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Zusammenfassung

Das Glioblastom ist der haufigste maligne primdre Hirntumor des erwachsenen Menschen.
Weniger als zehn Prozent der Betroffenen iiberleben die ndchsten fiinf Jahre und die
Gesamtiiberlebenszeit nach Diagnosestellung betrdgt durchschnittlich 15 Monate. Wéhrend
innerhalb der letzten Jahrzehnte wesentliche Fortschritte in den therapeutischen Mdéglichkeiten
bei verschiedenen Krebsarten verzeichnet werden konnten, sind die Aussichten fiir eine
vielversprechende  Prognoseverbesserung bescheiden. Mit dem Aufkommen der
Immuntherapien wurde fiir die Therapie des Glioblastoms neue Hoffnung geschopft und einige
klinische Studien mit Checkpoint-Inhibitoren durchgefiihrt. Diese konnten bisher allerdings
ebenfalls keine effektive Behandlungsoption darstellen. Deshalb sind fortfiihrende
Untersuchungen zu den Immunresistenzmechanismen des Glioblastoms sehr sinnvoll. In dieser
Arbeit wird der Einfluss der TSPO-Expression (Translokator Protein 18 kDa) auf die T-Zell-
vermittelte Immunreaktion gegen Glioblastomzellen dargelegt. Hauptaugenmerk liegt auf der
direkten T-Zell-Krebszelle-Interaktion und auf den von diesen Lymphozyten sezernierten
Zytokinen TNFa, IFNy und TRAIL (TNF-related apoptosis-inducing ligand). Als untersuchte
Glioblastomzellen dienten Patientenspenden (BTIC, Flu-T-Zellen und TILs) und die
klassischen Glioblastom-Zelllinien U87 und U251. Es wurden Glioblastomzellen und T-Zellen
bzw. deren sezernierte Zytokine gemeinsam inkubiert und die Auswirkungen auf die TSPO-
Expression untersucht, mithilfe XTT- und Luciferase-basiertem Caspase-3/7-Assay die Rolle
von TSPO in der Inhibition der durch die Immunreaktion ausgelosten Apoptose beleuchtet und
durchflusszytometrisch die TRAIL-Rezeptorexpression auf den Glioblastomzellen bestimmt.
Die Ergebnisse sprechen fiir eine anti-apoptotische, pro-karzinogene Wirkung des TSPO auf
Glioblastomzellen und zeigen zusétzlich, dass die TSPO-Expression durch die Zytokine TNFa
und IFNy verstiarkt werden kann. Ebenfalls konnte die pro-apoptotische Wirkung von TRAIL,
die durch die Herabregulierung von TSPO verstirkt wird, als Therapie des Glioblastoms

Zukunft haben.



Abstract

Glioblastoma multiforme represents the most common type of malignant primary brain tumors
in adults. Less than 10 percent of patients live longer than 5 years and overall life expectancy
is lowered to 15 months after diagnosis. While research improved the prognosis for some
entities of cancer in the last decades, therapeutic advances for GBM generally did not yield
promising results. With the advent of immunotherapies, new hope has been raised for the
treatment of glioblastoma and clinical trials with checkpoint inhibitors have been conducted.
However, these have also failed to demonstrate an effective treatment option to date. Therefore,
continued studies regarding immune resistance mechanisms of glioblastoma are needed. In this
work, the impact of upregulated TSPO expression (Translocator Protein 18 kDa) on T cell-
mediated immune control of glioblastoma is presented. Main focus lies on the direct T cell-
cancer cell interaction and on the cytokines TNFa, IFNy and TRAIL (TNF-related apoptosis-
inducing ligand) secreted by these lymphocytes. Patient donor (BTIC, FluT cells and TILs) and
classical glioblastoma cell lines U87 and U251 serve as the glioblastoma cells studied.
Glioblastoma cells and T cells or their secreted cytokines were incubated together and the
effects on TSPO expression were investigated, using XTT- and luciferase-based caspase 3/7
assay to elucidate the role of TSPO in preventing apoptosis triggered by the immune response,
and by flow cytometry to determine TRAIL receptor expression on glioblastoma cells. The
results support an anti-apoptotic, pro-carcinogenic effect of TSPO on glioblastoma cells and
additionally show that TSPO expression can be enhanced by the cytokines TNFa and IFNy.
Likewise, the enhanced pro-apoptotic effect of TRAIL by downregulating TSPO may represent

another option for glioblastoma therapy.



1 Introduction

1.1 Glioma and Glioblastoma

Gliomas represent the most common malignant type of primary brain tumors in the central
nervous system (CNS) and are categorized in different groups, such as glioblastoma,
astrocytoma, oligodendroglioma, ependymoma and other, less common, entities. Originating
from neural stem cells, astrocytes and oligodendrocyte precursor cells (OPC), in 70 percent
they develop in the supratentorial part of the brain in adults (1,2). World Health Organization
(WHO) classifies tumors of the central nervous system by increasing malignancy in grades of
I to IV. Most range in grades of WHO 1 to III, namely pilocytic astrocytoma (I), diffuse
astrocytoma (II) and anaplastic oligodendroglioma (III). Glioblastoma multiforme (GBM) is
described as WHO 1V as this type of astrocytic glioma additionally shows microvascular
proliferation, necrosis or both (1). Not only does GBM represent the glioma entity with the
highest malignancy, it also is the second most common malignant tumor of the central nervous
system and has one of the worst prognoses in the spectrum of cancers. Symptoms often appear,
once GBM gained a large size, in form of headaches, nausea, change of personality, memory
loss and seizures (3). The development of this full picture usually occurs within a few weeks to

months and accordingly leaves little time for fully comprehensive therapeutic measures (1).

Few etiologies are known as causes of glioblastoma. In addition to less common genetic
diseases such as neurofibromatosis, Li-Fraumeni syndrome, and tuberous sclerosis, smoking
and working in rubber manufacturing are known risk factors (4). However, members of
Herpesviridae (CMV and HHV6) have also been associated with GBM (5,6). In contrast, the
use of cell phones has been ruled out as problematic (7). Circa 90 percent of GBM develop de
novo (primary GBM), only 10 percent evolve from low-grade astrocytoma or anaplastic
astrocytoma (secondary GBM) (8). In patients older than 50 years, mostly primary GBM are
diagnosed, while secondary GBM is more common in younger patients (9). Latter emerges

from lower-grade glioma, LGG (WHO II-III) (10).

Therapeutic approaches consist of resection of the tumor, as well as radiation-, chemo- and
immune therapy. Primarily, MRI is used to detect glioblastoma and plan further interventions.
If the tumor is located inconveniently or the CNS is multifocally affected, stereotactic biopsy
is performed for histopathologic evaluation. Surgical (partial) removal of glioblastoma is often
performed with 5-ALA (5-aminolevulinic acid) given perorally beforehand to distinguish
healthy brain tissue from tumor tissue, as the latter converts the drug more intensely and thus

becomes visible as stronger fluorescence (3,11).
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In the therapeutic course, radiation therapy (RT) or radio-chemotherapy is the next step. Here,
the cranium is irradiated with 30 x 2 Gy = 60 Gy while 75 mg/m? of temozolomide (TMZ) are
administered concomitantly. However, depending on the patient’s condition, radiotherapy can
be dispensed with and TMZ can be given exclusively (3). TMZ is the leading chemotherapeutic
agent in treatment of GBM. It alkylates N’ and O° of the guanine bases in DNA, causing
apoptosis through DNA damage. TMZ was proven to suppress tumor growth, but circa 55
percent of patients hold a resistance and almost every patient develops the latter during
chemotherapy. Decisive reason for this is found to be the O°-methylguanine-DNA
methyltransferase (MGMT) repair system, which removes methyl- and alkyl residues from the
DNA, thus impairing the efficacy of TMZ (12). Therefore, patients > 65-70 years with GBM
are screened for MGMT methylation, which shows a sensitivity for TMZ as methylated MGMT
is inactive in its DNA repair function. If MGMT is unmethylated at this older age,
administration of TMZ is omitted and hypofractionated radiotherapy with 15 x 2,66 Gy = 40
Gy follows. Therapy including surgery, administration of TMZ and RT is summarized as

Standard of Care (SOC) (3).

The prognosis for GBM patients is unfavourable. Circa 2,6 percent live longer than 10 years
and mean overall survival is lowered to 15 months after diagnosis. Patients with secondary
GBM experience 31 months of average survival (10). In comparison, pilocytic astrocytoma
(WHO 1) survival rate after 10 years ranges at 90 percent, WHO II tumors between 37 and 62
percent and WHO III at around 19 to 39 percent. (1).

Since lymphocytes proliferate strongly in a situation-adapted manner, they are very susceptible
to DNA damage and corresponding apoptosis. TMZ can therefore lead to a relevant
lymphopenia, and this effect is further enhanced by radiotherapy. Nevertheless, TMZ enhances
anti-tumor effect of immune cells in human studies (12) and usage of TMZ in a therapy regimen
averagely enhances the survival of the patient by 2 to 3 months (13). Despite optimal care
glioblastoma has a high rate of recurrence (14). Therapy of the recurrent GBM consists of, if
possible, further surgery, once again administration of TMZ and, different to newly occurring
GBM, also administration of the alkylane Lomustine and the VEGF-antibody Bevacizumab
(3,15).



1.2 Immune resistance mechanisms in Glioblastoma

As “multiforme” implies, GBM behaves heterogeneously in macroscopic (necrosis,
haemorrhage, cystic and gelatinous areas), microscopic (microvascular proliferation, pseudo-
palisading necrosis) and genetic aspects (16). It presents a diverse distribution of genetic
aberrations among the cells in the tumor (17,18). Using these differences, GBM is classified
into proneural, classical or mesenchymal subtypes. Earlier theories included the neural type as
well, which existence remains controversial (19). While mutations in PDGF-RA, TP53 and
IDH are common for the proneural type, mutations of EGFR and NF1/TP53 stand for the
mesenchymal and classical types (20). Secondary glioblastoma carries a mutation in IDH
(IDH™"), which causes an increment in production of cell-damaging reactive oxygen species
(ROS) (21), contributing to the better prognosis of the secondary type. Another reason for the
better outcome in patients with this entity developed from LGG lies in its classification as
proneural, while primary, IDH"', GBM can develop from all three subtypes. Mesenchymal and
classical GBM show the poorest prognoses (16,20). In multiple cases, subtype status changes
in recurring GBM, here, proneural-mesenchymal-transition (PMT) resembles tumor
progression (19) similar to the epithelial (EMT) in other cancers (22). Loss of heterozygosity
(LOH), which often appears in GBM, enhances the tumorigenic potential of GBM by partial
inactivation of Apaf-1 and thereby negatively regulates p53-mediated apoptosis (23). GBM
cells especially express higher levels of Indoleamine 2,3-Dioxygenase (IDO) than LGG,

correlating with poor prognosis (24).

In addition to molecular alterations, glioblastoma multiforme has developed several strategies

to evade the immune system, which further contributes to therapy resistance.

1.2.1 Immune Tumor Microenvironment (iTME)

The blood-brain barrier (BBB) preserves the homeostasis of the CNS, by endothelial tight
junctions and a set of drug efflux pumps, through excretion of cytokines PGEz, and IL-10, both
influencing intercellular matrix, and TGFp, restricting regional immune responses (25). But,
contrary to earlier hypotheses, the brain is not an immune privileged organ, as it maintains a
high level of interaction with the immune system (26) and even a lymphatic system was
discovered to be involved in the CNS. A few years ago, it was demonstrated that the CNS is
connected to deep cervical lymph nodes, T cells and antigens circulate between these and the
cerebrospinal fluid (CSF)-containing perivascular space. This mechanism overcomes the
blood-CSF-barrier, enabling the recognition of tumor cells in the CSF as well (27). Integrity of

the blood-brain-barrier is reduced in inflammatory states, allowing increased interaction of the
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CNS with the lymphatic system (25), yet still poses an immense problem for bioavailability of
chemotherapeutics (28). GBM maintains an immunosuppressive tumor microenvironment to
promote expansive growth while evading interaction with immune cells. Tumor associated
macrophages (TAM), also referred to as microglia, in the Immune Tumor Microenvironment
(iTME) are involved in the immune response against glioblastoma, which are classified into
M1 (pro-inflammatory) and M2 (anti-inflammatory) microglia. This distinction can be made
under in vitro conditions, with macrophages ranging on a spectrum of different immune
activities (10). These two types can be distinguished by their different protein expression:
CD86, co-stimulator in the T cell-APC synapse (29), IL-1p and TNFa represent the M1 type,
CD206 (mannose receptor) (30), IL-10 and TGFp represent the M2 type (31). M1 macrophages
are stimulated by IFNy, M2 by immunosuppressive cytokines such as IL-4, -10, -13 (10,32). In
the iTME, enrichment of immunosuppressive regulatory T cells (Tregs) and neutrophil-
activating Th17 cells is controlled context-dependent regarding other immune cells and
microenvironmental stimuli like cytokines. GBM is capable of shifting between Treg and Th17
prevalence (33), whereas latter induces chronic inflammation, interestingly contributing to
tumor expansion (25). Apart from the iTME, GBM expresses ligands on its cell surface to

escape the immune system.

1.2.2 PD-L1/PD-1 expression in GBM

One of the several reasons for the immune evasive capability of GBM is the expression of
immunosuppressive Programmed Death-Ligand 1 (PD-L1) on tumor cells. PD-L1 (CD274)
interacts with its receptor Programmed Death 1 (PD-1) on T cells and triggers SHP-2
phosphatase to be recruited to the cytoplasmic immunoreceptor tyrosine-based switch motif
(ITSM) domain of PD-1. (34,35). This interaction causes T-cell dysfunction by decreasing the
production of cytokines and cytotoxic molecules and by increasing the expression of pro-
apoptotic genes in the cytotoxic T-cells (35). The PD-L1/PD-1 axis promotes generation of
Treg by maintaining the expression of Foxp3 (36), impairs T-cell function and induces
apoptosis in T cells, therefore restraining autoimmunological reactions (12,25). PD-1 is highly
expressed by activated T cells and causes a negative regulation of the immune response by
interacting with overexpressed PD-L1 on glioblastoma cells and microglia (25). TMZ
upregulates PD-L1 (37), but even though more than 88 percent of newly diagnosed and 72
percent of recurrent GBM express PD-L1, this has neither positive nor negative effect on
survival (12,38). Other initiators of PD-L1 expression are interferon gamma (IFNy) and tumor

necrosis factor alpha (TNFa). IFNy binds to its receptors IFNGR1 and IFNGR2 and activates
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PD-L1 mRNA transcription via Interferon regulatory factor 1 (IRF1) involving the JAK/STAT-
axis (38). NF-kB-induced CSNS inhibits ubiquitination and thus degradation of cytosolic PD-
L1 (39,40). Toll-like receptors (TLR) are evolutionary well conserved receptors which
recognize pathogen-associated molecular patterns (PAMPs) and initiate an immune response.
In the iTME of GBM, heat shock proteins released by tumor cells function as agonists,
mimicing those molecular motifs originating from microbes. Via My88-pathway, PD-L1

transcription in the GBM cells is enhanced, contributing to immune resistance (25,40).

1.2.3 TRAIL resistance

TRAIL (TNF-related apoptosis inducing ligand) is a pro-apoptotic cytokine and is able to
trigger apoptosis by binding to death receptors TRAIL-R1 (DR4) and TRAIL-R2 (DRS5). The
homotrimerized TRAIL/TRAIL receptor-complex recruits FAS-associated death domain
protein (FADD) and further pro-caspase 8, forming the death-inducing silencing complex
(DISC) (41). Through ubiquitination, caspase 8 aggregation at the DISC is enhanced. DISC
cleaves pro-caspase 8 allowing activated caspase 8 to cleave caspase 3, initiating extrinsic
apoptosis. Caspase 8 also causes direct execution of apoptosis by mitochondrial cytochrome c
release after initiating the formation of pores in the outer mitochondrial membrane (41). One
important regulatory mechanism consists of the caspase 8 homologue c-FLIP (FLICE-like
inhibitory protein). c-FLIP competes with caspase 8 for binding to FADD, but is not capable of
cleaving caspase 8. Consequently, c-FLIP is found to be upregulated in cancers as a resistance
mechanism (42). GBM resists pro-apoptotic modulation by TRAIL. It has been discussed as a
promising therapeutic pathway for decades (43), as it shows effect on a wide spectrum of tumors
and exerts no cytotoxicity in healthy cells (41). TRAIL-R expression is not detectable in healthy
brain tissue, while TRAIL-R1/-R2 are expressed on glioblastoma cells, and, contradictory, even
higher in cells with higher malignancy. TRAIL-R3/-R4 are decoy receptors and are expressed
on oligodendrocytes and neurons, functioning by competing for their cognate ligands like
TRAIL, effectively decreasing its concentration at TRAIL-R1/-R2. TRAIL-R expression of
tumor cells and survival are positively correlated. Elevated expression of TRAIL-R3/-R4,
decreased expression of TRAIL-/TRAIL-R downstream proteins like Caspases and FADD and
overexpression of c-FLIP contribute to the intrinsic TRAIL resistance of glioblastoma cells
(44,45). Radiation (46) and chemotherapy (47) can cause an upregulation of TRAIL receptors,
resulting in an intensified cytotoxic effect of TRAIL (44).
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1.3 Clinical trials of immune checkpoint inhibitors and concepts in GBM therapy
In the last decades, immune therapies have been showing an immense rise in treatment of
different types of cancer such as melanoma (48), NSCLC (49) and lymphoid malignancies (50)
but in the case of GBM, effectiveness of immunotherapeutic options is still insufficient (20).
One well-studied option is immune checkpoint inhibition (ICI), mediated by the administration
of monoclonal antibodies against, for instance, PD-1, PD-L1 or CTLA-4. In melanoma,
Nivolumab and Pembrolizumab (anti-PD-1) have been proven as effective. In combination with
anti-CTLA-4 monoclonal antibody Ipilimumab a response rate of 47 percent in melanoma was
observed (12). CTLA-4 binds CD80/86 to negatively regulate co-activation during MHC-TCR
interaction (51). While PD-1 inhibitors showed high response rates of 87 percent in patients
with Hodgkin’s lymphoma, cancers of solid organs like GBM are less affected by this new
therapeutic strategy with percentages ranging between 15-40 (34).

For PD-1-inhibitors, three major phase III studies with antibodies recently failed. CheckMate
143 (NCT02017717) was a multicentric, randomized trial in phase III and compared 369
relapsed patients with GBM. Patients were randomized 1:1 to a treatment with Nivolumab (anti-
PD-1-ab) or Bevacizumab (anti-VEGF-ab). The primary endpoint, improved mean overall
survival (mOS), was not reached, as the effects were comparable with 9,8 months for patients
treated with Nivolumab (95% CI, 8,2-11,8) and 10,0 months for patients treated with
Bevacizumab (95% CI, 9,0-11,8). (34,52). CheckMate 498 (NCT02617589) was a multicentric,
randomized trial in phase Il and compared 560 newly diagnosed patients (in comparison to
recurrent GBM in CheckMate 143) with MGMT-unmethylated GBM. Patients were
randomized 1:1 to a treatment with Nivolumab and radiation therapy (RT) or TMZ and RT.
The primary endpoint, improved mean overall survival (mOS), was not reached, with 13,4
months for patients treated with Nivolumab + RT (95% CI, 12,62-14,29) and 14,88 months for
patients treated with TMZ + RT (95% CI, 13,27-16,13) (53). The third major multicentric,
randomized trial in phase I1I, CheckMate 548 (NCT02667587), compared Nivolumab and SOC
with placebo and SOC in 693 patients with newly diagnosed, MGMT-methylated (in opposition
to CheckMate 498) GBM. Usage of Nivolumab did not increase mOS with 28,9 months (95%
CI, 24,4-31,6) for Nivolumab and 32,1 months for SOC (95% CI, 29,4-33,8) (54,55).

One reason for failure of therapy was described as radiation therapy-induced lymphopenia and,
similar to TMZ, radiation affects rapidly proliferating cells as well (55). Other adverse effects
of ICI themselves are electrolyte changes and fluctuations in cell counts, but also autoimmune

disorders of the kidneys and adrenal glands, liver, lungs, pituitary gland and intestines, which
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take a long time to treat; there is also an increased risk for development of type 1 diabetes

mellitus (56).

Therapeutic effect of Ipilimumab in recurrent GBM was examined in a phase I study for
tolerability and safety. Combination of Ipilimumab and Nivolumab generated more adverse
effects than Nivolumab alone. This potentially emerges from the involvement of CTLA-4 in

the early activation of T cells as it promotes the CD28-CD80/86-co-stimulation (55).

1.4 Translocator protein (TSPO)

1.4.1 Characterization of TSPO and its role in Glioblastoma

Over four decades ago, another benzodiazepine-binding site outside of the CNS was found. To
differ this new receptor from known GABA, which acts in the CNS and was therefore called
central-type benzodiazepine receptor (CBR), it was analogously named PBR for peripheral-
type benzodiazepine receptor. PBR was discovered to consist out of VDAC, voltage-dependent
anion channel (32 kDa), ANT, adenine nucleotide transporter (30 kDa) and IBP, isoquinoline-
binding protein (18 kDa). As nomenclature was not used consistently among the research
groups, IBP was renamed ‘Translocator Protein 18 kDa’ (TSPO) (57). The complex of TSPO,
VDAC and ANT is located in the mitochondria. Here, ANT forms a channel in the inner
mitochondrial membrane (IMM) and is connected to VDAC in the outer mitochondrial
membrane (OMM). TSPO is an evolutionary well conserved, highly hydrophobic protein
complex with five alpha-helical transmembrane domains (58), and is found in a wide variety of
other animals (57). The complex of TSPO, VDAC and ANT serves several important functions
in cell biology, such as transport of cholesterol and therefore is involved in steroid synthesis
and regulation of apoptosis (20). TSPO also prevents the accumulation of Protoporphyrin IX
(PPIX) (59), which causes erythropoietic protoporphyria in patients with ferrochelatase-
deficiency (60). As its knockout causes embryonic death in mice, TSPO seems to be involved
in vital cell functions (57). TSPO is expressed by microglia, endothelial cells, pericytes and

tumor cells in GBM tissue (61).

Currently, TSPO is primarily used as a biomarker for diagnosis and prognosis of brain lesions
in PET-Scans. TSPO serves this role remarkably as it is hardly detectable in healthy brain tissue,
but up to 15 times higher in glioma cells and its expression positively correlates with
malignancy (62). Several studies have shown that upregulated TSPO also correlates with a

higher rate of proliferation, worse prognosis and lower life expectancy (17).
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A variety of TSPO ligands was developed. However, the pharmacodynamics of TSPO ligands
such as PK 11195, Ro5-4864, DPA-714 and FGIN-127, are discussed controversially as their
role as agonists or antagonists is not clear (58). In PET imaging, [''C]PK11195, TSPO
antagonist (17,63), is frequently used and displays increased activity in neurodegenerative
diseases, stroke and in traumatic brain injury (64,65). PK 11195 yields a 2-fold higher detection
rate in glioma in the first trial, and astrocytoma of low grade was able to be differentiated from
gliomata that were showing characteristics of GBM. But, PK 11195 is not ideal as it possesses
a low bioavailability (17). ["*F]DPA-714 was shown to be at least equivalent to distinct
neuroinflammatory states (66), as the former exhibits a higher nonspecific binding and shorter
half-life (20 minutes) (67). Ro5-4864, another PET tracer, on the other hand is classified as
TSPO agonist (68).

Downregulation of TSPO causes a lower oxygen metabolism, lower ATP levels, and takes part
in the modification of fatty acids in production of steroidogenic hormones. It is involved in the
generation of ROS and restrains mitochondrial autophagy, following a lower rate of
ubiquitination in the cell (58). Also, TSPO has an effect on the invasiveness of GBM.
Application of PK 11195 or a knockdown of TSPO in U118 GBM cells led to a decreased
adhesion to extracellular matrix and as genes coding for adhesional mechanisms are
downregulated and TSPO is found to be translocated to the nucleus, it might affect cells at a

genetic level (17,69).

Proliferative effects were described for TSPO: in rat glioma, TSPO upregulation correlated with
higher rate of proliferation and in a human astrocytoma cell line, lower TSPO levels were
observed together with lower ability of proliferation. As TSPO ligands affect biosynthesis of

steroid hormones, changes in rate of proliferation may be achieved by influencing TSPO (17).

1.4.2 Role of TSPO in apoptosis

As mentioned in the previous section, TSPO is of high importance for essential cell functions.
The mitochondrion holds an essential role in apoptosis and with TSPO located in the OMM, it
is able to exert regulative functions in programmed cell death. During the late stage in apoptosis,
mitochondrial permeability increases via opening of the mitochondrial permeabilization
transition pore (mPTP). Consequently, cytochrome c is released and the caspase cascade would
be initiated or continued. TSPO may be a part of this pore and could regulate its opening, thus
alleviating resistance caused by Bcl-2 (17). The Bcl-2 family consists of several anti-apoptotic

members like Bcl-2 itself, while pro-apoptotic Bax enhances mitochondrion-linked apoptosis
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(70). Likewise, mPTP may be important for the treatment of traumatic brain injury with
etifoxine, a nonbenzodiazepine anxiolytic and TSPO ligand (71). However, there are
controversial reports on the involvement of TSPO in mPTP (20). Competition for the TSPO-
binding site blocks its apoptotic effects. For example, the pro-apoptotic effect of glutamate is
not exerted when TSPO is downregulated. PK 11195 reduces anti-apoptotic effects of Bcl-2.
While many different ligands cause mitochondrial membrane permeabilization, cytochrome ¢
release and apoptosis, the binding site of the ligand is crucial to its impact as it was shown that
the TSPO ligand Ro5-4864 binds differently and has no effects on apoptosis (17). TSPO
downregulation directly lowered apoptosis rate, while PK 11195 induced apoptosis in
neuroblastoma and leukemia cells. Collapse of the mitochondrial membrane potential causes
apoptosis via the caspase system. Off-target effects of TSPO ligands also have to be taken into
consideration as PK 11195 and Ro5-4864 cause opposing effects in case of apoptosis (20).
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2 Aim of the thesis

Glioblastoma is considered one of the most malignant tumors and has a poor prognosis. Recent
developments in immunotherapeutic strategies hold promise. However, due to the poor clinical
efficacy of these approaches, further possibilities and causes of therapeutic resistance are being
investigated. GBM has evolved several mechanisms such as expressing immune checkpoint
inhibitors and thereby evade the immune system. At the same time, GBM upregulate the
expression of the mitochondrial protein TSPO. In my thesis I aim to investigate the role of
TSPO in T cell immune control of glioblastoma. To this end, I used co-culture models of
primary glioblastoma cells of different subtypes and assessed the quantity of TSPO-mRNA
following treatment with cytotoxic T cells (FIuTC and tumor-infiltrating lymphocytes (TILs))
or supernatant of activated T cells. Next, I determined the main T cell derived agents
responsible for TSPO upregulation by blocking the effects of the cytokines TNFa and IFNy.
Then, I measured TRAIL expression and secretion of T cells in increasing states of activation
to estimate the level of potential TRAIL concentrations in vivo. Further, I determined Fas, DR4
and DRS5 expression on classical glioblastoma cell lines U87 and U251 to elucidate their
susceptibility to T cell attack and TRAIL. Finally, I downregulated TSPO expression in U87
and U251 cells by using TSPO-specific siRNAs and study the effects on T cell- or TRAIL-
mediated cytotoxicity and activation of the caspase cascade as indicators for enhanced apoptotic

activity, in order to present TSPO as a relevant protagonist in immune resistance of GBM.
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3 Results

3.1 Correlation between the expression of 7SPO and T cell markers or TNF/IFNy
receptors in GBM

To find out whether 7SPO expression in glioblastoma correlates with T cell infiltration, TCGA-
GBM data was analyzed using GEPIA webserver. Correlation between TSPO mRNA
expression and expression of T cell marker genes are displayed in Figure 1. The R for
correlation between 7SPO values at R = 0,32 for CD3E, R = 0,38 for CD4, R = 0,24 for CD8A,
R =0,31 for Granzyme B and R = 0,23 for Perforin 1. The results show that the 7SPO gene and
all studied T cell markers are positively correlated. Additionally, 7SPO expression positively

correlated with IFNGRI1, TNFSF1A4 and TNFRSF 1B expression in GBM.
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Figure 1: Correlation between 7SPO gene and genes of immune relevant agents. Pearson correlation of 7SPO gene and
CD3E, CD4, CD8A, GZMB, PRF1, IFNGR1, TNFRSF1A4 and TNFRSF'1B genes in TCGA-GBM dataset. Log scale was used
for visualization and non-log scale for calculation, counts in transcripts per million (TPM). All results are significant as p <

0,05. Results taken from gepia.cancer-pku.cn.

3.2 Co-culture of glioblastoma cells and FluTC

To investigate the role of TSPO in cytotoxic T cell-mediated killing of glioblastoma cells, I
used an in vitro co-culture model where I set primary or classical glioblastoma cells as target
cells for Influenza (Flu) antigen-specific CD8+ T cells (FIuTC). These react specifically to the
Flu-antigen (Flu-peptide). Flu antigen is added to the HLA-A2+ tumor cells in order to replace
self-peptides presented on HLA-A2 molecules. When the TCR of the FIuTC recognize the Flu-

antigen loaded HLA-A2, FluTC then secrete cytotoxic effector molecules like Perforin and

17



Granzyme B, TNFa and IFNy (Figure 2A). To generate FluTC, my supervisor isolated CD8+
T cells from peripheral blood mononuclear cells (PBMCs) of an HLA-A2 positive donor and
expanded them antigen specifically with Flu peptide and low dose IL-2 and IL-15.
Subsequently, I FACS-sorted FIuTC using FACS pentamer staining and expanded
CD8+/Pentamer+ cells in the presence of CD3 antibody and IL-2 (Figure 2B). FIuTC were
expanded by 200-fold and FACS analysis displayed circa 80 percent of live lymphocytes are
both positive for CD8 and Flu-specific TCR.
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Figure 2: Co-culture of HLA-A2+ tumor cells and CD8+ FluTC and FACS analysis of FluTC. (A) FluTC
kill tumor cells by secretion of Perforin, Granzyme B, TNFa and IFNy after recognizing high affinity Flu-peptide
presented by HLA-A2. Scheme was generated by my supervisor Ayse Nur Menevse using BioRender.com. (B)
FACS analysis of Flu-pentamer and CD8 antibody-stained T cells after expansion. All samples were gated on

lymphocytic, single, live cells.
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3.3 Impact of T cells and T-cell derived cytokines on TSPO expression in BTICs

To analyse if TSPO expression can be upregulated in glioblastoma cells when they encounter
immune effector cells like FIuUTC or by their secreted effector molecules, I set up co-culture
experiments using primary glioblastoma cell lines BTIC13 (mesenchymal type) and BTIC129
(proneural type). Both cell lines were treated with supernatant of activated T cells to measure
the effect of e.g. cytokines secreted by activated cytotoxic T cells on TSPO expression. Since
BTIC13 and BTIC129 were identified to be HLA-A2 positive, experiments with FIuTC were
possible. They were pulsed with Flu peptide in concentrations of 0,001 pg/mL, 0,0001 pg/mL
and 0,00001 pg/mL and then co-cultured with FIuTC in the same amount as the tumor cells to

observe the effects of antigen-specific cell killing on the TSPO expression.

Control medium (CLM) was used to monitor the basal level of TSPO expression in BTICs.
After 24h incubation the cells were collected and TSPO mRNA expression was analysed by
real-time qPCR (Figure 3A-3B). The results revealed a 2-3-fold induction of TSPO mRNA by
treatment with activated supernatant of FIuTC in both cell lines and treatment with supernatant
of activated TIL129 in BTIC129. Treatment with Flu peptide in concentrations of 0,001 pg/mL
and 0,0001 pg/mL induced TSPO expression in BTIC13 and BTIC129 while upregulation was
lower for the cells treated with a lower concentration of Flu peptide. The lowest peptide

concentration in BTIC13 and the TIL129-treated BTIC129 did not cause an induction.

Because the results of this experiment showed T cell mediated upregulation of TSPO
expression, we speculated whether TNFo and [FNy secreted by T cells are responsible for this
phenotype. First of all, ELISA was performed to quantify the amounts of TNFa and IFNy in
the co-culture media that was collected together with the treated BTIC13 and BTIC129 cells
that were analyzed in Figure 3A-3B (Figure 3C-3F).

Both cytokines were not detected in the samples pulsed with 0,00001 pg/mL Flu peptide and
in the sample with tumor cells alone (CLM). 8 ng/mL of TNFa and 110 ng/mL of IFNy were
detected in the supernatant of activated FIuTC for BTIC13, 3 ng/mL of TNFa and 120 ng/mL
of IFNy for BTIC129 samples. In the supernatant of the sample pulsed with 0,001 pg/mL Flu
peptide and FluTC 0,6 ng/mL of TNFoa and 3 ng/mL of IFNy for BTIC13 and 0,04 ng/mL TNFa
and 3 ng/mL of IFNy were detected. The supernatant of the sample treated with 0,0001 pg/mL
and FluT shows, with 0,1 ng/mL TNFa and circa 1,5 ng/mL IFNy for BTIC13 and no detected
TNFa and 0,1 ng/mL IFNy for BTIC129, less cytokines than the supernatant of the sample
treated with the next higher concentration. For the co-culture samples of BTIC129 with TIL129
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9 ng/mL of TNFa and 150 ng/mL of IFNy were detected (Figures 3E-3F). A microscopically
visible higher cytotoxic effect in the wells treated with the highest concentration of Flu peptide

was observed just before the cells were detached for analysis.
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Figure 3: Impact of T cells and T-cell derived cytokines on TSPO expression in BTICs. (A) BTIC13 were
treated for 24h either with only activated supernatant of FluT D11 cells or were pulsed for 1h with Flu peptide in
varying concentrations and then co-cultured with 1:1 FluT D11 cells. (B) BTIC129 were treated for 24h with
activated supernatant of FIuT D11, activated supernatant of TIL129, TIL129 cells, or were pulsed with two
different concentrations of Flu peptide for 1h and were then co-cultured with 1:1 FluTC. (A-B) CLM was used as
a control. mRNA expression of TSPO was analysed by qPCR. Three independent experiments were compiled and
TSPO expression was normalized to CLM treated cells. (C-F) Compiled results of three independent ELISA for
TNFa and [FNy of (C-D) BTIC13 experiments, (E-F) for BTIC129 experiments. Cell media of the differently
treated BTIC13 and BTIC129 samples analysed for TSPO expression were collected 24h after the co-
culture/treatment. For each sample duplicates were analysed, except for the third sole experiment of BTIC13,
where triplicates were used. No cytokines were detected in the CLM sample and the sample with lowest
concentration of Flu-peptide. Error bars indicate +/- SD. P-values were calculated using two-tailed paired student’s
t-test. * =p < 0.05, ** =p < 0.01, *** = p < 0.005, **** = p < 0.001. The experiment for TSPO induction in

BTIC13 was performed by technical assistants Nicole Heuschneider and Jasmin Miihlbauer.
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3.4 Impact of TNFR/IFNGR blockade on TSPO and PD-L1 expression in BTICs

After showing that TNFa and IFNy levels correlate with TSPO expression in BTIC13 and
BTIC129, I investigated if TSPO expression is ultimately upregulated by TNFa and IFNy or by
other factors secreted by immune cells as well (Figure 4). Thus, neutralizing antibodies were
added to the supernatant of activated FluTC to bind TNFa and IFNy, to eliminate the effect of
these cytokines on any potential modulation of TSPO expression in BTIC13. These were seeded
and treated one day later with TNFa- and/or IFNy-neutralized supernatants. Supernatant was
incubated for 2h either with anti-TNFa-, anti-IFNy- or both antibodies. IgG treated supernatant

was used as control and plain CLM to measure the basal level of TSPO and PD-L1-expression.

To determine which concentration of neutralizing antibody works most efficiently, the
supernatant of activated FIuTC was incubated for 2h with concentrations ranging from 0,625
ug/mL to 20 pg/mL, followed by ELISA to measure the concentrations of the TNFa and IFNy
that could not be neutralized (Figure 4A-4B). Analysis revealed that no TNFa was detected in
the supernatants treated with any tested concentration, while IFNy was reduced by circa 60%,
independent of the amount of added anti-IFNy-AB. Because these results prove all tested
concentrations of antibodies as equally efficient, 2,5 pg/mL was set as the working
concentration in the supernatants used for the setup where BTIC13 were to be treated with
various cytokine-depleted supernatants. Cells were co-cultured with the AB-treated
supernatants for 24h, then cell medium and cells were collected. Cell pellets were analysed by
gPCR for mRNA expression of TSPO and PD-L1 (Figure 4E). PD-L1 expression acted as a
positive control as it is known to be upregulated if TNFa and IFNy bind to the cellular receptor
(8). In the sample treated with IgG-incubated supernatant TSPO expression increased by 2,5-
fold and PD-L1 expression by 10-fold compared to the cells exposed to CLM. Neutralization
of one cytokine alone induced TSPO expression by circa 2-fold and PD-L1 expression by 5-
fold, both antibodies together resulted in a 40 % induction in TSPO and 4-fold induction in PD-
L1 expression in comparison to CLM. Supernatants were analyzed by ELISA for remaining
cytokines (Figure 4C-4D). While TNFa was not detectable in the samples treated with anti-
TNFa-antibody, anti-IFNy-antibody treated samples contained circa 40 % of IFNy in
comparison to control. These findings are similar to the results of the experiment depicted in

Fig. 4A-4B.

Because the expression levels of the CLM-treated and anti-TNFa and anti-IFNy treated cells
were not even, therefore not supporting the hypothesis that TNFa and IFNy are the ultimate

mediators of TSPO upregulation, another way to neutralize the effects of these cytokines on
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BTIC13 was used. Here I treated the cells with either anti-TNF-R1-, -R2-, IFNG-R1- or all
three antibodies in order to fully block any effect of both cytokines. BTIC13 were seeded and
incubated on the next day with the respecting set of blocking antibodies for 30 min prior to
supernatant treatment. For basal TSPO expression CLM treated cells were included as a control.
After 24h incubation, TSPO expression was analysed by qPCR (Figure 4F). Supernatant
treatment in [gG-incubated cells induced TSPO expression by 2,5-fold and PD-L1 expression
by 10-fold. Treatment with anti-TNF-R1 antibody resulted in an induction by 2-fold of TSPO-
and by 5-fold in PD-L1 expression, with anti-IFNG-R1 antibody in an induction of 25% in
TSPO- and 2,5-fold in PD-L1 expression compared to basal level. Treatment of supernatant
with all three antibodies completely abrogated supernatant-induced TSPO and PD-L1
expression as their expression was measured to be the same in the cells treated with CLM.
Treatment with anti-TNF-R2 antibody showed a similar TSPO expression as incubation with
IgG and for PD-L1 an even higher value than IgG. The experiment was repeated with BTIC129
(Figure 4G). Supernatant treatment in IgG-incubated cells induced TSPO and PD-LI
expression similarly to the results with BTIC13. Treatment with anti-TNF-R1 antibody resulted
in an induction of TSPO expression to the same level as IgG treatment and increased by 7-fold
in PD-L1 expression, with anti-IFNG-R1 antibody in an induction of 2-fold in TSPO- and 5-
fold in PD-L1 expression compared to basal level. Treatment of supernatant with all three
antibodies resulted in an increase of 66% in TSPO expression and 4-fold in PD-L1 expression
compared to the cells treated with CLM. Treatment with anti-TNF-R2 antibody showed an even
higher value for TSPO and PD-L1 expression than IgG.
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Figure 4: TSPO and PD-L1 expression of BTIC13 and BTIC129 after receptor blocking treatments.

(A-B) ELISA for TNFa and IFNy of supernatant containing antibodies against TNFa or IFNy in concentrations

ranging from 0,625 pg/mL to 20 pg/mL. (C-D) Compiled data from 3 independent ELISA experiments.

Supernatants were previously treated with 2,5 pg/mL of a-TNFa antibody and/or 2,5 pg/mL of a-IFNy antibody.

(A-D) After 1h of incubation remaining cytokines were measured by in pg/mL, IgG was used as control. (E)

Impact of cytokine-neutralized supernatant on TSPO and PD-L1 mRNA expression in BTIC13 (F) Impact of

cytokine-receptor-blocking of BTIC13 and treatment with supernatant of FluT D11 cells on TSPO and PD-LI

mRNA expression (G) Impact of cytokine-receptor-blocking of BTIC129 and treatment with supernatant of

TIL129 on TSPO and PD-L1 mRNA expression, (E-G) compiled out of three independent experiments. Values

were normalized to IgG. Error bars indicate +/- SD. P-values were calculated using two-tailed paired student’s t-

test. ¥ =p <0.05, ** =p <0.01, *** =p <0.005, **** =p < 0.001.
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3.5 TRAIL expression on FluT and TILs and its secretion after activation
Previously, my supervisor proved increased T cell- and TRAIL-mediated killing of primary
glioblastoma cells if TSPO is downregulated. In these experiments TRAIL was used as
additional treatment in kill assays. These findings and a part of the data discussed in this thesis
were published in Acta Neuropathologica Communications (72). To determine the expression
of TRAIL, FACS staining of non-activated, CD3-activated and CD3/CD28 (fully)-activated
FIuTC and TILs was performed (Figure 5A). Results show that the sole activation by CD3
increased the TRAIL expression compared to non-activated cells. Full activation resulted in an
additional increase of TRAIL positive cells compared to CD3-activation. To quantify the
amounts of soluble TRAIL secreted, supernatants of fully activated cells and of non-activated
cells were analysed by ELISA. Results show that fully activated FIuTC secreted with 9 pg/mL
nearly 2,5 times more TRAIL than fully activated TILs with 4 pg/mL, while non-activated
FIuTC only show slight secretion of TRAIL (1,8 pg/mL) and non-activated TILs show none
(Figure 5B).
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Figure 5: TRAIL expression on FluT D11 and on TIL129, TRAIL secretion of activated FluT D11 and
TIL129. (A) TRAIL on FluT D11 and TIL129 was stained and analysed by FACS. Some cells were previously
activated with CD3 and/or CD28. (B) Out of three experiments compiled ELISA of supernatants of CD3/CD28
activated FluT D11 and TIL129 and supernatants of non-activated FluT D11 and TIL129 cells. Secretion of

cytokines in pg/mL. Error bars indicate +/- SD.
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3.6 Characterization of U87 and U251 cells

As mentioned above, our group showed the tumor protective role of TSPO in primary
glioblastoma cells. To validate this phenotype in classical glioblastoma cell lines, I reverse
transfected U87 and U251 cells with TSPO-siRNA and co-cultured them with FluTC. First, the
efficient ratio of FluT to glioblastoma cells had to be optimized. U87 and U251 cells were co-
cultured with 2:1, 5:1 or 10:1 FluT to glioblastoma cells, and after 4h T cell mediated tumor
cell killing was measured by XTT-Assay (Figure 6A). The ratio 10:1 killed 30% of U87 and
60% of U251 cells, 5:1 killed 20% of U887 and 25% of U251 and 2:1 killed less than 10% of
US87 and almost no U251 cells. Knock-down efficiency of TSPO mRNA was measured by
gPCR of TSPO-siRNA pool transfected U87 and U251 cells, compared to cells transfected with
non-targeting-siRNA control Scr (scrambled sequence). Results exhibited 98% knockdown of
TSPO mRNA in U87 and > 99% in U251 (Figure 6B). To find out how susceptible the expanded
U87 and U251 cells are to FIuTC and TRAIL/FasL interaction, they were FACS stained for
Fas, DR4 and DRS. With circa 97% to 99%, both U87 and U251 cells presented an excessive
expression of Fas. For TRAIL receptors DR4 and DRS5 a divergent staining was observed.
While DRS is expressed by nearly all U87 and U251 cells, DR4 displays virtually no higher
signal than control (Figures 6C-6D).
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Figure 6: Characterization of U87 and U251 cells. (A) Cytotoxicity of U87 and U251 cells in %, tested with
different ratios of effector cells (FIuT) to target cells (U87 or U251), analysed via XTT-Assay. (B) Relative TSPO
mRNA expression in TSPO-siRNA pool transfected U87 and U251 cells, compared to Scr (non-targeting control),
compiled from two independent experiments. (A-B) Error bars indicate +/- SD. P-values were calculated using
two-tailed paired student’s t-test. * = p < 0.05, ** =p < 0.01, *** = p < 0.005, **** = p < (0.001. (C-D) FACS
analysis of U87 and U251 cells, stained for Fas, DR4 and DRS. Isotype controls shown in blue, specific antibodies

in red. Semi-logarithmic plot of receptor expression against normalized count of cells.
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3.7 Impact of TSPO expression on T-cell mediated killing of U87 and U251 cells
For co-culture experiments, 5000 U87 or U251 cells were reverse transfected with either pool
of four non overlapping siRNAs specific for TSPO mRNA or non-targeting control Scr4 for
72h. Afterwards, cells were pulsed 1h with Flu peptide. Then, either 20.000 or 40.000 FluTC
were added and incubated for 4h. XTT-Assay was performed and cytotoxicity was measured.
For U87, 60% for E:T ratio = 4:1 and 50% for E:T = 8:1 of the cells transfected with TSPO-
siRNA were killed, while cells transfected with Scr4 as control were killed to either 30 % or 20
% (Figure 7A). For U251, 60% for E:T = 4:1 and 75 % for E:T = 8:1 of the cells transfected
with TSPO-siRNA were killed, while cells transfected with Scr4 as control were killed to either
55% or 70%, respectively (Figure 7B). Next, | investigated whether downregulation of TSPO
expression sensitizes glioblastoma cells to apoptosis. To this end, Caspase-3/7-Assays were
performed where TSPO siRNA transfected U87 and U251 cells were treated with either FluTC
or supernatant of activated FIuTC (Figure 7C-7D). Results show that the treatment with FluTC
and supernatant of activated FIuTC activated Caspase-3/7 more when TSPO is downregulated:
Transfected cells yielded circa 50% higher levels of active Caspase-3/7 for treatments with
supernatant and for U87 cells, FIuTC caused circa 50% more activation and for U251 cells only
15%, while the co-cultures with FIuTC in general caused 10-fold (Figure 7C) and 40-fold
(Figure 7D) higher values than treatment with supernatant. Co-culture of TSPO-deficient U87
cells with 50 ng/mL TRAIL (Figure 7E) yielded a slightly higher active Caspase-3/7 compared
to TSPO-proficient cells, although the impact was not significant.
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Figure 7: XTT- and Caspase-Assays of TSPO siRNA transfected U887 and U251 cells after treatments.

(A-B) Compiled XTT-Assays of four experiments with 5000 TSPO siRNA transfected (Pool4) and control (Scr4)

U87 and U251 cells. Cells were treated with 20.000 or 40.000 FIuT D11 cells. Effect of the treatment was measured

in percent of cytotoxicity. (C-D) Representative Caspase-Assays of TSPO siRNA transfected (Pool4) and control

(Scr4) U87 and U251 cells. Cells were treated with 50.000 FIuT D11 cells, supernatant of activated FluT D11

cells or CLM as control. Results measured in relative light units (RLU). (E) Compiled Caspase-Assays of 3

experiments with TSPO siRNA transfected (Pool4) and control (Scr4) U87 cells. Cells were treated with TRAIL

or CLM, results were measured in RLU. All experiments were performed in triplicates, results for Caspase-Assays

were read out after 30 minutes. Error bars indicate +/- SD. P-values were calculated using two-tailed paired

student’s t-test. * =p <0.05, ** =p <0.01, *** = p < 0.005, **** =p <0.001.
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4 Discussion

Even though immune therapies came a long way and drastically increased the survival of cancer
patients in the last decades, glioblastoma still remains a malignant tumor with an unfavorable
outcome. Immune checkpoint inhibition opened the path for new chances in treatment of
cancers by preventing malignant cells to evade attacks by the immune system, yet there is still

a high demand for better strategies to fight this entity of cancer.

In my thesis, I used FIuTC and TILs to induce TSPO mRNA upregulation in primary
glioblastoma cells. As GBM shows a distinct infiltration of T cells (20) and we hypothesized
that TSPO can be upregulated in GBM in response to T cells and T cell-derived agents, I
performed in silico analysis of correlation between 7SPO mRNA and cytokine receptor mRNA
expression in GBM to identify the cytokines that cause mRNA induction of TSPO (Fig. 1).
Accordingly, I then first neutralized TNFa and IFNy in the supernatant of activated FIuTC and
TILs. As the neutralization of IFNy could not be achieved fully using neutralizing antibodies,
TNF-R1, -R2 and IFNG-R1 were blocked on the cells themselves to hinder any possible
signaling by the cytokines to the tumor cells. Here it became apparent that both cytokines play
the main role in TSPO induction in BTIC13. Additionally, I focused on the impact of TSPO on
the resistance against T cell- and TRAIL-mediated apoptosis of classical glioblastoma cell lines
U87 and U251 and tested TRAIL as an inducer of apoptosis. For this I analysed the grade of
TRAIL expression on FIuTC and on TILs by FACS staining and the secreted amounts of
TRAIL by these cells through ELISA. As the apoptosis of the tumor cells was induced by Fas
and by TRAIL receptors DR4 and DRS, I examined the expression of these receptors on U87
and U251 by FACS analysis. Results show a higher cytotoxicity of U87 and U251 cells which
were transfected with TSPO siRNA and treated with FIuTC or supernatant, thus implying an
anti-apoptotic role of TSPO in the tumor cells. Finally, the effect of TRAIL on transfected and
non-transfected classical glioblastoma cell lines was determined by Caspase-3/7-Assays,

indicating a tumor protecting role of TSPO against TRAIL-mediated apoptosis.

4.1 TNFo and IFNy induce TSPO in primary glioblastoma cells

Initially, to investigate whether T cells can induce TSPO expression in glioblastoma cells, these
were treated with FIuTC, supernatant of activated FluTC and TILs and the changes of mRNA
amounts of TSPO were measured by qPCR. Additionally, the concentrations of TNFa and IFNy
were determined by ELISA. For the analysis of BTIC13 and BTIC129 results show that the

30



induction of TSPO in FluTC + 0,001 ug/mL of Flu peptide-treated tumor cells was nearly as
high as in cells treated with supernatant of activated T cells. On the contrary, the concentrations
of cytokines in the samples which were only treated with supernatant of activated FluTC are
nearly 15 times higher than in the samples containing FluTC together with the highest
concentration of Flu peptide. During the course of inflammation, as in GBM, brain tissue shows
increased levels of TSPO (20). Therefore, these observations are based on the ability of FluTC,
in contrast to the cell-free supernatant, to exert direct cytotoxic effects via the T-cell receptor.
As the results for different concentrations of Flu peptide show, this protein is crucial for FluTC
function (Fig. 2, Fig. 3A-3B). FIuTC are cytotoxic T cells and act via secretion of granzymes
and perforins, the Fas/FasL-axis (73), or other mechanisms like TRAIL-TRAIL-R-interaction
(42). Earlier studies have shown that TSPO expression is mainly regulated through the
PKC/ERK1/AP1/STATS3 signaling pathway (20). Concordantly, Fas activation also influences
ERK1 (74), which might represent one reason for the TSPO induction, if concentrations of
perforin, granzyme B and soluble Fas ligand in the supernatant of activated FluTC are low. The
involvement of other mediators in the FIuTC treated BTIC13 samples is pointed out further by
the even lower concentration of TNFa and IFNy in the co-culture with 0,0001 pg/mL, where

even less cytokines were found while presenting a significant induction of TSPO.

The concentrations of TNFo and IFNy secreted by FIuTC are lower than those of FluTC
supernatant due to the excessive activation of FluTC with CD3 and CD28 antibodies to generate
the supernatant, whereas these antibodies were not added to the tumor cell-FIuTC-Flu peptide
co-culture. Accordingly, FIuTC are not fully exhausted in terms of their cytokine-secreting
activity by the specific tumor cell contact using Flu peptide. Significantly, the TSPO mRNA
may only be upregulated to a certain point, so that even smaller amounts of cytokines may be

sufficient for maximal mRNA expression.

For the experiment with BTIC129, additional supernatant of activated TILs of the same donor
(TIL129) was used. Here the results are similar to those of the co-culture of BTIC13 and
supernatant of activated FluTC, but the levels of TNFa and IFNy in the supernatant of activated
TIL129 are higher. This incidence may originate from the difference between TIL129 and
FIuTC. With the high immune resistance of GBM (75), TILs are pathologically less reactive
against tumor cells through prolonged and repeated antigenic exposure (T cell exhaustion) (76).
TILs would hardly induce TSPO through direct cytotoxic mechanisms because, as in vivo,
contact with tumor cells is not sufficient to effectively target glioblastoma. However, after

activation of TILs with CD3 and CD28 antibodies, they secrete TNFa and IFNy even more than
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FIuTC. Accordingly, TILs retain their ability to secrete cytokines despite eventual T cell
exhaustion. ELISA showed that FIuTC secreted about five times more TRAIL than
unstimulated cells following their antibody activation; activated TIL129 secreted 4 pg/mL,
whereas TRAIL was undetectable in unstimulated TIL129. Flow cytometry was used to
determine TRAIL expression on FluTC and TIL129 (Fig. 5), which was highest after
CD3/CD28 activation but was already higher in unstimulated cells than in negative controls.
Soluble TRAIL secreted by these cells presumably does not play a major role, since the
supernatant of activated FIuTC, at twice the TRAIL concentration, increased TSPO expression
even less than the supernatant of activated TIL129 (Fig. 3). Also evident from Fig. 5A is that
few of the TIL129 are CD8+, whereas almost all of the FIuTC are CD8+ (Fig. 2B). Accordingly,
the majority of TILs present in vivo are CD4+ cells, which classically serve as helper- instead
of cytotoxic cells. However, this dichotomy is currently debated as CD4+ T cells demonstrated

cytotoxic capabilities as well (77).

After demonstrating that TSPO can be induced by T cells and by their supernatant after
CD3/CD28-activation, I aimed to investigate if the TSPO upregulation, that correlates with a
higher malignancy (78) and worse prognosis for patients with GBM (20), is caused primarily
by TNFa and IFNy. For this, I first aimed to block both using anti-TNFa and anti-IFNy
antibodies. The concentration of the added antibodies was chosen after I tested the neutralizing
effect by incubating CLM with artificially added cytokines with a range from 0,625 pg/mL to
20 pg/mL of neutralizing antibodies. ELISA results indicated full neutralization of TNFa even
at the lowest concentration of neutralizing antibodies, while IFNy was detected at every
concentration of added antibodies at circa 40% of the basal level. Because the IFNy amounts in
every sample were reduced to the same level, insufficient concentrations of neutralizing
antibody were unlikely the cause of this observation. Since remaining cytokines were to be
measured from the co-culture supernatant in the experiment once more and TNFo was
completely removed from the medium, I chose 2,5 pg/mL as concentration of neutralizing
antibodies. qPCR results pointed out that TSPO and PD-L1 are less induced by BTIC13 when
TNFa and IFNy are neutralized, while the outcome of IFNy-neutralization was not significant

regarding TSPO expression (Fig. 4E).

Neutralizing TNFa caused a just slightly higher TSPO expression than neutralizing IFNy, both
neutralized reduced the expression to 60% of the basal upregulation when both cytokines were
in original concentrations. The supernatant of this co-culture experiment yielded similar results

as the ELISA used to find the right concentration of neutralizing antibodies. While the results
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for TNFa in the co-cultures were not affected by this problem, IFNy was only partially
neutralized, therefore IFNy interacted with the IFNG-R of the glioblastoma cells. Accordingly,
TSPO and PD-L1 were upregulated by IFNy in the respecting samples. To circumvent the
problem of ineffective neutralization of IFNy, receptors of the BTIC13 themselves were
blocked by receptor blocking antibodies against TNF-R1, which is the main receptor for the
known effects TNFa causes when interacting with cells, TNF-R2, not expected to be involved
in carrying properties like TNF-R1 when interacting with TNFa, and IFNG-R1 as main receptor
for IFNy. The characteristics of TNF-R2 are not as well understood as those of TNF-R1, but it
was reported that TNF-R2 propagates neuronal survival and TNF-R2-knockdown created a
partial resistance against toxicity following injection of LPS, which would normally trigger a
systemic inflammation (79). In epithelial ovarian cancer, TNF-R2 expression was associated
with a poor prognosis (80). TNF-R2 expression therefore arguably correlates to cell survival

and proliferative functionality.

The experiment was carried out in the same manner as the experiment with the neutralizing
antibodies, while the blocking antibodies were added to the cells and incubated directly at a
working concentration of 10 pg/mL for TNF-R1 and -R2 blocking antibodies. IFNG-R1
blocking antibodies were incubated at a concentration of 2 pg/mL. These concentrations were
chosen to level above the concentrations of manufacturer’s protocols to ensure a high effectivity
of the antibodies. The outcome corresponded to the expectation that IFNy was not fully
neutralized in the experiment before, as the TSPO and PD-L1 inductions were lower in the
samples where IFNG-R1 was blocked. Additionally, the samples with all receptors TNF-R1, -
R2 and IFNG-R1 blocked showed the same level of upregulation of both TSPO and PD-L1 as
the negative control CLM. This proved that TSPO induction in BTIC13 is caused mainly by
TNFa and IFNy. To generalize this phenomenon, the same experiment was performed with
BTIC129 and this time supernatant of activated TILs from the same patient (TIL129). Here,
gPCR presented less upregulation of TSPO and PD-L1 if the cells were protected from the
exposure to TNFa, IFNy or both, but not reaching the same low levels of the control suggesting
that cytokine receptor interactions were not completely blocked in BTIC129 cells. This shows
that the results of BTIC13 cannot be expected for every primary glioblastoma cell line. As
BTIC13 and BTIC129 can already be set apart by morphology microscopically and by different
behavior in cell culture, namely the better adhesional abilities of BTIC13 (mesenchymal
subtype), their different reactions to the receptor blocking were anticipated. The highest

expression of TSPO was described in the mesenchymal subtype, which showed the highest

33



level of immune cell infiltration compared to other subtypes. Contradictory, it was shown that
the mesenchymal subtype shows the worst prognosis, even though a high immune infiltration
in the brain may be seen as a better ability to respond to the tumor (20,81). I demonstrated that
TNF-R1-blockade inhibits TSPO upregulation in mesenchymal GBM cells (BTIC13, Fig. 4F).
In proneural cells (BTIC129, Fig. 4G), on the other hand, TSPO mRNA expression was not
influenced. Cytokines like TNFa induce PN-MES switch (PMT) (82,83). This supports the role
of TSPO in PMT: Assuming TSPO as progression marker, proneural cells would not be
susceptible to TNFa induced PMT, while this mechanism is exerted in the already sensitized
mesenchymal cells in situ. Differential observation of the presented subtype is important for
prognosis as aggressive therapy of classical GBM has a greater effect than in proneural GBM

(84).

Additionally, as a different supernatant was used for both experiments and in the latter both
tumor and immune cells were donated from the same patient, it is likely that the abilities of the
TILs are already restricted and that possibly other mediators were secreted by the TILs that
induced the TSPO and PD-L1 upregulation even with effects of TNFa and IFNy fully blocked.
[FNy is known to upregulate PD-L1 in GBM. Here, IFNy conveys PD-L1 expression via
JAK2/STATI1/IRF1-axis (25). IRF-1 (interferon regulatory factor 1) binds and activates the
promoter of PD-L1, consequently increasing PD-L1 expression on GBM cells (38,85).

Once activated, TLRs induce inflammatory processes and PD-L1 gene transcription using the
MyD88/TRAF6/MEK/ERK pathway (25,85). Regarding the immune response via TIL, an
increase in PD-L1 in melanoma cells causes increased secretion of IFNy and therefore
inhibition of their own immune response (86) as chronic IFN exposure causes PD-L1 resistance

(25).

Interestingly, the removal of TNFa also caused less upregulation of PD-L1 in the tumor cells.
TNFa increases STAT3, a blockade of STAT3 might decrease immune resistance caused by
PD-L1 (87,88). As described earlier, STAT3 is involved in TSPO upregulation (20), this
provides an explanation for the property of TNFa to upregulate TSPO. TNFa expression itself
is regulated by PD-L1 expression as CRISPR/Cas9 deletion of PD-L1 in U87 cells increased
TNFa secretion by 2,5-fold (89). TNF-R activation increases TSPO also by ROS production
through JNK-pathway (90). IFNG-R activation and TNFa production is mediated through ROS
production (91), activated microglia and Th17 cells (33,92).
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Microglia make up one third of the tumor mass in GBM (33) and TSPO is especially expressed
by microglia, here predominantly by the M1 type, not by M2 (93). Further, TSPO inhibits M2
polarization in hypoxic brain ischemia (94). Contradictory, TSPO inhibits M1 polarization in
cerebral-ischemia reperfusion injury (CIRI), opening the possibility for TSPO as a therapeutic
target in patients with stroke (31). This shows the heterogeneity of TSPO in general and its

variety depending on the current state of the cells.

GBM maintains its immune microenvironment utilizing TSPO: Yusuying et al. demonstrated
upregulation of M2 marker TGFp following injection of the TSPO ligand PK 11195, while
TGFp hindered transmigration of cytotoxic T cells and correlated with shorter survival (31,95).
Interestingly, Song et al. described that TGFB-mediated PMT in U87 was inhibited by the

broadly used anti-diabetic metformin (96).

4.2 TSPO confers TRAIL-resistance in classical glioblastoma cells

The results of the experiments with primary glioblastoma cells demonstrate that TSPO is
dynamically upregulated in cancer cells upon contact with T cells or their secreted cytokines.
As studies described, TSPO is correlated to a more anti-apoptotic state of the cancer cells in
classical GBM cell lines (20), therefore I used U87 and U251 to investigate the effect of TSPO
on the ability to decrease apoptosis when exposed to FIuTC and their supernatant after
activation. Because classical cell lines are used most often in research and primary GBM
behaves heterogeneous intertumorally, I wanted to investigate the role of TRAIL in context
with TSPO, examining TRAIL as an interesting option to counter immune evasive mechanisms

of tumor cells.

At first, I used FACS to determine the expression of membrane-bound TRAIL on FIuTC and
TIL in context with its state of activation by CD3 and or CD28. These antibodies mimic an in
vivo situation where target cells express co-activating ligands, triggering a full immune
response (97). Concordantly, TRAIL was upregulated highest after stimulation by both
antibodies and, interestingly, in a similar fashion in both CD8 + and CD8 — TILs. Accordingly,
soluble TRAIL was secreted to a higher extent as well once the immune cells were activated,
while FIuTC produced more TRAIL than TILs. This could be a sign for T cell exhaustion, as

these cells are in contact with GBM cells and their immune suppressive environment.

FACS of U87 and U251 revealed a difference in TRAIL-R expression as that DR4 could not

be detected in this experiment. Though GBM is a heterogenous tumor and therefore findings
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on the distinctive function of DR4 and DRS in anti-tumor activity are mixed, van Roosmalen
et al. found that ectopic overexpression of DRS in U87 cells would not enhance TRAIL
sensitivity and TRAIL-induced apoptosis (98). While these cells were transduced by a lentiviral
vector to increase DRS expression, the cells I studied were not stimulated before FACS. This
considered, these results pose a possible cause for the insignificant results of the Caspase-3/7-
Assay with TRAIL-treated U87 cells (Fig. 7E), as TRAIL-induced apoptosis in U87 cells would
mainly be conveyed via DR4 (98). Further, soluble TRAIL was proven to be more efficient
when it is comprised in a membrane-bound conformation and murine TRAIL has a higher
affinity to human TRAIL-R (42). We used plain recombinant human TRAIL, possibly reducing
the effectiveness in our setup as well. Lower expression of TRAIL-R1 might promote immune

evasion as R1 (DR4) is activated at lower, R2 (DR5) at higher concentrations of TRAIL (41).

Zeno et al. examined CoClz-induced apoptosis in U118 GBM cells and described that TSPO
knockdown prevented apoptosis (99). General consensus confirms pro-apoptotic function of
TSPO as well (20) and reportedly displays neuroprotective effects in Alzheimer’s disease,
Parkinson’s disease and other brain injuries (58). However, in our results, TSPO is presented
as anti-apoptotic when tumor cells are co-cultured with FIuTC, or treated with activated T cell
supernatant and TRAIL. Therefore, with the latter being expressed and secreted by the former,
TSPO confers TRAIL resistance in GBM. Synthetic TSPO ligands with defined

pharmacodynamics present a new approach in sensitizing GBM for TRAIL-mediated apoptosis.

Tumor cell-FluTC ratios of 4:1 and 8:1 were chosen for the transfection experiments to discover
if cytotoxic effects depend on the quantity of FIuTC. Apparently, the rate of the killed cells to
FIuTC counts behaves non-linear for the investigated ratios in U87, cytotoxicity and the effect
of TSPO knockdown are similar, while overall cytotoxicity is pronounced in U251. As Figs.
7A and 7B show, TSPO knockdown ensures that both U87 and U251 are killed in higher
numbers by FIuTC. However, this effect is more pronounced in the U87 cell line. U87 are
considered GBM cells of the neural subtype, while U251 are mesenchymal (100). Given the
worse prognosis in patients with mesenchymal GBM (20) this finding substantiates TSPO as a

possible prognostic marker.

Because TSPO ligands are not proven to act either agonistic or antagonistic, while partially
agonistic behavior might also complicate interpretation of TSPO activation, I used the principle
of RNA interference (RNA1) to knockdown TSPO mRNA in glioblastoma cells. Thereby TSPO
reduction is objectifiable and off-target effects of TSPO ligands are ruled out (20,101). Here,
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added siRNA enters into RISC (RNA induced silencing complex) and complementary pairs
with its target mRNA. This causes a stop of further translation of the mRNA or otherwise
initiates its degradation, acting as a defense mechanism against viruses through inhibition of
replication. When siRNA binds unspecifically, it might cause off-target effects (102,103). It
has been reported that miRNA, with similar function, is able to protect certain cell types from
TRAIL-induced apoptosis. If siRNA (with analogue structure to human miRNA) is used in
research or in therapy, interfering off-target effects could be prevented. For instance, miRNA-
26a is highly expressed in TRAIL-resistant CLL cell lines and miRNA-145 is downregulated
in colorectal and prostate cancer, both TRAIL-sensitive (104). MiRNA-133a contributes to
TRAIL resistance in GBM by suppressing TRAIL-R2 expression (41). This shows that miRNA
might be heavily involved in prevention of cancer cell apoptosis and therefore represents an
intriguing therapeutic approach, but also indicates that siRNA transfection can distort outcomes

due to undetected off-target effects.

Fas stimulation increases CAMK1D, which inhibits caspases 3 and 7 in anti-PD-L1 refractory
tumors (105). Thus, the Caspase-3/7-Assay might not show the true state of apoptotic activity
in the co-culture, as these enzymes are the final effectors in this setup. Differently than gliomas,
GBM expresses a low level of caspase 8 (41). Caspase 8 is part of the early Caspase cascade,
initially activated by FADD after Fas stimulation, it enhances mitochondrial cytochrome c
release, and it cleaves Pro-caspases 3 and 7 to full activation (106,107). Hence, GBM generally

exerts a natural resistance to caspase-induced apoptosis.

Lovastatin, a commonly applied HMG-CoA reductase inhibitor to decrease LDL blood levels,
enhanced TRAIL-induced apoptosis in GBM. Considering the age of GBM patients and the
broad use of this drug, some affected patients might already be profiting from this finding.
Similar connections were discovered for valproic acid in GBM patients. This anticonvulsant,

especially administered to adults, takes part in enhancement of TRAIL-induced apoptosis

(1,41).
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5 Conclusion and Outlook

Glioblastoma still represents one of the deadliest and most feared tumors. The often relatively
young patients cannot expect a spectacular recovery like in the case of certain lymphomas. In
this thesis I could show that TPSO expression can be upregulated in glioblastoma cells as a
resistance mechanism if they encounter cytotoxic T cells or if they are treated with supernatant
of activated cytotoxic T cells. The effect of cytokines TNFa and IFNy, which are present in this
supernatant, on TSPO expression has been demonstrated and it was shown that these cytokines
play a substantial role in the upregulation of TSPO in glioblastoma cells. As the results of the
experiment with the TSPO siRNA transfected classical glioblastoma cells have shown, TSPO
expression in the cells reduced the ability of cytotoxic T cells to kill U87 and U251 cells. TSPO
showed to have either pro-apoptotic or anti-apoptotic effects in the past, depending on the cell
lines used in earlier studies. Here, TSPO knockdown unraveled pro-apoptotic effects in co-
cultures with TRAIL, enabling the possibility of TSPO mediated TRAIL-resistance in GBM.
With the emerging improvements in the design of specifically acting drugs through advanced
techniques, TSPO ligands whose pharmacodynamics are precisely known could be developed.
Thus, further investigation of the role of TSPO in T cell control and therapy resistance of GBM

is necessary and promises a way to improve the prognosis of this so far incurable cancer.
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6 Materials

6.1 Cell media and supplements

Material

Company

AIM V medium

Thermo Fisher Scientific

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich

Fetal calf serum (FCS) (heat-inactivated)

Biochrom

IL-2 (human, recombinant)

Novartis

Penicillin/Streptomycin (P/S)

Sigma-Aldrich

DMEM-High Glucose (4.5 g/l), without sodium

pyruvate

Sigma-Aldrich

6.2 Composition of cell media and buffers

Cell medium Ingredients Concentration |Volume
8,4 g NaHCO3
Coating Buffer (pH 9,5) 3,56 g Na2CO3
water IL
RPMI 500 mL
Complete lymphocyte medium | AB serum 10% 50 mL
(CLM) for FluT cell HEPES 1% 5mL
(filtered after preparation) P/S 1% 5 mL
B-Mercaptoethanol 0,01 % 50 pL
FCS 2% 1 mL
FACS buffer
PBS 50 mL
CLM 50 % 50 mL
FluT expansion medium
AIM-V 50 % 50 mL
FluT expansion medium with | CLM 50 % 75 ml
feeder cells AIM-V 50 % 75 ml
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Feeder cells 200x TILs 200x10°
OKT3 30 ng/mL 4.5 ul
rHulL-2 3000 U/mL 45 ul
FCS 60% 21 mL
Freezing medium A
RPMI 40% 14 mL
FCS 80% 28 mL
Freezing medium B
DMSO 20% 7 mL
RHB-A 50 mL
P/S 1% 0,5 mL
RAV medium
EGF 50 ng/mL 10 uL
FGF2 50 ng/mL 10 pL
Phosphate-buffered saline | PBS 10x (Sigma-Aldrich) 100 ml
(PBS) ddH20 900 ml
PBS 1L
PBS-T (0,05%)
Tween 20 500 L
6.3 Chemicals and reagents
Material Company
Assay Diluent BD Bioscience
Accutase Sigma-Aldrich
Benzonase (250 U/uL) Merck
Beta-mercaptoethanol Sigma-Aldrich
Bovine serum albumin (BSA) Sigma-Aldrich
EDTA 1% (w/v) without Mg?* Biochrom
Ethanol absolute Sigma-Aldrich
Flu peptide Proimmune
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IncuCyte® Caspase-3/7 Green Apoptosis Assay

Essen bioscience (Sartorius)

Reagent

Kiovig Baxter
Lipofectamine RNAIMAX Thermo Fisher Scientific
Nuclease free water Ambion
Phosphate saline buffer (PBS) Sigma-Aldrich
Recombinant human IFNy PeproTech
Recombinant human TNFa PeproTech
Trypan blue solution (0.4 %) Fluka
Trypsin-EDTA (1x) Lonza

Tween 20 Sigma-Aldrich
Zombie Aqua BioLegend
Zombie NIR BioLegend
6.4 Kits

Kit Company

ELISA development kit for TNFa, [FNy

BD Bioscience

ELISA development kit for TRAIL

R&D Systems

QuantiFast SYBR Green PCR Kit (qPCR) Qiagen
QuantiTect Reverse Transcription Kit Qiagen
RNeasy Mini Kit Qiagen

6.5 Laboratory equipment

Machine Company

BD FACS Lyric BD Bioscience
FACSARIA II cell sorter BD Bioscience
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Luminex MAGPIX

Invitrogen

QuantStudio 3 Real-Time PCR System

Thermo Fisher Scientific

Spectrometer Scan Drop 250 Analytik Jena
TECAN SPARK 10M TECAN
6.6 siRNAs

siRNA Company
siRNA library — scr4 Horizon
TSPO siRNA library — pool4 Horizon

6.6 Primers
Primer Sequence Company
F: CCT CGC CTT TGC CGA TCC
Human B-actin Merck
R: GCG CGG CGA TAT CAT CAT CC
F: TCT TTG GTG CCC GAC AAA T
Human TSPO Merck
R: GGT ACC AGGCCACGGTAGT
F: TGC CGA CTA CAA GCG AATTACTG
Human CD274 (PD-L1) Merck
R: CTG CTT GTC CAG ATG ACT TCG G
6.7 FACS antibodies
Specie
Specificity Isotype |Conjugate Company Dilution
s
Anti-human CD3 Mouse |IgG2a, x |FITC BioLegend 1:20
Anti-FAS Mouse |IgGl,x« |BV421 BioLegend 1:20
Anti-human CD261 (DR4) |Mouse |1gGl,k |APC BioLegend 1:20
Anti-human CD262 (DR5) |Mouse [IgGl,«x |PE BioLegend 1:20
Anti-human CD4 Mouse |IgGl, k |PerCP-Cy5.5 |BioLegend 1:100
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Anti-human CD8 Mouse |IgGl,x |V450 BD 1:100
Flu Pentamer (A*02:01 -

GILGFVFTL, Influenza A |- - APC Prolmmune 1:10
MP 58-66)

Isotype control Mouse |1gGl1 APC eBioscience | 1:20

6.8 Antibodies and recombinant proteins for functional assays

Antibody/Protein/Peptide Company Working concentration
‘ o 30 ng/ml for REP, 1 ug/mL
Anti-human CD3 (clone: OKT3) eBioscience )
for coating
Anti-human CD279 (PD-1) BioLegend 0,5 ng/mL-20 ng/mL
Anti-human CD28 BioLegend I pg/mL
Anti-human IFNG-R1 R&D Systems 2 pg/mL

Anti-human [FNy

R&D Systems

0,625 pg/mL-20 pg/mL

Anti-human TNF-R1

R&D Systems

10 pg/mL

Anti-human TNF-R2

R&D Systems

10 pg/mL

Anti-human TNFa

R&D Systems

0,625 pg/mL-20 pg/mL

IgG1 Protein, human, recombinant

Sino Biological 200 nM
(103 Cys/Ser)
Matched peptide A*02:01-

Prolmmune 0,01 pg/mL
GILGFVFTL
6.9 Consumables
Material Company
Cryogenic vials (2 mL) Corning

Conical centrifuge tubes (15 mL and 50 mL) | TPP

FACS tubes

Falcon
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Flat bottom plates (6 and 96 wells)

TPP

NUNC MaxiSorp 96 wells ELISA plates

Thermo Fisher Scientific

PCR micro test tube

Nerbe plus

Pipette filter tips (10 puL - 1000 pL)

Thermo Fisher Scientific

Polysorp 96 well plates Thermo Fisher Scientific
Polystyrene round bottom tubes with caps | Falcon

Reservoir 10-25 mL sterile INTEGRA Biosciences
Round-bottom plate (96 wells) TPP

Safe-lock tubes (0.5 mL, 1.5 mL, 2.0 mL) |Eppendorf

Tissue culture flask/filter cap (25 cm?, 75 PP

cm?, 150 cm?)

Tissue Culture Treated Plate (6, 24 wells) | Merck

U-bottom plate (96 wells) TPP

Ultrafree-MC centrifugal filter Merck

V-bottom plate (96 wells)

Greiner Bio-One

6.10 Software

Software Company

FlowJo FlowJo

GraphPad Prism 8 GraphPad Software
Microsoft Office 2019 Microsoft
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7 Methods
7.1 Cell culture

7.1.1 BTICs (Brain tumor initiating cells)

BTICs are human primary glioblastoma cells that are generated from glioblastoma tissues
obtained from patients and were kindly provided by the department of Neurooncology of UKR.
The cells were cultured in cell culture flasks with BTIC medium, consisting of RHB-A medium
with 1% P/S, 20 ng/mL EGF and 20 ng/mL FGF2. Cells were washed with PBS and detached
by adding 5 mL of accutase and split in various ratios once they reached more than 70%
confluency. The cells were frozen by resuspending them in 90% BTIC medium and 10%
dropwise added DMSO. Afterwards the cells were cooled down 1 °C per minute in -80 °C using

freezing containers and stored in liquid nitrogen.

7.1.2 U87 and U251 cells

Glioblastoma cell lines U87 and U251 were cultured in high glucose DMEM supplemented
with 10 % FCS and 1 % P/S. Cells were washed with PBS and detached by adding 5 mL of
trypsin and split in various ratios when they reached more than 70 % confluency. The cells were
frozen by first resuspending them in freezing medium A (40 % RPMI, 60 % FCS) and then
adding dropwise freezing medium B (20 % DMSO, 80 % FCS) in a 1:1 ratio. Finally, the cells
were cooled down 1 °C per minute in -80 °C using freezing containers and were afterwards

stored in liquid nitrogen.

7.1.3 FluT cells and TILs

Frozen FIuTC and tumor-infiltrating lymphocytes (TILs) were thawed and added dropwise to
10 mL of complete lymphocyte medium (CLM) containing 50 IU/mL of benzonase. DMSO
was removed by centrifugation and the cell pellet was resuspended in 1 mL of CLM per 1x10°
cells. The FIuTC and TILs were incubated for at least 4h at 37 °C, 5 % CO: before performing

experiments.

7.2 Generation and expansion of FluT cells

For the generation of Flu-specific CD8+ T cells, CD8+ T cells were isolated by my supervisor
from peripheral blood mononuclear cells (PBMCs) of an HLA-A2 positive healthy donor and
then antigen-specifically expanded while being exposed to A2-matched Flu peptide in the
presence of low dose IL-2 and IL-15. To specifically expand the Flu-specific T cells, cells
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obtained from antigen-specific expansion were stained with Flu-Pentamer and sorted using
FACS. After sorting, FluTC were further expanded according to the rapid expansion protocol.
To this end PBMCs from three different healthy donors were irradiated with 60 Gy and used as
feeder cells. 1x10° sorted FIuTC and irradiated feeder cells were mixed in a 1:200 ratio and
cultured in 150 mL of expansion medium supplemented with 30 ng/mL anti-CD3-AB (clone
OKT3) and 3000 IU/mL IL-2 in a T175 flask. Cells were incubated for five days. Afterwards,
100 mL of medium was extracted while avoiding to stir cells up. This extract was centrifuged,
the pellet was resuspended with 100 mL of fresh expansion medium and added back to the flask
together with 3000 IU/mL of IL-2. On day 7 and 11 of expansion, medium was exchanged in
the same manner as on day 5. Cells were counted and split to keep the cells at a concentration
of 6x10° cells/mL. On day 14, Flu-pentamer staining of 300.000 cells was done to check the
percentage of CD8+ FIuTC with FACS. The rest of the cells were frozen in aliquots of 5x10°
and 10x10° cells by first resuspending them in freezing medium A (40% RPMI, 60% FCS) and
then adding dropwise freezing medium B (20% DMSO, 80% FCS) in a 1:1 ratio.

7.3 Molecular biology techniques

7.3.1 RNA-Isolation and reverse transcription

To isolate RNA, cells were centrifuged for 10 min at 500 g and 4 °C. The cell pellet was washed
once with 1 mL PBS and stored at -80 °C. The RNA was isolated using the Qiagen RNeasy
Mini Kit according to the protocol of the manufacturer and was eluted with 30 uL of nuclease
free water. The RNA concentration was measured using the Scan Drop (AnalytikJena). 1 pg
RNA in 12 pL. water was reverse transcribed into cDNA using the QuantiTect Reverse
Transcription Kit. At first, 2 uL gDNAse (7x) were added to the samples. After incubation in
the SimpliAmp thermal cycler for 3 min at 42 °C, 6 pL of a master mix containing 4 pL buffer,
1 uL random hexamer primer and 1 pL reverse transcriptase were added. The RNA samples
were incubated for 20 min at 42 °C and the reverse transcriptase was heat-inactivated for 3 min

at 95 °C. The cDNA was stored at -20 °C.

7.3.2 Real-time quantitative PCR

Real-time quantitative PCR (qPCR) was performed by adding 2 pL of 1:10 diluted cDNA (5
ng/uL) to 18 puL of a master mix containing 10 pL 2x QuantiFast SYBR Green PCR mix, 1,2
uL forward and reverse Primer (5 pmol/L) for the respective genes of interest and 5,6 pL

nuclease-free water. Each sample was prepared in triplicates. The qPCR reactions were run

46



using the QuantStudio 3 (Applied Biosystems). The expression of B-actin was used for

normalization and relative quantification was performed using the delta-delta Ct method.

7.3.3 Reverse siRNA transfection

To knock-down TSPO mRNA in U87 and U251 cells, siRNA transfection was performed. 200
uL of 250 nmol/L of siRNA solution were added per 6-well. RNAIMAX was diluted 1:50 with
RPMI medium and incubated for 10 min at RT. 400 pL of RPMI per well were added and 600
ul of RNAIMAX-RPMI mix was pipetted on top of the siRNA and incubated for 30 min at RT.
After incubation, 2x10° U87 and U251 cells were resuspended in 1,2 mL of DMEM
supplemented with 10 % FCS and seeded into the siRNA-RNAiIMAX containing wells and
incubated for 72 h at 37 °C. For reverse transfection in 96-well plates, this protocol was
proportionally reduced adjusting the added amount of siRNA to 10 pL instead of 200 pL.
200.000 and 5.000 U87 and U251 cells were seeded per 6- and 96-well respectively.

7.4 Immunological techniques

7.4.1 Flu-Pentamer staining of FluTC

FACS staining with Flu-pentamer was performed to determine the percentage of Flu-specific
CD8 positive T cells in a population. The Flu-pentamer consists of five MHC I Flu-peptide
complexes conjugated with APC. 3x10° FluTC were transferred to FACS tubes. The cells were
washed with 1 mL FACS buffer and blocked with 100 pL Kiovig, diluted 1:20 in FACS buffer
for 20 min on ice to reduce unspecific antibody binding. After blocking, cells were washed with
cold FACS buffer and then live/dead staining was performed using Zombie Aqua dye (diluted
1:1000 in 100 uL PBS). After 15 min in the dark at RT, cells were washed with FACS buffer
and stained with 50 pL Flu-pentamer, earlier centrifuged at 14.000 g for 5 min at 4 °C diluted
1:10 in FACS buffer for 10 min at RT in the dark. After washing, cells were stained with 50 uL.
anti-CD8-V450, diluted 1:10 in FACS buffer, for 20 min on ice in the dark. Hereafter, cells
were washed, resuspended in 250 puLL FACS buffer and acquired with the FACS Lyric machine.

FlowlJo software was used to analyse the FACS data.

7.4.2 Surface staining for TRAIL receptors on FluTC and TILs

To measure the impact of CD3 and CD3/CD28 activation of FIuTC and TILs on the TRAIL
expression, FACS staining was performed. FIuTC were transferred to FACS tubes, were
washed with 1 mL FACS buffer and blocked with 150 pL Kiovig, diluted 1:20 in FACS buffer

for 20 min on ice to reduce unspecific antibody binding. After blocking, cells were washed with
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cold FACS buffer and then live/dead staining was performed using Zombie NIR (diluted 1:1000
in 100 uL. PBS). After 15 min in the dark at RT, cells were washed with FACS buffer and
stained with anti-CD3-FITC, anti-CD4-PerCp-Cy5.5., anti-CD8-V450 and anti-human CD253-
APC for 30 min on ice in the dark. Then, cells were washed, resuspended in 250 uL. FACS
buffer and acquired with the FACS Lyric machine. FlowJo software was used to analyse the

FACS data.

7.4.3 Surface staining for FAS, DR4 and DRS receptors on U87 and U251 cells

10° U87 and U251 cells were transferred to FACS tubes. The cells were washed with 1 mL
FACS buffer and blocked with 100 pL Kiovig, diluted 1:20 in FACS buffer for 20 min on ice
to reduce unspecific antibody binding. After blocking, cells were washed with cold FACS
buffer and then live/dead staining was performed using Zombie NIR (diluted 1:1000 in 100 puL
PBS). After 15 min in the dark at RT, cells were washed with FACS buffer and stained with
anti-FAS-BV421, anti-human CD261-APC and anti-human CD262-PE for 20 min on ice in the
dark. Then, cells were washed, resuspended in 250 uL. FACS buffer and acquired with the
FACS Lyric machine. FlowJo software was used to analyse the FACS data.

7.4.4 Generation of supernatant of activated T cells

Untreated 6-well plates were coated with 2 mL PBS per well, containing 4 pg/mL anti-CD3
antibodies (clone OKT3) and incubated at 4 °C overnight. The next day, unbound anti-CD3
solution was removed and the wells were washed with PBS before seeding 1x10° FluT/mL in
5 mL CLM per well. Anti-CD28 antibodies were added at a final concentration of 1 pg/mL to
the respective wells. Then, the T cells were incubated for 24h at 37 °C, 5 % COa2. After
incubation, cells were centrifuged at 1400 rpm at 20 °C for 10 min and cell free supernatant

was collected and stored at -20 °C.

7.4.5 Experiments with anti-TNFa- and anti-IFNy-neutralizing antibodies

In treated 6-well TPP plates 400.000 BTIC13 were seeded in 2 mL BTIC medium (see
Materials) per well. On the next day, cell medium was removed and cells were treated with 1,5
mL of supernatants of activated FluT D11 cells. Prior to treatment, supernatants were incubated
for 2h with either 5 pg/mL IgG, 2,5 pg/mL anti-human-TNFoa-AB, 2,5 pg/mL anti-human-
IFNy-AB, or 2,5 pg/mL anti-human-TNFa-AB together with 2,5 pg/mL anti-human-IFNy-AB.
IgG was added to the samples to even the concentration of added AB to 5 pg/mL. CLM was
used to measure the basal level of TSPO and PD-L1 expression. After 24h of incubation of

tumor cells with antibody treated supernatant or CLM, cell medium was removed and wells
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were washed with 2 mL PBS. Then, 500 pL of accutase per well were added and incubated for
3 min to detach the cells. 1 mL cold PBS was added in each well and cells were collected and

stored at -80 °C.

7.4.6 Experiments with TNF-R1-, -R2- and IFNG-R1-blocking antibodies

400.000 BTIC13 or BTIC129 were seeded in 2 mL BTIC medium (see Materials) per well one
day prior to treatment. If BTIC129 were used, treated 6-well TPP plates were coated with 500
uL of 10 pg/mL laminine, diluted in PBS. Cells were incubated at 37 °C, 5 % CO: for 2h. After
incubation, cell medium was removed and 500 uL. CLM were added per well. Either IgG, anti-
human-TNF-R1-AB, anti-CD26, anti-human-TNF-R2-AB, anti-human-IFNG-R1-AB or all
three together were added to the cells and incubated for 1h. Next, 1,5 mL of supernatant of
activated FluT D11 cells for BTIC13 and supernatant of activated TIL129 for BTIC129 were
added, resulting in 2 mL total medium per well, with concentrations of 10 pg/mL for both anti-
TNF-R1-AB and anti-TNF-R2-AB and 2 pg/mL for anti-IFNG-R1-AB. IgG was added to keep
the concentration of added ABs in total at 22 pg/mL. CLM was used to measure the basal level
of TSPO and PD-L1 expression. After 24h of incubation, cell medium was removed and wells
were washed with 2 mL PBS. Then, 500 uL accutase per well were added and incubated for 3
min to detach the cells. 1 mL cold PBS was added in each well and cells were collected and

stored at -80 °C.

7.4.7 TNFo- and IFNy - ELISA

To measure the concentration of TNFa and IFNy in the supernatant of co-cultures, NUNC
MaxiSorp 96-well ELISA plates were coated one day earlier with 100 pL per well coating
solution, consisting of the respective capture antibody diluted 1:250 in coating buffer and
incubated at least 12h at 4 °C. The coated ELISA plates were washed twice with 0,05 % PBS-
T and blocked for 1h at RT in the dark with 100 puL assay diluent per well. After blocking, the
plates were washed three times with PBS-T and 100 pL of standards or samples were added to
each well. The 96-well plates were incubated for 2h at RT in the dark and were then washed
five times with PBS-T. Afterwards, 100 pL of biotinylated detection antibody with
Streptavidin-HRP diluted 1:250 in assay diluent were added per well and the plate was
incubated for 1h at RT in the dark. After washing the plates seven times with PBS-T, 100 pL
of substrate reagent, consisting of solution A and B in a 1:1 ratio, were added and the plates
were incubated until the standards turned blue. To stop the reaction, 50 pL of 2 N H2SO4 were
pipetted on top of the solution. At the end, the absorbance was measured at 450 nm with the

TECAN reader using 570 nm as reference wavelength.
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7.4.8 TRAIL - ELISA

NUNC MaxiSorp 96-well ELISA plates were coated one day earlier with 100 puL per well
coating solution, consisting of the respective capture antibody diluted 1:120 in coating buffer
and incubated at least 12h at 4 °C. The coated ELISA plates were washed three times with
0,05% PBS-T and blocked for 1h at RT in the dark with 300 pL assay diluent per well. After
blocking, the plates were washed three times with PBS-T and 100 pL of standards ranging from
0 to 1500 pg/mL or 100 uL undiluted supernatant were added to each well. The 96-well plates
were incubated for 2h at RT in the dark and were then washed three times with PBS-T.
Afterwards, 100 pL of detection antibody diluted 1:60 in assay diluent containing 2% heat
inactivated normal goat serum were added per well and the plate was incubated for 2h at RT in
the dark. After washing the plates three times with PBS-T, 100 uL of 1:40 diluted Streptavidin-
HRP solution were added to the wells and incubated for 20 min in the dark. Then, the wells
were washed again three times and 100 pL of substrate solution, consisting of solution A and
B in a 1:1 ratio, were added and the plates were again incubated in the dark for 20 min. At last,
50 uL of stop solution, 2 N H2SO4 were added from the top. Then the absorbance was measured
at 450 nm with the TECAN reader using 570 nm as reference wavelength.

7.4.9 XTT-Assay

96-well plates with reverse siRNA transfected and variously treated U87 and U251 cells were
analysed. PMS (phenazine methosulfate) was diluted 1:50 in XTT-reagent. 50 uL of this
dilution were added per well and then analysed by TECAN reader at 450 nm using a reference

wavelength of 650 nm. The cytotoxicity and viability of the cells were calculated as followed:

viability [%] = [(ODg+t — ODE) / (ODt — ODwed)] x 100

cytotoxicity [%] = 100 — viability [%]

Where ‘E’ means the optical density (OD) of the sample containing effector cells only, ‘T’
means the OD of the sample containing only the target cells and ‘Med’ means the OD of the

respective medium, in which the cells were added.
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7.4.10 Luciferase-based Caspase-3/7 Assay

96-well plates with reverse siRNA transfected U87 and U251 cells were analysed after
treatment with either 50.000 FluT D11 cells, supernatant of activated FIuT D11 cells or CLM.
Content of one bottle Caspase-Glo ® 3/7 (Promega) buffer was added to one bottle of
lyophilized Caspase-Glo ® 3/7 substrate and mixed well. 100 pL of this solution were added
per well. Plates were incubated in the dark at RT for 30 min on a plate shaker at 500 rpm and

then analysed by TECAN reader at 450 nm using a reference wavelength of 650 nm.

7.5 Statistical evaluation

For the statistical evaluation GraphPad Prism 8 software was used. Statistical differences
between the control and the test groups were determined using a two-tailed unpaired or paired
student's t-test. T-tests with p-value < 0.05 were taken as significant and the levels of statistical

significance were set as * = p < 0.05, ** =p <0.01, *** =p < 0.005, **** =p <0.001.
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9 Abbreviations

5-ALA
ANT
AP1
Apaf-1
APC
ATP
Bax
BBB
Bcl-2
BTIC
BVv421
CAMKI1D
Cas9
CBR
CD
cDNA
c-FLIP
CI
CIRI
CLL
CLM
CMV
CNS
CO2
COP9
CoClz
CSF
CSN5
CRISPR
CTLA-4
DC
DISC

5-aminolevulinic acid

Adenine Nucleotide Transporter
Activator Protein 1

Apoptotic Protease Activating Factor 1
Allophycocyanin; antigen presenting cell
Adenosine triphosphate

Bcl-2-associated X protein

blood brain barrier

B cell lymphoma 2

Brain Tumor Initiating Cells

brilliant violet 421 dye
Calcium/Calmodulin-dependent protein kinase 1D
CRISPR associated protein 9

central benzodiazepine receptor

cluster of differentiation

complementary DNA

Casp8 and FADD-like apoptosis regulator
confidence interval

cerebral ischemia-reperfusion injury
chronic lymphocytic leukemia

complete lymphocyte medium
Cytomegalovirus

central nervous system

carbon dioxide

constitutive photomorphogenesis 9
cobalt dichloride

cerebrospinal fluid

COP 9 signalosome complex subunit 5

clustered regularly interspaced short palindromic repeats

cytotoxic T lymphocyte-associated protein 4
dentritic cell

death-inducing signaling complex
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DMEM
DMSO
DNA
DPA-714

DR
EDTA
EGF
EGFRVIII
ELISA
EMT
ERK
FACS
FADD
Fas

FasL

FCS

FGF
FGIN-1-27
FITC
FluTC
GABA
GBM
gDNAse
GEPIA
GZMB
H2S04
HHV
HLA
HMG-CoA
HRP

IBP

ICI

IDH

dulbecco’s modified eagle medium

dimethyl sulfoxide

deoxyribonucleic acid
N,N-diethyl-2-[4-(2-fluoroethoxy)phenyl]-5,7-
dimethylpyrazolo[1,5-a]pyrimidine-3-acetamide
death receptor

ethylenediaminetetraacetic acid

endothelial growth factor

EGF receptor variant I1I

Enzyme-linked immunosorbent Assay
epithelial-mesenchymal-transition
extracellular signal-regulated kinase
fluorescent-activated cell sorting
Fas-associated death domain protein
FS-7-associated surface antigen

Fas ligand

fetal calf serum

fibroblast growth factor

2-(4-Flurophenyl)-N, N-dihexyl-1H-indole-3-acetamide
Fluorescein-5-isothiocyanate

cytotoxic Flu T cell

gamma-aminobutyric acid

Glioblastoma multiforme

genomic DNAse

Gene Expression Profiling Interactive Analysis
Granzyme B

sulfuric acid

human herpesvirus

Human Leukocyte Antigen
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
horseradish peroxidase

isoquinoline binding protein

Immune checkpoint inhibitor

Isocitrate dehydrogenase
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IDO
IFNy
IFNG-R1
IgG

IL
IMM
IRF
iTME
ITSM
JAK
JNK

kd

ko
LDL
LGG
LOH
LPS
MEK
MES
MGMT
MHC
miRNA
mOS
mPTP
MRI
mRNA
MUT
My88
NF-«B
NSCLC
OD
OKT3
OMM
OPC

Indolamin-2,3-Dioxygenase

Interferon gamma

Interferon gamma receptor 1
Immunoglobulin G

Interleukin

inner mitochondrial membrane

Interferon regulatory factor

immune tumor microenvironment
immunoreceptor tyrosine-based switch motif
Janus kinase

c-Jun N-terminal kinase

knock-down

knock-out

low density lipoprotein

lower grade glioma

loss of heterozygosity

lipopolysaccharide

Mitogen-activated protein kinase kinase
mesenchymal

O-6-methylguanine-DNA methyltransferase
major histocompatibility complex

micro RNA

mean overall survival

mitochondrial permeability transition pore
Magnetic Resonance Imaging

messenger RNA

mutated; mutation

myeloid differentiation primary response 88
nuclear factor kappa-light-chain-enhancer of activated B cells
non small cell lung cancer

optical density

Muromonab-CD3

outer mitochondrial membrane

oligodendrocyte precursor cells
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PAMPs
PBMC

PBR

PBS-T

PD-1
PDGF-R
PD-L1 (CD274)
PE
PerCP-Cy5.5
PET

PGE2

PK 11195

PKC
PMS
PMT
PN
PPIX
PRF1
qPCR
REP
RISC
RLU
RNA
RNAI
Ro5-4864
ROS
RT
RT-gPCR
Scr

SD
SHP-2
siRNA
SOC

pathogen-associated molecular patterns
peripheral blood mononuclear cells
peripheral benzodiazepine receptor
phosphate buffered saline — tween
Programmed Death 1

platelet derived growth factor receptor
Programmed Death ligand 1
Phycoerythrin

Peridinin chlorophyll cyanin 5.5
Positron Emission Tomography
Prostaglandin E2
N-Butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-
carboxamide

Protein kinase C

phenazine methosulfate
proneural-mesenchymal transition
proneural

Protoporphyrin IX

Perforin-1

quantitative polymerase chain reaction
rapid expansion protocol
RNA-induced silencing complex
relative luminescence unit

ribonucleic acid

RNA interference

4'-chlorodiazepam

reactive oxygen species

radiotherapy

reverse transcription quantitative polymerase chain reaction
scrambled sequence

standard deviation

Src homology region 2 domain-containing phosphatase-2
small interfering RNA

standard of care
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STAT
TAM
TCR
TGFpB
Th17
TIL
TLR
T™Z
TNFa
TNF-R
TNFRSF
TP53
TPM
TRAF
TRAIL
Treg
TSPO
VDAC
VEGF
WHO
WT

signal transducer and activator of transcription
tumor-associated macrophage
T cell receptor

tumor growth factor beta

T helper 17 cell
tumor-infiltrating lymphocyte
toll-like receptor
Temozolomide

tumor necrosis factor alpha
TNF receptor

TNF receptor superfamily

tumor protein p53, transformation-related protein 53

transcripts per million

TNF receptor associated factor

tumor necrosis factor related apoptosis inducing ligand

regulatory T cell

translocator protein 18 kDa
voltage-dependent anion channel
vascular endothelial growth factor
World Health Organization
wildtype
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