of the mitochondria.

NADPH oxidase (NOX) complexes within the cell membrane are another essential source for
endogenous ROS generation. ROS produced by NOX have been recently demonstrated to
play a role in glioblastoma malignancy and treatment resistance [293—-295]. Furthermore,
TSPO has been linked to induce ROS production via NOX [188, 189, 291]. In these studies,
TSPO has been shown to increase cytosolic Ca?* levels which activates NOX via calcium-
dependent signaling mechanism resulting in ROS production in mouse retinal resident micro-
glia and mouse embryonic fibroblast cells [189, 291]. This mechanism seems counterintuitive,
given that TSPO deficiency in BTIC13 appears to elevate ROS levels. However, in line with
findings of this study, Fu and colleagues revealed that TSPO KO in GL261 mouse glioma cells
also significantly increased ROS levels [208]. TSPO might thus function as part of an antioxi-
dant response pathway, contributing to redox regulation to maintain cellular homeostasis in a
context dependent manner [188]. Further experiments are needed to investigate the role of
TSPO in redox regulation, for example during acute oxidative stress in TSPO-deficient versus
control BTIC13 cells. Additionally, it is important to consider that TSPO regulates cellular ROS
and mitochondrial ROS levels via separate mechanisms. Therefore, future experiments should

investigate TSPO'’s role in total versus mitochondrial ROS production.

Interestingly, the OXPHOS inhibitor metformin had stronger effects on the proliferation of
TSPO-deficient clones when compared to the respective control clones. This effect was espe-
cially apparent at the lower dosage of 1 mM metformin in the TSPO KO clones. This observa-
tion aligns with the finding that the TSPO KO clones show elevated levels of basal respiration
and thus are potentially more dependent on OXPHOS. However, it is important to mention that
metformin is not a selective inhibitor of OXPHOS and other targets such as AMP-activated
protein kinases (AMPKs) and the mTOR pathway have been described to inhibit the prolifera-

tion of glioblastoma cells [296].

This study reports for the first time that TSPO deficiency increased mitochondrial respiration

in primary patient-derived glioblastoma cells. Interestingly, these findings contradict previous
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research conducted in other cell culture model systems. For example, in studies involving hu-
man and mouse microglia, TSPO deficiency resulted in decreased ATP production, as well as
decreased basal and maximal respiration [204—206]. ATP production and mitochondrial respi-
ration was also decreased in the TSPO-deficient mouse glioma GL261 and human GBM1B
cells. Concomitant with that, TSPO expression in Jurkat cells with low endogenous TSPO lev-
els increased ATP production and the expression of genes involved in mitochondrial respira-
tion [207]. However, there are also alternative studies showing that TSPO deficiency had no

impact on mitochondrial respiration [156, 189, 288, 289].

These differences further highlight the complexity of TSPO’s role in mitochondrial function,
which might be dependent on species, cell type, and experimental conditions. Furthermore,
given the high heterogeneity of glioblastoma, TSPO’s impact on respiration might also vary
within different subtypes of glioblastoma. For example, it has been shown that BTICs from
mesenchymal and proneural origin differ in metabolic phenotypes. While mesenchymal BTICs
showed a preference for glycolysis and were less responsive to OXPHOS inhibition by metfor-
min, proneural BTICs metabolized glucose preferentially via the pentose phosphate pathway
and showed an elevated susceptibility towards OXPHOS inhibition [220]. Consequently, future
research is needed to directly compare the effect of TSPO deficiency on mitochondrial respi-

ration in mesenchymal versus proneural BTICs.

Overall, these findings show that TSPO plays a role in the mitochondrial respiration of BTIC13.
However, it could not be validated here that TSPO is a critical regulator for the dynamic balance
of OXPHOS and glycolysis as observed by Fu and colleagues [208]. Although the described
findings do not allow to draw definitive conclusions about TSPO’s potential as a target for
altered mitochondrial energy metabolism in glioblastoma to date, the experimental results set

a valuable starting point and pave the way for future experiments.

128



Conclusion

6 Conclusion and future perspectives

Glioblastoma represents the most common type of malignant brain tumors and in view of its
highly aggressive and complex character, patients with glioblastoma face a particularly poor
prognosis. Regarding this, the research for glioblastoma therapy is driven by the urgent need

to advance treatment options to ultimately improve the patient’s prognosis and quality of life.

In this pursuit, TSPO has recently emerged as a promising target candidate for potential glio-
blastoma therapy. The overexpression of TSPO in glioblastoma, in combination with its asso-
ciation with neuroinflammation, already positions it as a compelling non-invasive biomarker for
the detection and monitoring of both, glioblastoma tumors and the complex immune microen-
vironment surrounding it. Besides that, the involvement of TSPO in a variety of cellular pro-

cesses also implies a functional role of the protein in the malignant hallmarks of glioblastoma.

In consideration of those aspects, the primary objective of the present thesis was to reveal the
putative functional relevance of TSPO in glioblastoma and thus to assess its potential as a
novel target for glioblastoma therapy. To address this critical research question, a wide meth-
odological array was employed including various molecular techniques as well as cell culture
setups, all centered around the primary patient-derived mesenchymal tumor cell line, BTIC13.
These methodologies encompassed state-of-the-art genetic loss of function approaches, com-
prehensive examination of mitochondria-dependent and -independent apoptosis pathways,
multilayer examination of pro-inflammatory cytokine effects, and the analysis of mitochondrial

respiration.

The intrinsic heterogeneity of glioblastoma is not solely a well-recognized challenge for pa-
tients facing therapy resistance and tumor recurrence, but also for experimental analyses as
well. For this reason, it is worth noting that it significantly influenced the investigations con-
ducted within this thesis, too. Apart from that, based on the findings presented in this thesis,
TSPO has been at least partly identified to be a valuable candidate as a therapeutic target for
glioblastoma treatment. Arguments in favor of this assumption include the selective upregula-
tion of TSPO in tumor cells in response to direct contact to T cells, and following exposure to
pro-inflammatory cytokines. Together, this positions TSPO as a potential marker for effector T
cell activity in glioblastoma. Furthermore, TSPO deficiency significantly impaired cancer cell
migration suggesting that further studies investigating the role of TSPO in tumor invasion might
be of great importance. Finally, it turned out that TSPO deficiency results in elevated levels of

maximal mitochondrial respiration in our model system.

However, it is crucial to acknowledge that other findings within this study rather suggest alter-

native perspectives. For instance, the TRAIL-induced apoptosis response of cultured cells did

129



Conclusion

not solely depend on TSPO expression but is rather influenced by a multitude of tumor cell
intrinsic mechanisms in monoculture conditions. Nevertheless, when accounting for results of
co-culture experiments, it is tempting to suggest that in a more complex setting, in which apop-
tosis responses rely more on the cumulative effects of apoptosis-inducing and -sensitizing fac-

tors, TSPO deficiency could indeed prime tumor cells for T cell-mediated cytotoxicity.

In light of the various facets explored in this study, concrete conclusions regarding TSPO’s
potential as a therapeutic target still remain elusive to this point. However, it is important to
recognize that the results presented here set the groundwork for unravelling a putatively tightly
regulated role of TSPO in glioblastoma and serve as a basis for future experiments. The meth-
odology established and refined within this thesis will substantially help to undertake such ap-

proaches.

Several critical avenues for further research emerged already by the end of this study. First, it
is highly important to expand the BTIC cohort in use including a variety of mesenchymal and
proneural BTIC lines. This diversification will help to elucidate how TSPO may function differ-
ently across distinct glioblastoma subtypes. Furthermore, more extensive studies are required
to comprehensively understand the impact of TSPO on mitochondrial respiration and other
metabolic pathways within tumor cells. These insights can provide a deeper understanding of
TSPO’s role in glioblastoma metabolic biology. Finally, investigating the function of TSPO in a
more complex environment, such as sophisticated in vitro glioblastoma models (e.g., GLICO),
and certainly in vivo animal models of glioblastoma, will provide a more accurate representa-

tion of the dynamic interactions and mechanisms involved.

These advanced models and other research attempts might help to validate TSPO as a ther-
apeutic target, and if so, it becomes feasible to consider pharmacological TSPO inhibition as
part of a combinational immunotherapeutic strategy or metabolic therapy for glioblastoma
treatment. A multitude of future efforts will be essential for the ongoing search of new treat-
ments of glioblastoma to finally find successful therapy solutions offering hope to patients fac-

ing this challenging disease.
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Supplementary figure 1. Impact of TRAIL on caspase activation in TSPO-deficient bulk cells. Western blot

analysis of caspase-9 (Casp9), caspase-3 (Casp3) and PARP1 processing in shTSPO_2 Bulk compared to the
control Scr Bulk. Cells were treated with TRAIL (50 ng/ml) for 0, 1, and 3 hours. (A) Representative Western blot

of cleaved and full-length forms of Casp9, Casp3, and PARP1. Equal loading was confirmed by GAPDH expression.

(B-D) Graphs show the relative protein quantification of three independent experiments. Data are presented as the
ratio of cleaved to full-length protein of Casp9 (B), Casp3 (C) and PARP1 (D). Data are normalized to GAPDH
expression shown as mean + SD. P-values were calculated using two-way ANOVA followed by Sidak’s post hoc
test (*P <0.05).
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Supplementary figures

Supplementary figure 2. TRAIL induces cell death in KD1 and KD2. Flow cytometry analysis of TSPO KD
clones (KD1, KD2, KD3) and the control clone Scr C1. Cells were treated with 50 ng/ml of TRAIL for 1 and 3 hours
and stained with AnxV-FITC-A and 7-AAD-APC-A. Gating strategy to determine the percentage of cells in living
(% AnxV-/ 7-AAD"), early apoptotic (% AnxV*/ 7-AAD"), late apoptotic (% AnxV*/7-AAD*) and necrotic (% AnxV-
/ 7-AAD*) condition. Representative data of three independent experiments with comparable results are shown.
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Supplementary figure 3. TNFa- and IFNy-induced IL-6 and IL-8 protein secretion in BTIC13 KD bulk cells.
ELISA analysis of IL-6 and IL-8 protein levels in the supernatant of TSPO KD bulk (shTSPO_1 Bulk and shTSPO_2
Bulk) and control cells Scr Bulk. Cells were stimulated for 24 hours or 48 hours with 50 ng/ml TNFa (A, C) or
IFNy (B, D). Released IL-6 (A, B) and IL-8 (C, D) protein levels [pg/ml] were normalized to 10° cells and presented
as fold change relative to 0 hours of treatment. Cumulative data of three independent experiments are shown as
mean + SD. Asterisks indicate significant differences between KD bulk and the control Scr Bulk. P-values were
calculated using two-way ANOVA followed by Dunnett’s post hoc test (*P < 0.05; ***P < 0.001).
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