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1 Introduction 

1.1 Glioblastoma  

Adult-type diffuse gliomas are the most common brain tumors in adults and are divided 

into grades 2-4 based on histological as well as molecular criteria by the WHO 

classification of 2021 [1]. The most aggressive malignancy with the lowest overall 

survival is glioblastoma (GB), which accounts for approximately 48% of all malignant 

brain and CNS tumors in the U.S. [2]. The average survival time is 14-20 months [3] 

[4] [5] [6] with a 5-year chance of survival around 6%, depending on sex and age at 

diagnosis [7] [8]. An improved prognosis or even successful treatment for this type of 

cancer is one of the greatest challenges in neuro-oncology.  

One prognostic relevant biomarker, which was already integrated into the 2016 

classification, is the mutation status of the isocitrate dehydrogenase 1/2 (IDH 1/2) [9]. 

The heterozygous gain of function mutation (IDHmut) [10], as opposed to the IDH wild 

type (IDHwt), is associated with a longer survival time [11] [12] [13]. This can be 

explained by the altered DNA and histone methylation, as a result of an increased 

production of the oncometabolite D-2-hydroxyglutarate, which is associated with 

hypermethylated CpG-islands. This methylation status is also referred to as glioma-

CpG island methylator phenotype or G-CIMP± [14].  

IDHmut glioblastoma, now referred to as astrocytoma, IDHmut, are usually secondary 

tumors, that progress from lower-grade gliomas [11]. The genetic expression profile is 

therefore similar to low-grade gliomas with aberrations of the TP53 [12] and ATRX 

gene [15] as well as a G-CIMP+ phenotype [14]. Furthermore, hypermethylation of the 

TSPO promoter has also been observed in IDHmut gliomas, resulting in lower 

expression of TSPO in comparison to IDHwt glioblastoma. In contrast, the promoter 

appeared unmethylated in non-neoplastic brain tissue, indicating a de novo 

methylation in IDHmut gliomas [16]. On top of that, the homozygous deletion of 

CDKN2A/B is viewed as a marker for IDHmut astrocytomas [1]. A younger age of onset 

(£ 50 years) is also a reason for the comparatively better prognosis of IDHmut 

astrocytoma [17] [18] as well as the more frequent MGMT promoter methylation [9]. 

Further investigations revealed that less TSPO expression in IDHmut astrocytomas 

corresponds to a lower grade of malignancy, leading to a correlation between TSPO 
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levels and survival time in both, primary [19] [20] [6] as well as recurrent glioblastoma  

[21]. Although, the survival benefit of TSPO was not differentiated from the IDH 

mutation status.  

In contrast, IDHwt GB are mostly primary (de novo) tumors, that are characterized by a 

short clinical history and a rapid progression. With about 90% of the cases, they are 

forming the vast majority of glioblastomas [9]. They can occur in all age groups, with 

an age of onset of ³ 55 years [3] [22]. The genetic aberrations vary accordingly with 

some characteristic molecular changes such as amplification of the EGFR [23] [24] 

and the combinational gain of chromosome 7 and loss of chromosome 10 (+7/-10) [23]. 

Also, mutations of the TERT promoter are frequently seen in glioblastomas [25] [23]. 

The occurrence of all three aberrations is defining for glioblastoma, IDHwt [1], besides 

the classic definition, which constitutes of necrosis and neovascularization, that 

establish a second trait to diagnosis.  

 

 Glioblastoma subtypes 

To better meet the complexity of the heterogeneity of the disease, extensive research 

at the combined genomic, epigenetic and proteomic level, led to the characterization 

of core pathways associated with glioblastoma pathogenesis. Molecular genetic 

studies of The Cancer Genome Atlas database revealed regular changes in three main 

signaling pathways within the tumors. These are the activation of the RTK/Ras/PI3K 

as well as the inactivation of the p53 and the RB signaling pathways [26]. Further 

analyses of the genomes and transcriptomes identified certain gene expression 

patterns, based on which glioblastomas were divided into originally four subtypes 

(proneural, classical, mesenchymal and neural) [27]. However, subsequent studies 

questioned the neural phenotype to be an original subtype due to the lack of 

characteristic mutations [28] [29].  

The three remaining subtypes, namely the classical, proneural and mesenchymal type, 

are each characterized by certain mutations. As for the classical type, amplification of 

EGFR and homozygous deletions of CDKN2A as well as rare mutations of TP53 [27] 

are characteristic. On the other hand, proneural tumors present themselves with 

changes in the PDGFRA signaling pathway, in addition to the prognostically favourable 

IDH mutation [30] [27]. The proneural group also has a high correlation with G-CIMP+ 

glioblastomas, which are also associated with a longer survival period [31]. The third 
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group, namely the mesenchymal type, is characterized by deletion of PTEN and 

mutations of NF1 [30]. This entity is considered the most aggressive with the worst 

prognosis. Likewise, they express most PD-L1 [32], a finding which is in line with the 

fact that the mesenchymal subtype is particularly immunogenic and could, in 

consequence, respond to immunotherapy [33]. Furthermore, highest TSPO expression 

levels were found in the mesenchymal subtype as well as mesenchymal- like states 

[20] [16], a more comprehensive approach for the classification of glioblastoma 

subtypes including plasticity and cellular states [34]. Therefore, TSPO could be of 

clinical interest, serving as predictive biomarker for immunotherapies. However, the 

subtypes do not precisely reflect the variable and mutable nature of glioblastomas. 

Single cell RNA sequencing revealed that glioblastoma subtype classifiers are 

expressed differently among individual cells within a tumor and also, that the cells 

exhibit a spectrum of stemness and differentiational states [35].  

Altogether, the results show a pronounced heterogeneity within glioblastomas, which 

is characterized by a plethora of cells with partly different, partly overlapping 

characteristics. 

 

 Glioma stem cell (GSC) 

Glioma stem cells (GSC) describe a cell population within gliomas, that are oftentimes 

referred to as brain tumor initiating cells (BTIC) and that are defined by self-renewal 

and multi-lineage differentiation [36]. 

For a long time, it was not known exactly whether all cells had the same influence on 

growth and differentiation of the tumor, until Singh et al. described the brain tumor stem 

cell in a glioblastoma cell line [37]. Currently, there are two widely accepted views of 

the stem cell theory. The first is that tumors mimic the hierarchical structure of normal 

tissue. This means that cells with stem cell function represent the origin of differentiated 

cells and enable dynamic adaptation of the tumor through their regenerative and 

differentiational ability (as reviewed in [38]). The second model assumes that every 

tumor cell is tumorigenic and that stem cells as well as non-stem cells can undergo 

phenotypic transitions. This was substantiated as it was shown that all GB 

subpopulations displayed stem cell markers and showed tumorigenic potential, 

supporting the high plasticity within glioblastoma [39].  
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GSCs also display extensive cellular heterogeneity, as expected, in regard of GB's 

heterogeneous histology [35]. The distinction of GSCs is based on membrane 

antigens, yet there is not a universal marker, which can define the entire GSC 

population. Instead, a panel of multiple biomarkers was identified [40]. Notably, neither 

presence nor absence of such biomarkers are defining for stem cells [41].  

Another characteristic feature of GSCs is the ability to change from quiescent, slow 

cycling cells into proliferating cells, migrating to nutrient-rich areas for differentiation 

and proliferation [42]. Upon stimulation, GSCs can transition between their reversible 

states [43] [44], depending on the favourability of the surrounding for survival, including 

acidic stress [45] [46], nutrient supply [47] [48] or extrinsic stressors like radiation [49]. 

This transition also has an impact on the energy metabolism of the cells. Recent 

studies on metabolic features of GSCs revealed that especially quiescent and 

differentiated GSCs mainly depend on oxidative phosphorylation (OXPHOS) and lipid 

oxidation [50]. In contrast, proliferating GSCs show a more complex phenotype by 

switching between glycolysis and oxidative pathways [51] [38], while furthermore 

making use of glutamine [52], a primary energy source alongside glucose [48].  

Next to differentiated GB cells, GSCs were categorized into mesenchymal and 

proneural subtypes [53] on the basis of gene signatures [54] [55] [56], with both 

subtypes displaying certain characteristics. In comparison to proneural, mesenchymal 

GSCs were associated with shortened in vivo survival after transplantation [57]. They 

also presented a more aggressive growth pattern  through IL-6/JAK/STAT3 [58], which 

was previously shown to be upregulated on GSCs [59]. In addition, the mesenchymal 

phenotype showed increased expression of genes related to vascularization, motility 

and wound healing, while proneural gene signatures were related to homeostatic 

activity [55]. Furthermore, both phenotypes showed different distributions within the 

tumor. Whereas proneural cells were primarily found in persivascular niches, 

mesenchymal cells were linked to necrotic niches, able to survive stress conditions like 

hypoxia and nutrient deprivation [56]. This is reflected in the preferred energy sources. 

In contrast to proneural GSCs, mesenchymal cells showed low glutamine levels and 

high lipids [60], pointing to a higher adaptability of their metabolic phenotype.  

To add additional complexity, individual tumors or tumor areas can switch between 

subtypes, depending on microenvironmental factors such as nutrient and oxygen 

restrictions [55] [61] [34], cell interactions [62] as well as specific microenvironmental 

niches [56]. It was further hypothesized that, when investigating the disease ex vivo, 
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cell culture conditions promote the adoption of a certain phenotype [63]. This is a 

significant factor, that should be considered when working with glioblastoma cells. 

 

 Tumor microenvironment  

It is widely accepted that GSCs are preserved in microenvironments, which are known 

as niches and that maintain and affect the behaviour of GSCs. These niches were 

divided into five categories, namely perivascular, hypoxic/necrotic, peri-arteriolar, peri-

immune and extracellular, that are comprised of specific types of cells, proteins and 

molecular mechanisms (as reviewed in [64]). Recent investigations concluded that the 

original five categories are not distinct from another, therefore proposing a more 

comprehensive concept of the so-called hypoxic peri-arteriolar GSC niche [64]. By 

simplifying the multitude of GSCs niches, this dynamic model enhances understanding 

of the interplay between niches and GSCs.  

In the microenvironment of glioblastomas, hypoxic conditions occur due to rapid growth 

with consequently inadequate supply of nutrients and oxygen [65] and are considered 

to be a hallmark of cancer [66]. As a result of the low oxygen content, hypoxia-inducible 

factors (HIF) are upregulated.  HIF-1/2 are involved in central signaling pathways, thus 

explaining the impact of hypoxia on self-renewal, proliferation, invasion and 

maintenance of stem function (as reviewed in [67]).  Furthermore, it is associated with 

the activation of a glutamine metabolism in tumor cells [68] and causes acidification of 

the surrounding, which affects the proliferation-quiescence transition of GSCs [46]. 

Upon acidic pH shift, the cells converted into a quiescent state, while similarly 

mitochondria changed from a tubular to a donut shape. By creating a less acidic 

environment, this could be reversed, suggesting that shape as well as function of 

mitochondria is dependent on GSC phenotype [46]. Mitochondria play a crucial role in 

the maintenance of the oxidant-antioxidant system in cells. Accordingly, GSCs have 

developed scavenger systems to adapt to oxidative stress [69]. Mitochondrial 

dysfunction, e.g. due to mutations of genes encoding components of NADH- protein 

complexes, can cause an accumulation of superoxide radicals. Subsequently, 

prolonged activation of ROS-dependent oncogenic pathways is associated with 

tumorigenesis and metastasis (as reviewed in [70]) as well as cell cycle arrest in G0/G1 

phase, thus resulting in maintenance of the quiescent state [71].  
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Additionally, hypoxic conditions induce an immunosuppressive environment by the 

release and recruitment of immunosuppressive cytokines and cells [72] [73] [74]. 

Glioblastomas are lymphocyte-depleted and highly infiltrated by tumor associated 

macrophages (TAM), whose formation and recruitment of M2- like states are 

connected to GSCs [75]. TAMs are either brain intrinsic microglia or macrophages 

recruited from the periphery [75] [76] [77] and are especially associated with the 

mesenchymal subtype. They have been shown to express the most TSPO within tissue 

surrounding the malignancy [78] [16]. Instead of creating a tumor-suppressive 

microenvironment, TAMs are immunogenic cells, that secrete cytokines upon 

stimulation by malignant cells. These include cytokines like IL-10 and TGFb,  to 

suppress immune responses, and pro-proliferative cytokines such as IL-6 and TNFa, 

thus establishing a hostile TME [79]. As TGFb exhibits strong immunosuppressive 

ability, it inhibits invasion and function of immune cells [80]. The majority of tumor-

infiltrating T cells in glioblastoma is composed of Tregs, the transition of which is 

favoured by IL-10 and TGFb [81] [82] [83]. These cells in turn, successfully suppress T 

helper cells [84], e.g. through the secretion of TGFb and IL-10, which leads to 

diminished levels of IL-2 and IFNg in T cells [85], while CD4- and CD8- positive T cells 

are exhausted [86] [87]. Whereas it could be shown that proneural GSCs express 

TGFb, they could not be influenced by the cytokine but instead, efficiently induced 

TGFb-mediated immunosuppression. In contrast, mesenchymal GSCs showed higher 

infiltration of CD8- positive T cells [88]. The lower infiltration of immunocytes in 

proneural compared mesenchymal GSCs, may therefore relate to the efficacy of GSCs 

sensitivity to immunotherapy. 

 

 Therapeutic approaches 

The current standard of care in the treatment of glioblastoma in Germany includes 

surgical resection to the amount feasible, followed by radiochemotherapy. In the U.S., 

additional treatment with tumor treating fields was approved by the FDA in 2015 [89] 

and in Germany, approval followed in 2020 [88].  

The most commonly used chemotherapeutical agent is the alkylating agent 

temozolomide (TMZ) [3]. In this context, MGMT expression is crucial as it is a repair 

protein, that reduces the effect of TMZ. Hypermethylation of the promotor of the 
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enzyme leads to a decreased expression of the MGMT gene, which in turn, results in 

increased chemosensitivity. Hence, MGMT promoter methylation is associated with a 

better response to this therapy and is part of the neuropathological screening [90].  

Nevertheless, resistance mechanisms towards especially classical therapeutic 

approaches are the reason for only modest effects in the therapy of glioblastoma [91].  

Thus, comprehending the underlying mechanisms of resistance as well as the complex 

interplay of GSCs with its environment might lead to the discovery of new strategies.  

An important part for the survival of all cells, is the provision of sufficient energy. Based 

on the assumption, that glucose is a major source of energy, simultaneous therapy 

with glucose deprivation and TMZ was attempted. However, the cells entered 

quiescence after glucose starvation, upon upregulation of autophagic activity, thus 

promoting resistance to chemotherapy [92]. Nevertheless, it has only recently been 

shown that metformin could negatively affect explicitly GSC viability, which was 

reflected in a reduced proliferative capacity, lower invasiveness and reduced ability for 

self-renewal [93]. Since ROS is also crucial for survival and regulation of apoptosis 

[94], it was further questioned whether ROS presents a possible target. Especially as 

it was shown that low levels of ROS protected the cells from radiation-induced 

apoptosis [95], while increased levels of ROS caused augmented TMZ sensitivity [88].  

In a former study, a dose-dependent reduction in the viability of GSCs and a reduced 

ability to self-renew was demonstrated by treatment with curcumin. Mechanistically, 

this was due to enhanced ROS accumulation with subsequent inhibition of STAT3 [93]. 

Moreover, the inhibition of STAT3 effectively prevented the transition from a proneural 

to a mesenchymal phenotype (PMT) [96], which can be induced upon radiation [97] 

[49]. This transition occurred TNFa/ NF-kB-dependently [55] [49]. Additionally, it was 

previously evidenced that one of the first responses to radiation-induced DNA damage 

was NF-kB upregulation, leading to enhanced DNA damage repair [49] [84], which 

could link mesenchymal differentiation to radio-resistance [55].  

In order to circumvent the multiple resistance mechanisms to radiochemotherapy, 

hopes were high that the addition of novel and targeted immunotherapies would 

improve prognosis. But until now, novel therapies have only resulted in moderate 

clinical benefits [98] [99] [100] [101]. This is clearly due to the immunosuppressive 

environment, as improved patient outcome was correlated with T-cell response to 

tumor-associated antigens [102] [103]. To successfully restore a sufficient and 

effective T cell response, a full understanding of the immunological events in the tumor 
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is of great importance. Based on these considerations, genome-wide siRNA screening 

was performed in the lab of our collaborator P. Beckhove and revealed that TSPO is 

among the possible immunological targets of T cells in the context of glioblastoma 

[104], making the protein a suitable therapeutic target. 

 

1.2 TSPO 

 TSPO structure, characteristics, and distribution 

The 18-kDa translocator protein (TSPO) was originally discovered in 1977 as a 

peripheral binding site for benzodiazepines outside the CNS [105]. It is composed of 

169 amino acids [106]. Its structure is characterized by five transmembrane a-helices 

in the outer mitochondrial membrane (OMM), stretching into the intermembrane space 

with an extramitochondrial C-terminal and intramitochondrial N-terminal [107]. Within 

this structure separate binding sites for TSPO ligands are contained. As for cholesterol, 

an endogenous TSPO ligand, a cholesterol recognition amino acid consensus 

sequence (CRAC) was found in the C-terminus [108] [109]. Although several studies 

aimed to identify the exact binding site of TSPO, it was found that different amino acid 

sequences, distributed across the transmembrane domains, are responsible and the 

exact mechanisms of ligand binding remain elusive [110] [111]. TSPO shows high 

conformational plasticity as it can function in a monomeric state but it can also form 

dimers and higher oligomers [112] [113] [114] [111]. In general, TSPO is widely 

expressed throughout the body but it is specifically found in tissue associated with 

steroidogenesis, such as the adrenal cortex or adipocytes [112] [115]. Within the 

healthy brain, it is only expressed on very low levels but it is upregulated in several 

neuropathological conditions [116] [117] [118]. Next to glia cells [118] [119] [120], it 

was found that TSPO is also upregulated in neoplastic cells [121] [19] [122] [119].  

 

 TSPO function 

Due to its location in the outer mitochondrial membrane, TSPO has been associated 

with a variety of cellular functions. The main tasks include the binding and 

transportation of cholesterol into mitochondria for steroid and neurosteroid synthesis 

as well as porphyrins for heme synthesis [115]. As one of the most prominent features, 
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it has been extensively studied using TSPO ligands. There, TSPO agonists were found 

to enhance neurosteroid synthesis throughout the body and in various cell lines in vitro 

and in vivo [123] [124] [125]. 

Among the diseases, in which TSPO is highly expressed, are gliomas [126]. Although 

most mechanisms of action are not fully defined yet, many studies point to a functional 

relevance of TSPO in glioblastoma.  

There is evidence that TSPO is part of a complex consisting of the voltage-dependent 

anion channel, 32 kDa (VDAC) and the adenine nucleotide transporter, 30 kDa (ANT). 

Both components are part of the mitochondrial permeability transition pore (mPTP) 

[127]. Accordingly, among the tasks attributed to TSPO is the regulation of 

mitochondrial structure as well as function. This includes mitochondrial respiration and 

oxidative stress [128] [129]. As a consequence of mPTP opening, the proton gradient 

of the mitochondrial intermembrane space collapses and the mitochondrial proton 

gradient (∆Ψm) dissipates. This is followed by subsequent release of apoptotic factors, 

initiating apoptosis [130]. In the last decades, different pathways have been 

investigated in glioblastoma cell lines, all of which have been associated with the 

modulation of apoptotic cell death, including oxidative stress and mitochondrial 

membrane potential [131]. The crosstalk between oxidative stress and TSPO may also 

act vice versa, as TSPO transcription is regulated by PKCe, which is a ROS sensitive 

pathway [132] [133]. In U-118MG cells, pharmacological targeting of TSPO, together 

with the NO donor sodium nitroprusside (SNP), attenuated cell death. Therefore 

associating TSPO to nitric oxide (NO)- induced cell death [134]. 

Not only cell death, but also proliferation processes are affected by TSPO. TSPO 

expression was related to enhanced proliferation in a C6 rat glioma cell line [121], 

which was later confirmed by TSPO overexpression in the same cells, ameliorating 

their proliferative capacities [135]. On the other hand, deficiency of the protein also led 

to increased proliferation in mouse as well as human glioma cells [136] [137]. The 

results of the latter studies were both linked to cell cycle progression. With TSPO 

depletion, more cells were found in the S phase than in the G0/1 phase [138] [137].  

With regard to mitochondria-to-nucleus-signaling, generation of ROS and the collapse 

of the mitochondrial membrane potential (∆Ψm) are important modulators acting 

through changes of ATP levels, NADPH oxidase activity and the release of Ca2+ [139] 

[140] [141]. Downregulation of TSPO has been shown to decrease oxidative stress 

[142] and ROS is also among the pro-inflammatory molecules that are released upon 
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activation of microglia. Other pro-inflammatory cytokines are IL-6, IL-8 and IL-1b, which 

altogether define the M1 as opposed to the anti-inflammatory M2 polarization of 

microglia [143] [144] [145]. Even though anti-inflammatory effects are attributed to 

TSPO, no clear assignment could be made, as TSPO was associated with the M1 

[146] [147] [120] as well as the M2 type [146] [148] [149]. This was also found to be 

the case in glioblastoma cells. While an upregulation of IFNg/TNFa as part of the M1 

phenotype was observed in TSPO- rich tumors, an enhancement of M2 interleukin 

genes could also be detected [16].  

Considering the plethora of functions that are modulated by TSPO, the assumption is 

obvious that TSPO acts through the regulation of gene expression [150].  

This hypothesis was recently verified in a GB cell line. Notably, augmentation of TSPO 

in the nucleus was only seen in xenografts, whereas cultured U-87MG cells showed 

no significant upregulation of TSPO [151]. Pharmacological targeting of TSPO led to 

diminished expression of immunomodulatory-related genes, pointing to another role of 

TSPO. 

Recent investigations revealed that TSPO expression in GSCs is triggered by T cells 

through secretion of TNFa and IFNg and that, paradoxically, TSPO expression is a 

protective factor for GB against cytotoxic T cell attacks [152], which play an important 

role in the control of malignancies. 

 

 TSPO ligands 

1.2.3.1 Synthetic TSPO ligands 

To further characterize TSPO, there has been great interest in providing synthetic 

ligands, to investigate its functions and develop diagnostic and therapeutic 

applications.  

One of the first prototypical ligands was the isiquinoline carboxamide derivative 

PK11195, to which an antagonistic mode of action was attributed [153]. Widely used 

as radiotracer in PET imaging, it allowed for visualization of TSPO expression and 

distribution. Since it was developed decades ago, there are some limitations to it, like 

a low signal to noise ratio due to non-specific binding and rather low uptake in the 

brain. This, in turn, resulted in several improved ligands on the market [154], including 

GRT16085N, XBD173 and Etifoxine. 
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1.2.3.2 GRT16085N (GRT16) 

GRT16 is a novel, dual-mechanism Kv7 potassium channel/TSPO receptor activator, 

which was originally designed as an activator of Kv7 channels in the quest for 

alternatives to treat neuropathic pain [155]. To test the selectivity of the compound, 

extensive profiling of 140 targets was carried out, which showed a high selectivity for 

TSPO in addition to Kv7.2/3. Displacement of [3H]-PK11195, revealed a binding affinity 

for TSPO of 4.6 µM in human U-118MG glioblastoma cells  [156].  

TSPO has long been associated with a number of CNS pathologies [157] and TSPO 

agonists are known for their neuroprotective effects. Thus, GRT16 promoted survival 

rates of rats after crush lesion of the cervical spinal nerves and accelerated the rate of 

axonal regrowth [156]. Preliminary results validated the protective effects in retinal 

neurons [158]. Supposedly, these effects are achieved by promoting an anti-

inflammatory response, together with an increase in neurosteroid synthesis [128], 

which could be confirmed for GRT16 as well. GRT16 administration resulted in 

significant increases of pregnenolone levels in C6 glioma cells. In comparison, 

pregnenolone levels were even higher in the brain than plasma levels [156], indicating 

an unimpeded crossing of the blood-brain barrier. Monitoring the distribution of GRT16 

in the brain paralleled the concentration-time course of plasma after oral application. 

Additionally, oral bioavailability it rats was declared to reach 73% in vivo [156].  

All these prerequisites make GRT16 a promising candidate for the treatment of CNS 

diseases.  

 

1.2.3.3 XBD173 

The phenylpurine XBD173, also referred to as Emapunil or AC-521, is a selective, 

high-affinity TSPO agonist, which induces neurosteroid synthesis in the periphery as 

well as the brain [159]. This could be validated in glioblastoma cells as well [125]. It 

has also been demonstrated that XBD173 efficiently inhibits microglial response, 

thereby dampening pro-inflammatory signaling and decreasing neuroinflammation 

[160] [161].  

The ligand has been extensively studied as possible alternative to benzodiazepines in 

psychiatric diseases over the past years, where it revealed anxiolytic properties without 

benzodiazepine-like side effects in the treatment of general anxiety [162] [123] [163]. 
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It also lacks withdrawal symptoms after cessation or tolerance with regard to anxiolysis 

[164]. Importantly, XBD173 was tested for tolerability and safety in clinical studies, 

where no severe drug-related adverse events were reported [123] [165].  

 

1.2.3.4 Etifoxine  

In addition to rather diagnostic ligands, some ligands show potential as therapeutics. 

Etifoxine, also known as Stresam®, has been approved in France as anxiolytic agent 

in the treatment of anxiety and adjustment disorder. It was shown to have a better 

profile compared to benzodiazepines regarding tolerability as well as efficaciousness. 

Also, fewer adverse effects were reported. Etifoxine caused neurological, such as 

drowsiness, as well as gastrointestinal symptoms, but to a lesser extend compared to 

benzodiazepines. Besides, a greater decrease of anxiety after drug discontinuation as 

well as less rebound was experienced [166] [167] [168] [169]. This applies to both, 

young [166] and elderly patients [170]. Etifoxine makes use of a direct and an indirect 

way to unfold its mode of action. The direct pathway is based on the positive allosteric 

modulation of GABAA receptors with binding of the inhibitory b-subunits. The indirect 

pathway probably acts through enhanced cholesterol transport and subsequent 

conversion to allopregnanolone, an known endogenous anxiolytic [171]. Multiple 

studies have shown that by binding to TSPO, Etifoxine exerts modulatory effects on 

the immune system in the sense of anti-inflammatory activity [172]. In addition, 

Etifoxine increased the synthesis of neurosteroids through TSPO- binding [173]. 

 

1.2.3.5 Endogenous TSPO ligands  

TSPO is binding to many endogenous ligands. Among the ones identified during the 

last decades are cholesterol [108] as well as porphyrins (PP) [174] and the Diazepam 

Binding Inhibitor (DBI) [175]. The most thoroughly investigated ligand is cholesterol, 

which binds TSPO with nanomolar affinity [176]. Cholesterol is then transported from 

the outer to the inner mitochondrial membrane where it is metabolized to pregnenolone 

by cytochrome P450 [177]. This is considered the rate-limiting step in the synthesis of 

steroids [112] [113]. Therefore, TSPO has been implicated to play an essential role in 

steroidogenesis. However, this hypothesis has been challenged by different groups, 
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whose investigations with knockout mice have brought up inconsistent phenotypes 

[178] [179] [180] [181].  

On another trait, it was found that porphyrins bind to TSPO with high affinity. Especially 

PPIX is important, as it forms heme when complexed with Fe2+ [174]. However, lately 

the influence of TSPO on heme synthesis has been challenged, as TSPO KO mice did 

not show a negative impact regarding heme biosynthesis [182]. Nevertheless, PPIX 

and TSPO may still present multiple interactions that modulate indispensable functions 

like attenuation of ROS [183].  

A third group of ligands is the DBI as part of an acyl-CoA-binding domain. Together 

with TSPO, it is supposed to participate in steroidogenesis as regulators of cholesterol 

transport [184]. Possibly, the interaction between the two proteins might not be limited 

to steroidogenesis, but also include other metabolic processes such as  inflammation 

[185]. 
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2 Aim of this work 

Gliomas make up the largest proportion of malignant brain and CNS tumors in the U.S. 

[186]. Among this entity, glioblastoma is the most aggressive malignancy with an 

average survival time of 15 months [5] [8]. The treatment of glioblastoma remains 

challenging until today, especially due to the plasticity of GSCs, allowing the cells to  

transition into a quiescent, low cycling state to evade therapies aiming at proliferating 

cells [187]. The long-known 18-kDa translocator protein (TSPO) was formerly 

discovered to be upregulated in GB [126] [19] and also associated with the 

prognostically unfavourable mesenchymal glioblastoma phenotype [16]. Since the 

protein is located at the outer mitochondrial membrane, it was linked to numerous key 

cellular functions, which were shown to be altered in glioblastomas [188].  

The ineffectiveness of current immunotherapeutic approaches for GB suggests that 

not all mechanisms of immune resistance have been discovered [189]. Recent results 

uncovered TSPO as part of such a mechanism [104] [152], making this protein a 

potential therapeutic target in glioblastoma.  

Recently, the German pharmaceutical company Grünenthal GmbH, designed the dual-

mechanism TSPO agonist, GRT16085N (GRT16). To formulate a first characterization 

of the ligand, the effects of GRT16 were compared to established TSPO agonists, 

namely XBD173 and Etifoxine. Modulation of TSPO was examined in a human, 

mesenchymal glioma stem cell line (BTIC13) with respect to cytotoxicity, cytokine 

expression, mitochondrial respiration, generation of ROS and apoptosis.  

The aim of our study was to evaluate the effects of GRT16 in order to develop 

translational pathways for the inhibition of pathophysiologically relevant mechanisms 

in patients with GB. 
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3 Zielsetzung der Arbeit  

Gliome bilden den größten Anteil primärer Hirntumoren [186]. Das Glioblastom stellt 

dabei, mit einer mittleren Überlebensdauer von 15 Monaten, den aggressivsten 

malignen Tumor dar [5] und bleibt bis heute eine therapeutische Herausforderung. 

Dazu tragen einerseits die außerordentliche Heterogenität innerhalb des Tumors und 

andererseits die Plastizität insbesondere der Glioblastom-Stammzellen bei. Doch 

gerade diese Eigenschaften eröffnen der Medizin eine Vielzahl an therapeutischen 

Angriffspunkten. 

Einer dieser Ansatzpunkte ist das bereits länger bekannte 18-kDa 

Translokationsprotein (TSPO), welches von Glioblastomen, insbesondere im Rahmen 

des prognostisch ungünstigen mesenchymalen Glioblastom-Phänotyps [16], vermehrt 

exprimiert wird [126] [19]. Aufgrund seiner Lokalisation an der äußeren 

Mitochondrienmembran, wurde das Protein mit zahlreichen zellulären 

Schlüsselfunktionen in Verbindung gebracht, die in der Pathogenese des Glioblastoms 

eine Rolle spielen [188]. 

Die Unwirksamkeit der derzeitigen immuntherapeutischen Ansätze deuten auf eine 

noch nicht vollständige Erfassung aller Immunresistenzmechanismen des Tumors hin  

[189]. Gleichwohl konnte TSPO erst kürzlich mittels Einzelzell-RNA- Sequenzierung 

als Teil eines solchen Mechanismus aufgedeckt werden [104] [152], wodurch sich 

dieses Protein als ein potenzielles therapeutischen Ziel beim Glioblastom qualifiziert.  

Das deutsche Pharmaunternehmen Grünenthal GmbH entwickelte erst kürzlich einen 

TSPO-Agonisten mit dualem Wirkmechanismus. Dieser, GRT16085N (GRT16) 

genannte Ligand, wurde mit den zwei bereits etablierten TSPO- Agonisten, XBD173 

und Etifoxin, verglichen. Mit dieser Arbeit erfolgte eine erste Charakterisierung von 

GRT16 hinsichtlich Zytotoxizität, Zytokinexpression, mitochondriale Zellatmung, ROS 

Synthese und Apoptose in einer humanen Hirntumor Stammzelllinie (BTIC13) vom 

mesenchymalen Typ. 

Ziel dieser Studie ist es, durch ein besseres Verständnis des Wirkprofils des TSPO 

Liganden GRT16, dazu beizutragen, translationale Wege zur Hemmung 

pathophysiologisch relevanter Mechanismen bei Glioblastompatienten zu entwickeln. 
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4 Material and Methods 

4.1 Material 

 Chemicals and reagents 

Table 1: Chemicals and reagents 

Substance Company 

Accutase Sigma-Aldrich, Germany 

30% Acrylamid/ Bis Solution Bio-Rad, Germany 

4-(2-Aminoethyl)-benzolsulfonylfluorid (AEBSF) Sigma-Aldrich, Germany 

Ammoniumpersulfate (APS) Sigma-Aldrich, Germany 

Antimycin A LKT Laboratories Inc., USA 

BCA-Assay Reagents A&B Interchim, France 

Bromphenol Blue Sigma-Aldrich, Germany 

CoCl2 Sigma-Aldrich, Germany 

4‘, 6-Diamidin-2-phenylidol (DAPI) Sigma-Aldrich, Germany 

Dimethylsulfoxid (DMSO) Roth, Germany 

Dithiothreitol (DTT) Sigma-Aldrich, Germany 

Epidermal growth factor (EGF) Miltenyi-Biotec, Germany 

FCCP Cayman Chemical Company, 
USA 

Fibroblast growth factor (FGF) Miltenyi-Biotec, Germany 

α-D-Glucose Serva, Germany 

Glycerol Sigma-Aldrich, Germany 

Glycerolphosphat Sigma-Aldrich, Germany 

Glycin Roth, Germany 

10x HALT Protease inhibitor  Thermo Fisher Scientific, USA 

HCl Merck, Germany 
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H2SO4 Carl Roth, Germany 

Isobutanolol Merck, Germany 

Isopropanol Merck, Germany 

Laminine Becon Dickinson, Germany 

L-glutamine Sigma-Aldrich, Germany 

Menandion Sigma-Aldrich, Germany 

Methanol Merck, Germany 

2-Methylbutane Sigma-Aldrich, Germany 

Milk powder Roth, Germany 

NaCl Roth, Germany 

NaOH Merck, Germany 

Na4P2O7 Merck, Germany 

Na3VO4 Merck, Germany 

Oligomycin Cayman Chemical Company, 
USA 

PageRuler Plus Pre-stained Protein Ladder Thermo Fisher Scientific, USA 

Paraformaldehyde (PFA) Sigma-Aldrich, Germany 

Penicillin /Streptomycin (P/S) Sigma-Aldrich, Germany 

Phosphate buffered Saline (PBS) Sigma-Aldrich, Germany 

Ponceau S Sigma-Aldrich, Germany 

Pre-stained Protein Standard Thermo Fisher Scientific, USA 

Resazurin R&D Systems, USA 

RHB-A stem cell culture medium Stem Cell Technologies, 
Germany 

Rotenone Cayman Chemical Company, 
USA 

Sodium deoxycholate Sigma-Aldrich, Germany 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich, Germany 
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Tetramethylethylendiamine (TEMED) Sigma-Aldrich, Germany 

Tris (Trizma Base) Sigma-Aldrich, Germany 

Triton X-100 Sigma-Aldrich, Germany 

Trypan blue Sigma-Aldrich, Germany 

Tween 20 Sigma-Aldrich, Germany 

XF Base Medium minimal DMEM Agilent Technologies, USA 

XF Calibrant pH 7,4 Agilent Technologies, USA 
 

 Assay kits 

Table 2: Assay kits 

Kit Company 

Brilliant III Ultra-Fast SYBR® Green QPCR 
Master Mix 

Agilent Technologies, USA 

FITC Annexin V Apoptosis Detection Kit with 7-
AAD 

BioLegends®, USA 

GoScript™ Reverse Transcription System Promega, USA 

H2DCFDA-Cellular ROS Assay Kit Abcam, GB 

IL-6 Human Uncoated ELISA Kit Thermo Fisher Scientific, USA 

IL-8 Human Uncoated ELISA Kit Thermo Fisher Scientific, USA 

NucleoSpin® RNA Macherey & Nagel, Germany 
 

 TSPO ligands 

Table 3: TSPO ligands, stock and final concentration 

TSPO ligand Stock 
concentration 

Final 
concentration  

Company 

GRT16 5 mM 1-25 µM Grünenthal GmbH, 
Germany 

XBD173 5 mM 1 µM Kindly provided by V. 
Milenkovic and C. Wetzel, 
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Department of Psychiatry 
and Psychotherapy 

Etifoxine 10 mM 1 µM Sigma-Aldrich, Germany  

 

 Cytokines 

Table 4: Cytokines, stock and final concentration 

Cytokine  Stock 
concentration 

Final 
concentration 

Company 

IFNg 100 µg/mg 50 ng/ml PeproTech, Germany 

TNFa 100 µg/mg 50 ng/ml PeproTech, Germany 

TRAIL 100 µg/mg 50 ng/ml PeproTech, Germany 

 

 Consumables 

Table 5: Consumables 

Product Company 

6-well culture plates TPP, Switzerland 

96-well cell culture plates TPP, Switzerland 

96-well black, flat bottom plates SPL Life Sciences, Korea 

96-well plate, PCR compatible Eppendorf, USA 

96-well black, transparent bottom plates Brand, Germany 

Combi tips advanced 1ml, 2,5 ml, 5 ml Eppendorf, USA 

Eppendorf Tubes (0.2 mL, 1.5 mL) Sarstedt, Germany 

Cryotubes 1,5 ml Roth GmbH, Germany 

Pipette tips 10 µl, 20 µl, 100 µl, 1000 µl Sarstedt, Germany 

Polyvinylidenfluoride (PVDF) membrane (0.2 µm) GE Healthcare, USA 

Seahorse XFp cell culture mini plate Agilent Technologies, USA 

Seahorse XFp extracellular flux cartridge  Agilent Technologies, USA 

Tubes (15 mL, 50 mL) Sarstedt, Germany 
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Whatman paper GE Healthcare, USA 

T75 cell culture flask TPP, Switzerland 
 

 Equipment 

Table 6: Equipment 

Product Specification Company 

BD FACSCantoÔ II	Flow 
Cytometer 

 BD, Biosciences, USA 

Cell culture centrifuge Megafuge 1.0R Thero Fisher Scientific, 
USA 

Cell culture incubator HeraCell 150 Thero Fisher Scientific, 
USA 

Centrifuge mini Haereus Biofuge pico Thermo Fisher Scientific, 
USA 

Counting chamber Neubauer 
Hemocytometer 

Carl Roth, Germany 

Cryo Freezing Container 5100-0001 Nalgene, USA 

Fluorescence microscope  Zeiss Axio Observer Z1 Visitron Systems GmbH, 
Germany 

Heating block  Thermomixer 5436 Eppendorf, Germany 

InCucyte® ZOOM  Essen Bioscience, GB 

LaminarFlow Safety 
cabinet 

HeraSafe laminar flow Thermo Fisher Scientific, 
USA 

Light optical microscope Fluovert Typ 090-
135.001 

Leitz, Germany 

Light microscope camera  ProgRes C3B Jenoptik, Germany 

Microplate Reader VarioSkan Flash 
Multimode Reader 

Thermo Fisher Scientific, 
USA 

NanoPhotometer P300 
Implen 

 Kisker, Germany 

PCR machine qTOWER3 Thermocycler Analytik Jena GmbH, 
Germany 
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pH meter  CG 842 Schott, Germany 

SDS-Page equipment PerfectBlue Double Gel 
System Twin S 

Peglab, Germany 

Seahorse Extracellular 
Flux Analyzer 

XFp Agilent Technologies, 
USA 

Semi-Dry-Blotter Pegasus Phase GmbH, Germany 

Waterbath 1083 GFL, Germany 

Western Blot 
spectrophotometer 

ImageQuant LAS4000 GE Healthcare, USA 

 

 Software 

Table 7: Software 

Software Purpose  Company 

GraphPad Prism Statistics Graph Pad Software, 
USA 

ImageJ Image editing and 
analysis 

NIH, USA 

Microsoft Excel Data analysis Microsoft Corporation, 
USA 

Seahorse Wave Desktop 
Software  

Data analysis Agilent Technologies, 
USA 

VisiView Image taking Visitron Systems GmbH, 
Germany 
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4.2 Cell culture 

When working with cells, care was always taken to ensure sterility and only sterile 

medium, buffer and materials were used. All work steps were carried out in a sterile 

workbench (Herasafe, Thermo Fisher Scientific, USA).  

 

 Cell lines  

The cell lines used in this work are established brain tumor initiating cells (BTICs), 

showing a mesenchymal phenotype. For the extraction of these cells, resected 

glioblastoma samples from patients of the University Hospital Regensburg were 

prepared as described [190]. All cells were cultured in the nutrient medium RHB-A at 

37°C and 5% carbon dioxide (CO2) under stem cell-like conditions. 

The sampling of tumor specimens and enrichment of BTICs was approved by the 

Ethics Committee of the University of Regensburg (No° 18–207-101). Informed 

consent was obtained from all patients.  

 
Table 8: Cell lines 

Cell line  
(DMSZ Nr.) 

Cell type Histology  Culture medium 

BTIC13 Human 
glioblastoma 
stem cells 

mesenchymal RHB-A+5% PS+20 ng/ml 
EGF+FGF 

 

Several times a week, growth and morphology of the cells was evaluated with the aid 

of a microscope. Cells were split up when confluency of 80 to 90 % was reached, 

scaling up the passage. For this purpose, the culture medium was first transferred into 

a 15 ml tube and the adherent cells were detached with the help of Accutase. After a 

two-minute exposure time, the enzymatic reaction was stopped with the previously 

removed culture medium, whereupon the entire content was pipetted into the tube. The 

cell suspension was centrifuged at 1200 rpm for 4 min. Following this, the supernatant 

was discarded, and the pellet was resuspended in fresh culture medium. During the 

last step, the cell suspension was transferred into two cell culture bottles containing a 

final volume of 10 ml. When using a bottle repeatedly, it was first rinsed with PBS to 
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free it from cell residues. The cell lines were used for experiments up to the 22nd 

passage. 

 

 Freezing of cells 

For the preservation of low passages, the cells were frozen and stored at -80°C. In this 

case, a pellet was prepared as described in 4.2.1. After the supernatant was discarded, 

the cells were suspended in a culture medium containing 10% of DMSO to prevent the 

formation of ice crystals, that could damage the cells. Subsequently, 1 ml of the cell 

suspension was transferred into each cryotube and stored in isopropanolol- filled 

freezing containers for 48h at -80°C. Due to the alcohol, the cells were frozen at a 

constant cooling rate of -1°C/min. 
 

 Thawing of cells 

For a successful thawing of the cells, the work steps were carried out quickly. The 

cryotubes were defrosted in a 37°C water bath for 1 min. Next, the cells were 

transferred into a 15 ml tube and centrifuged (1200 rpm, 4min). After the supernatant 

was discarded, the cells were placed in a cell culture bottle. 24h to 48h later, half of 

the medium was renewed. When adequate confluency was reached, the cells were 

split up. 

 

 Determination of cell number  

To determine the cell number, 10 µl of trypan blue was added to 40 µl of a previously 

produced cell suspension. Trypan blue is an anionic diazo dye, that selectively stains 

dead cells. Therefore, it can be used to assess cell viability, although it does not allow 

to draw any conclusions about functionality. Subsequently, 10 µl of the solution was 

pipetted onto a Neubauer counting chamber and the cells were counted using a light 

microscope. The cell number per millilitre was determined using the following formula: 
 

Cell count/ ml = !"#$%&	()	*%++,	
!"#$%&	()	*("-./-0	*12#$%&,

	𝑥	1,25𝑥	10.000 
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 Seeding and harvesting of cells 

The cell culture formats used in this work as well as the cell number and the 

corresponding amount of culture medium are listed in table 9. 

 
Table 9: Cell culture, methods and formats  

Method Cell culture 
format 

Cell number/ 
well 

Culture 
medium [μl] 

ELISA 96-well plate 1-2 x 105 100 

FACS Analyse 6-well plate 2 x 105 2000 

IncuCyte® ZOOM 96-well plate 5 x 103 100 

Resazurin assay  96-well plate 2,5 x 103 100 

RNA isolation  6-well plate 1,5 x 105 2000 

ROS-Microassay 96-well plate 25 x 103 100 

qPCR 6-well plate 3 x 105 2000 

Seahorse analysis 8-well plate 25 x 103 2000 

Western Blot 6-well plate 4 x 105 2000 
 

To seed the cells, a cell suspension containing the desired density was prepared. 

Afterwards, the cells were transferred onto a plate using a multi pipette. For harvesting, 

the culture medium was removed, and the cells were enzymatically detached. The 

pellets produced by centrifugation (1200 rpm, 4 min) were taken up in PBS and 

transferred to 1.5 ml Eppendorf tubes. This was followed by another centrifugation step 

(2500 rpm, 6min). The pellets could now either be used for experiments or stored in 

methyl butane at -80°C for further use. 
 

4.3 Cell biological methods 

 Proliferation assay 

For determining cell viability, the resazurin assay was chosen. This method is based 

on the spectrophotometric measurement of the metabolic activity of living cells. In this 
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case, the non-fluorescent dye resazurin is converted into the fluorescent dye resorufin 

and the absorbance is measured at 544 nm.  

48h prior to treatment, cells were seeded with a density of 2,5x103 cells per well into a 

96-well plate. Then, the ligands were applied in concentrations ranging from 0-500 µM. 

The measurement was carried out at the time points of 48h and 96h. 

 

 Enzyme-linked Immunosorbent Assay (ELISA) 

For the ELISA, the IL-6/IL-8 Human Uncoated ELISA Kit from Thermofisher was used. 

For this purpose, cells were seeded in a density of 2x106/ well and allowed to grow for 

48h. Thereupon, the treatment with 1 μM GRT16, XBD173 and Etifoxine was carried 

out alone and in combination with cytokines, following a two-hour pretreatment with 

the ligands. Before the cells were harvested, 1 ml of supernatant from each well was 

removed and stored at -80°C until its usage. The cells were harvested as described in 

4.2.5  and cell numbers of living and dead cells were determined for normalization of 

the results. The procedure was carried out as described in the manufacturers protocol, 

starting with coating of the plate with the primary antibody (IL6 / IL8) the day before the 

experiment. The next day, after several washing and incubation steps, the standard 

series and the samples were applied in previously determined dilution. This was 

followed by the addition of the secondary antibody. Staining was performed by means 

of another HRP-bound antibody, which was activated by tetramethylbenzidine (TMB) 

and stopped after 15 min. Afterwards, photometric measurement at 450 nm was 

carried out.  
 

 Seahorse Extracellular Flux Analyzer XFp 

The Seahorse Extracellular Flux Analyzer XFp offers a non-invasive method for the 

simultaneous measurement of the oxygen consumption rate (OCR) and the degree of 

acidification (ECAR) of adherently growing cells. For this purpose, cell medium is 

measured using analyte-specific fluorophores and their fluorescence signal.  

The change in the analyte O2 allows for conclusions to be drawn about oxidative 

phosphorylation, while simultaneously the pH change in the supernatant is measured 

for glycolytic activity. In addition, parameters of oxidative phosphorylation are also 

determined more precisely by adding various substances. Oligomycin, an ATP 
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synthase inhibitor, allows investigations of ATP production. Furthermore, FCCP is 

injected, which leads to the uncoupling of the ATP synthase by losing the proton 

gradient and causing maximum respiration. Finally, the addition of the combination of 

rotenone and antimycin A (AA), an inhibitor of two complexes of the respiratory chain, 

is added, which blocks mitochondrial respiration and makes it possible to calculate the 

respiratory capacity.  

 

 
 

For the experiment, special 8 well cell culture plates were coated with 150 µl laminin 

(fc: 1µg/ml) before seeding the cells and incubated for at least 2h at 37°C. 

Subsequently, BTIC13 were seeded in a density of 2.5x103 cells in 200 µl RHB-A and 

incubated for 48h also at 37°C and 5% CO2. 400 µl PBS was added to the outer wells. 

In parallel, the wells of the sensor plate were filled with Seahorse XF Calibrant Solution, 

200 µl on the inside and 400 µl on the outside and incubated for 24h at 37°C, CO2-

free. The next day, the measurement was carried out in 200 µl of unbuffered assay 

medium. The plate was then incubated again for 30 min in a CO2-free surrounding. 

During this time, the device was able to calibrate itself using the sensor plate. 

 
Table 10: Seahorse assay medium 

Medium Composition 

Assay Medium 12,125 ml XF Base medium minimal DMEM 
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125 µl Sodium pyruvate solution (stock 100 mM) 

125 µl L-Glutamine (stock 200 mM) 

250 µl α-D-Glucose (stock 1 M) 
Adjust pH 7,4 with 0,1 M NaOH 

 

 H2DCFDA Assay 

To assess the formation of reactive oxygen species, the cells were seeded in a density 

of 2.5x104/well. After 48h, the fluorescent dye 2', 7'-dichlorodihydrofluorescein 

diacetate (H2DCFDA) was added in a concentration of 20 nM and incubated for 45 

min at 37°C. The principle is based on intracellular deacetylation by esterases of 

H2DCFDA to non-fluorescent 2', 7'-dichlorodihydrofluorescein (H2DCF). In the 

presence of ROS, H2DCF is then oxidized to 2', 7'-dichlorofluorescein (DCF), which in 

turn can be detected fluorometrically. After staining, the cells were pretreated with 1 

 µM GRT16 or XBD173 for 2h, after which the remaining substances were added. This 

included TNFa and CoCl2, well known inducers of reactive oxygen species. Next to 

that, TBHP and Menadion were added as positive controls. The measurement with the 

VarioScan was carried out at the time points 0h, 3h, 6h, 24h, and 48h. 

 

 Real-time live-cell imaging system 

IncuCyte® ZOOM live-cell imaging and analysis system was used to measure cell 

viability. Cells were seeded in a 96-well transparent flat bottom plate (5x103 cells/ well). 

The cells were cultured for two days to ensure adherence. Following a two-hour 

pretreatment with 1 µM of GRT16, XBD137 and Etifoxine, 50 ng/ml of TRAIL was 

added to the medium. Next, caspase 3/7 dye was added at a dilution of 1:1000. 

Afterwards, the plate was directly transferred into the IncuCyte® ZOOM device, where 

the cells were incubated at 37°C, 5% CO2 for 48h. When the membrane integrity of a 

cell is lost, the dye can enter the dying cell. In doing so, it binds to double-stranded 

DNA, resulting in the emission of green light. This signal was used as reference for 

apoptotic cells and captured by the IncuCyte® ZOOM analyser in defined intervals. 

Based on pictures, the total green object area (µm2/well) could be calculated by the 

IncuCyte® software to evaluate apoptosis.  
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4.4 Molecular biological methods 

 RNA isolation 

For the isolation of total RNA, the NucleoSpin RNA Plus Kit was used. The isolation 

and purification of RNA was carried out according to the manufacturer's protocol. 

After the previously obtained cell pellets were lysed, genomic DNA was removed. The 

RNA was then bound and purified in further washing steps. By adding 30 µl of 

nuclease-free water, total RNA was eluted by centrifugation. To yield a higher 

concentrated eluate, the previous step was repeated by loading the same 30 µl onto 

the membrane and centrifuging it once more (11000g; 1 min). The RNA could then be 

stored at -80°C until further use.  

 

 Determination of RNA content 

The determination of the RNA content was carried out photometrically at 260 nm. For 

this, the nanophotometer P3000 Implen was used.  

 

 cDNA synthesis 

For the transcription of the RNA into complementary, double-stranded cDNA, the 

commercial kit GoScript™ Reverse Transcriptase Kit was used. In a first step, a 

reaction mixture was prepared, comprised of the calculated amount of RNA, diluted 

with nuclease-free water to a volume of 8 µl. Depending on the RNA concentration, 

this was either 0.5 or 1 µg. Subsequently, the denaturation was carried out at 75°C for 

10 min. To prevent the secondary structures from being reassembled, the next step 

was carried out on ice. A master mix, consisting of buffers, an RNAse inhibitor and 

various primers as well as nucleotides was pipetted to the reaction mixture. During 

incubation in the thermal block, the reverse transcriptase led to the synthesis of 

complementary cDNA. Samples were diluted 1:10 when used for qPCR. cDNA was 

stored at -20°C.  

The components used in the process are summarized in table 11. 
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Table 11: Reaction mixture cDNA synthesis 

Component Volume  Incubation  

Total RNA 1000 ng or 500 ng 70°C, 10 min 

5 x buffer  4 µl  

MgCl 4 µl  

PCR nucleotide mix 1 µl  

RNAsin 0,5 µl 25°C, 5 min 

Random primers 0,5 µl 42°C, 60 min 

Oligo dT primers 0,5 µl 75°C, 10 min 

Reverse transcriptase  0,5 µl 4°C, ¥ 

Nuclease-free water 1 µl  

Total Volume 20 µl  

 

 Semiquantitative real-time PCR (qPCR) 

Semiquantitative real-time PCR is a method, that allows to measure the amplification 

of a target gene in real time via DNA-intercalating, fluorescence-labelled probes. 

Therefore, fluorescence-labelled, intercalating probes are needed. The retrospective 

determination of the initial relative amount of the target gene’s mRNA can be done by 

comparison to a reference/housekeeping gene. 

The process comprises three steps: denaturation, primer hybridization (annealing) and 

elongation. First, double strands are separated from each other by heating. During the 

next step, the temperature is adjusted for the primers to attach and the DNA 

polymerase to fill in the new nucleotides. The detection of the product is carried out by 

measurement of fluorescence. For this, the dye Sybr Green is used, which is 

intercalated in the strands and propagated in each cycle. The experiment requires a 

reaction mixture, consisting of specific primers for the target as well as the 

housekeeping gene, together with the fluorescent Sybr Green dye and nuclease-free 

water. 16 µl of this PCR mix is pipetted into each well and supplemented with 1:10 

diluted cDNA samples, reaching a total volume of 20 µl. The samples were applied in 
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triplicates. The plate was placed in the qTOWER3 and the program listed in the table 

was started. 

 
Table 12: Program Thermocycler qPCR 

Temperature Time Cycles  

95°C 3 min 1 

95°C 15 sec  

58°C 25 sec  

 

Table 13: Primer qPCR  

Gene Sequence  Annealing 
temperature 

Interleukin 6 fwd 5‘-CTC AGC CCT GAG AAA GGA GA-3‘ 
rev 5‘-AGG TTG TTT TCT GCC AGT GC-3‘ 

58 °C 
 

Interleukin 8 fwd 5‘-TGC GCC AAC ACA GAA ATT AT-3‘ 
rev 5‘-TGA ATT CTC AGC CCT CTT CAA-3‘ 

58 °C 

TSPO fwd 5‘-TCT TTG GTG CCC GAC AAA t-3‘ 
rev 5‘-GGT ACC AGG CCA CGG 

58 °C 

18 S fwd 5‘-AGT CCC TGC CCT TTG AC ACA-3‘ 
rev 5‘-GAT CCG AGG GCC TCA CTA AAC-3‘ 

58 °C 

 

4.5 Protein biochemical methods 

 Determination of protein concentration 

First, as described above, cells were seeded in a density of 2,5x103 in 6-well plates. 

The following day, after microscopicic verification of confluence and vitality, cells were 

treated with the appropriate test substances. A two-hour pretreatment with 1 µM of 

each of the ligands was carried out. This was followed by treatment with 50 ng/ml of 

TRAIL. After the desired incubation period (3h or 6h), the cells were harvested, 

pelletized and snap-frozen away at –80°C. 

45 
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To ensure loading of the SDS-PAGE gel with an equal amount of protein, the protein 

concentration has to be quantified. This was carried out by BCA assay. The method is 

based on the reduction of Cu2+ to Cu1+, which then forms a violet colour complex with 

bicinchoninic acid (BCA). This allows a colorimetric detection with an extinction of 562 

nm. 

In a first step, the proteins had to be isolated from the obtained pellet. Depending on 

the size of the pellet, between 70 and 100 µl RIPA buffer was added to the cells. After 

complete cell lysis by vortexing, samples were incubated for 10 min on ice. 

Subsequently, centrifugation at 14.000 rpm for 10 min at 4°C was carried out to 

separate insoluble cell components. The obtained lysate was transferred quickly to a 

new Eppendorf tube. The described work steps were all carried out on ice to prevent 

degradation of the proteins. Next, lysates were diluted with PBS in a ratio of 1:10. 25 

µl each were applied in duplicates to a 96-well plate. The same procedure was done 

with the protein standard, which was used as reference to determine protein 

concentration. After adding 200 µl of reagent solution (ratio of A to B is 1:50), an 

incubation period of 30 min at 37°C followed. The VarioScan was then used to measure 

the absorption at 562 nm and to determine the protein concentration using the 

calibration curve.  

 

 SDS polyacrylamide gel electrophoresis 

The principle of SDS-PAGE is based on the separation of proteins according to their 

mass within an electric field. To make this possible, anionic sodium dodecyl sulfate 

(SDS) is required, which attaches itself to denatured proteins, leading to a negative 

charge. This charge is significantly stronger than the self-charge of the proteins, that 

results in it’s being negligible. As soon as the proteins pass through the polyacrylamide 

matrix towards the anode, they are separated by molecule size by their now identical 

charge, whereby larger proteins are retained earlier and don’t migrate as far.  

Gel electrophoresis was performed using a gel system with 5% collecting gel and 12% 

separating gel. After polymerization, the gel could be loaded with the samples. For this 

purpose, 40 µg of protein was diluted with PBS in a total volume of 20 µl. Subsequently, 

5 µl 5x Laemmli buffer was added to each sample, denaturing the proteins, resulting 

in a final volume of 25 µl. This was followed by an incubation phase of 10 min at 75°C.  

The samples could then be transferred to the gel. As a reference for the molecular 



Material and Methods 

 35 

size, a protein standard was also applied, using the PageRuler Plus Prestained Protein 

Ladder. Within the first 20 min at 80V, the samples were concentrated at the bottom of 

the collecting gel, then the separation took place at 120 V during the next 60 to 90 min, 

until complete separation of the coloured protein ladder was observed. 

 

 Western Blot  

To visualize proteins of interest through specific antibody binding, the proteins from the 

gel were transferred to a PVDF membrane using the wet-blot method. For this purpose, 

a sandwich was formed: sponge – three Whatman papers – gel – PVDF membrane – 

three Whatman papers – sponge. All components were previously soaked in transfer 

buffer and checked for air bubbles before the next layer was added. The assembly was 

placed in a blot chamber filled with transfer buffer and connected to a power source, 

whereby, during a runtime of 2.5 hours, the proteins were electrophoretically plotted 

onto the membrane at 150 mA.  

Subsequently, the transfer was evaluated using Ponceau S staining. After removal of 

the dye by rinsing with ddH2O, non-specific binding sites were blocked with 5% milk 

while shaking. Next, primary antibodies were added, diluted 1:1000 in 2.5% milk in T-

BST. Incubation took place over night at 4°C while shaking. To remove unbound 

antibodies, three washes with TBS-T followed, after which the secondary antibody was 

applied. Incubation in this case was one hour at room temperature in constant motion. 

Here, too, a three-time wash followed. The visualization was done by 

chemiluminescence in the ImageQuant. This process was based on the reaction of 

HRP bound to the secondary antibodies with the peroxide-containing developer 

solution Immobilon. When using the same membranes for other antibodies, the 

processes explained above were repeated after further washing. 

 
Table 14: Primary and secondary antibodies 

Antigen Source Dilution Company 

Caspase 9 rabbit 1:1000 Cell signaling, 
USA 

cleaved Caspase 3  rabbit 1:1000 Cell signaling, 
USA 
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GAPDH mouse 1:2000 Bio Technologies, 
USA 

PARP rabbit 1:1000 Cell signaling, 
USA 

TSPO rabbit 1:5000 Abcam, USA 

α-mouse-IgG-HRP donkey 1:5000 Santa Cruz, USA 

α-rabbit-IgG-HRP donkey 1:5000 Santa Cruz, USA 

 

Table 15: Solutions used in Western Blot analysis 

Solution Composition Application 

Radioimmunoprecipitation 
assay stock 
(RIPA) 

50 mM Tris-HCl 
150 mM NaCl 
0,5% Triton X-100 
0,5% Sodium deoxycholate 
10 mM Na4P2O7 
1 mM Na3VO4 
 10 mM Glycerol phosphate 

Protein lysis 

RIPA buffer 1 ml RIPA stock solution  
10 µl AEBSF 

1 µl DTT 

10 µl 10x HALT Protease 
inhibitor Cocktail 

Protein lysis 

SDS loading buffer 
(Laemmli) 

12% SDS 
60% Glycerol 
600 mM DT 
60 mM Tris (pH 6.8) 
0.06% Bromphenol Blue 

SDS PAGE 

10x SDS running buffer 10G7L SDS 
30.3 g/L Tris base 
144.1 g/L Glycin 
Adjust to 1L with ddH2O 

SDS PAGE 
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1x SDS running buffer 100 mL 10x SDS running buffer 
in 990 mL ddH2O 

SDS PAGE 

5 % Blocking solution 5% dried milk powder in 1x  
TBS-T  

Western Blot 

2,5 % Blocking solution 2,5% dried milk powder in 1x 
TBS-T 

Western Blot 

10x Tris buffered saline 
(TBS) 

60.5 g/L Tris base 
87.6 g/L NaCl 
Adjust to 1 L with ddH2O 
Adjust pH to 7.5 with HCl 

Western Blot 

1x TBS 100 mL 10x TBS 
900 mL ddH2O 
1 mL Tween 20 

Western Blot 

10x Transfer buffer 3.3 g/L Tris base 
144.1 g/L Glycin 
Adjust to 1L with ddH2O 

Western Blot 

1x Transfer buffer 100 mL 10x Transfer buffer 
20 mL Methanol 
700 mL ddH2O 

Western Blot 

 

4.6 Data presentation and statistics 

Statistical analysis was carried out using GraphPad Prism 8 software. Data are 

presented as mean ± SD (standard deviation) or mean ± SEM (standard error of the 

mean). Results are presented as baseline values. The levels of significance were set 

at *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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5 Results 

5.1 Impact of GRT16 on proliferation 

In order to determine the concentrations for the following experiments, dose-

dependent effects on cell proliferation after TSPO ligand treatment were evaluated 

first. Therefore, BTIC13 wildtype (wt) cells were treated with different concentrations 

of GRT16, as well as of the established TSPO ligands XBD173 and Etifoxine, ranging 

from 0.1 to 500 µM. Since DMSO served as solvent for all ligands, it was applied in 

parallel to elicit any toxic effects. Results were normalized to an untreated control. After 

48h and 96h, proliferation was measured using the resazurin reduction assay. As 

shown in Figure 1 the assay evidenced a concentration dependence for the effect. 

Subsequent determination of the IC50 values revealed an inhibitory effect of GRT16 

at 105 µM (Figure 1A). As for XBD173 the half-maximal response in survival inhibition 

was 44 µM (Figure 1B) and for Etifoxine 27 µM (Figure 1C). A final concentration of 

either 1, 10 or 25 µM was chosen for further experiments.  

In summary, neither GRT16 nor XBD173 or Etifoxine affected cell growth to a 

significant extent when applied at low concentrations, namely in the nanomolar range. 

However, in the micromolar range, compounds were able to reduce cell viability of 

BTIC13 in a dose-dependent manner, suggesting specificity of their effect.   
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B 

  

 
C 

  

 

Figure 1: Cell proliferation of BTIC13 wt after TSPO ligand treatment.  

BTIC13 wt were treated with 0.1 to 500 µM of A: GRT16, B: XBD173 and C: Etifoxine. Data are shown as ± SD 
(n=3). 
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5.2 Impact of GRT16 on cytokine expression 

For the investigation of immune modulatory cytokine expression, the mRNA levels of 

IL-6 and IL-8 were determined. For this purpose, we examined the effects of TNFa and 

IFNg treated cells after 6h and 48h, following a two-hour pretreatment with GRT16, 

XBD173 or Etifoxine.  

Overall, treatment with the TSPO ligands did not impact the induction of IL-6 and IL-8 

expression at either timepoint. IL-6 was significantly increased by TNFa, although 

pretreatment with either ligand could not modulate this response, neither after 6h nor 

after 48h. After 48h, the effect was already regressive. Contrary, the application of IFNg 

led to just a small increase in IL-6 expression after 6h, which then consolidated over a 

time course of 48h (Figure 2A, B). Again, co-administration of IFNg and ligands had no 

significant effect on IL-6 expression compared to single IFNg treatment (Figure 2A, B). 

Nevertheless, a tendency of ligand-specific effects could be suspected, especially after 

48h. TSPO ligands seemed to promote IL-6 expression with XBD173 having the 

strongest impact (Figure 2B). IL-8 secretion was induced upon activation with TNFa, 

reaching a maximum at the early timepoint (Figure 2C, D). After 48h, Etifoxine and 

GRT16 prolonged IL-8 elevation compared to single treatment with TNFa without 

reaching significance (Figure 2D). In contrast, IFNg was not able to stimulate IL-8 

expression.  

To correlate possible effects of TSPO ligands on protein expression, mRNA levels of 

TSPO were measured. TSPO expression was upregulated upon cytokine stimulation 

after 48h. In addition, ligand-specific effects on TSPO expression after combinational 

treatment with IFNg could be found, albeit without reaching significance. Nevertheless, 

XBD173 led to a small increase of TSPO expression that correlated with the enhanced 

expression of IL-8 (Figure 2F).  

To elucidate if altered mRNA levels translated to protein levels, IL-6 and IL-8 were 

quantified in supernatants of treated cells using ELISA. Only upon TNFa treatment, a 

strong increase of both cytokines was observed, which is in line with our findings on 

the transcriptional level (Figure 2G). However, after 48h, an increase of IL-6 protein 

expression was detected which could not be detected at the mRNA level. In addition, 

IL-8 showed an increase at the protein level after treatment with TNFa, while less 

mRNA was transcribed after 48h.  
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In summary, these data showed that treatment with TNFa resulted in elevated 

transcription of both immune modulatory cytokines, IL-6 and IL-8, whereas IFNg only 

induced IL-6. GRT16, as well as the two other TSPO ligands, could not significantly 

influence cytokine or TSPO expression, although further investigations are needed to 

substantiate the small effects seen in these first experiments.  

Taken together, our results support the hypothesis that TSPO takes part in the 

regulation of the inflammatory response. 
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E       F      

             
G       H 

   
I       J       

   
Figure 2: Impact of TSPO ligands on IL-6, IL-8 and TSPO expression after cytokine treatment.  

BTIC13 wt cells were pretreated for 2h with 1 µM of XBD173, Etifoxine or GRT16, followed by 50 ng/ml of TNFa or 
IFNg for another 6h. Results were set in reference to a 1:1000 dilution of DMSO as control. A, B: IL-6 mRNA 
expression; C, D: IL-8 mRNA expression; E, F: TSPO mRNA expression after 6h (n=7) and 48h (n=4). Data are 
shown as ± SEM. ELISA analysis of G, H: IL-6 and I, J:IL-8 expression after 6h (n=3) and 48h (n=5). Data are 
shown as ± SD. Student’s t-test resulted in significant differences as indicated (p-values: * < 0.05; ** < 0.01; *** < 
0.001; ****<0,0001). 
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5.3 Impact of GRT16 on mitochondrial respiration and glycolytic 

function 

To evaluate the impact of the novel TSPO ligand GRT16 on mitochondrial metabolism, 

the Seahorse Analyzer was used, measuring the OCR and simultaneously different 

parameters of oxidative phosphorylation. That includes the dimensions of cellular 

respiration as represented by basal and maximal respiration, from which spare 

respiratory capacity was calculated as well as respiration used to drive mitochondrial 

ATP synthesis. Besides, the proton leak independent of the ATP synthase was 

determined as well as non-mitochondrial respiration after inhibition of the ETC. 

Treatment with GRT16 was compared to an untreated control.  

After treatment with 1 µM of GRT16, no effects of the ligand could be observed except 

for a statistically non-significantly decreased proton leak (Figure 3 A, D). After 

increasing the concentration of GRT16 to 10 µM, minimal reductions of non-

mitochondrial, basal and maximal respiration could be seen. The reserve capacity and 

the calculated ATP production were also decreased. Again, the proton leak showed 

slightly lower levels compared to the control (Figure 3 B, D). At 25 µM, these changes 

became partly significant. Basal and maximal respiration were significantly impaired 

when treated with GRT16. Spare respiratory capacity was significantly decreased. The 

calculated ATP turnover was also lower in comparison to the control. Proton leak was 

considerably reduced as well (Figure 3 C, D). Simultaneously to the oxygen 

consumption rate (OCR), the acidification of the medium (ECAR) of BTIC13 cells due 

to glycolysis was measured which showed a reverse baseline profile of the ECAR. The 

application of GRT16 at higher concentrations (25 µM) resulted in a decrease in both 

OCR and ECAR values. 

In conclusion, GRT16 affected mitochondrial energy metabolism in a dose-dependent 

manner. This results in a reduction of all parameters that were investigated except for 

non-mitochondrial respiration, which remained comparatively unaffected.  

In summary, our data point to a role of TSPO in mitochondrial respiration.  
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D 

         

  

            
Figure 3: Seahorse Cell Mito Stress Test of BTIC13 wt.  

BTIC13 cells were treated with 1, 10 and 25 µM of GRT16 for 2h. DMSO diluted 1:1000 in RHB-A complete medium 
was used as untreated control. Sequential injections of inhibitors of the electron transport chain (ETC) were applied. 
Oligomycin (1 µM) was used for inhibition of the ATP synthase, FCCP (2 µM) as an uncoupling agent and 
Rotenone/Antimycin A (0,5 µM) as an inhibitor of complex I and III of the ETC. Simultaneously the oxygen 
consumption rate (OCR) and the extracellular acidification rate (ECAR) were constantly measured over time. 
Seahorse raw data were normalized to 1000 cells. Displayed graphs are exemplary for three replicates (n=3). A: 
OCR and ECAR GRT 1 µM. B: OCR and ECAR GRT 10 µM. C: OCR and ECAR GRT16 25 µM. D: Parameters of 
mitochondrial respiration (n=3). Data are shown as mean ± SD. Two-Tailed Student‘s t-test resulted in significant 
differences as indicated (p-values: * < 0.05; ** < 0.01).  
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5.4 Impact of GRT16 on the production of reactive oxygen species  

To investigate the possible effect of GRT16 and XBD173 on the synthesis of ROS, the 

H2DCFDA assay was used. For this known ROS inducers, namely CoCl2 and TNFa, 

were added to the cells after a two-hour pretreatment with the ligands.  

Overall, treatment with GRT16 as well as XBD173 did not impact ROS production, 

regardless of concentration or time-point (Figure 4 A- F). Small changes seen at the 

later timepoints (24h and 48h, Supplementary figure S6 A- C) did not consolidate when 

higher concentrations were used, which suggests that the effects are not 

concentration-dependent and probably off-target effects.  

In addition, we confirmed that CoCl2 strongly induces the synthesis of ROS, however, 

none of the ligands significantly influenced this effect (Figure 4 A, C, E). In contrast to 

CoCl2, TNFa did not lead to an increased production of ROS (Figure 4 B, D, F). Even 

after 24h and 48h, TNFa didn’t increase the amount of reactive oxygen species 

(Supplementary figure S6 A-C). 

In summary, treatment with the TSPO ligands GRT16 and XBD173 did not lead to 

changes in the amount of ROS in any of the conditions investigated, questioning the 

role of TSPO on ROS synthesis.  
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C       D 
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Figure 4: Impact of TSPO ligands on ROS formation in BTIC13 wt.  

BTIC13 cells were pretreated with XBD173 and GRT for 2h, followed by 400 µM of CoCl2 or 100 ng/ml TNFa. A: 1 
µM of XBD173 and GRT16 (n=4), B: 10 µM of XBD173 and GRT16 (n=3), C: 25 µM of XBD173 and GRT16 (n=3). 
Data are shown as ± SEM. Two- way ANOVA with Tukey’s multiple comparison resulted in significant differences 
as indicated (p-values: * < 0.05; ** < 0.01; *** < 0.001; ****<0,0001). 
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5.5 Impact of GRT16 on apoptosis 

To investigate the effect of GRT16 on apoptosis, the established “death ligand” tumor 

necrosis factor related apoptosis inducing ligand (TRAIL) was applied alone or in 

combination with TSPO ligands GRT16, XBD173 or Etifoxine.  

The effects were first monitored via Western Blot. Therefore, the cells were pretreated 

for 2h with 1 µM of GRT16, XBD173 or Etifoxine. Following this, TRAIL was added and 

after 3h and 6h, activation of apoptosis was evaluated. Cleavage of caspase 9 was 

used to monitor the activation of the intrinsic apoptotic pathway. The common end 

pathway of both signaling pathways (extrinsic and intrinsic) is the activation of effector 

caspases 3 and 7, leading to the fragmentation of death substrates like PARP. 

Caspase 3 and PARP were therefore used to monitor execution of apoptosis. 

After 3h, activation of caspase 9 by TRAIL treatment could be observed. However, no 

significant impact of TSPO ligands was seen. Downstream signaling, as seen by 

caspase 3 and PARP cleavage, was activated by TRAIL as well. Here, pretreatment 

with TSPO ligands led to a significant increase in the amount of caspase 3 and PARP 

cleavage products (Figure 5 A, C). After 6h these effects were no longer visible (Figure 

5B). 

To validate the results with a complementary method, cell viability was visualized and 

analysed by means of live cell imaging using IncuCyte® ZOOM systems, over a time 

course of 48h. Here, the activity of caspase 3 and 7 was monitored. Again, cells were 

pretreated with 1 µM of ligands. For the induction of cell death, TRAIL was added in 

the same concentration as before (50 ng/ml). Cells pretreated with the ligands showed 

higher TRAIL-induced apoptotic rates compared to single TRAIL treatment, although 

the results did not reach statistical significance (Figure 5D). 

The data show that treatment with TSPO ligands alone had no pro-apoptotic effect on 

BTIC13 cells. However, it could be assumed that they do promote the effects of pro-

apoptotic substances.  

In conclusion, we can confirm that TSPO influences apoptotic cell death in 

glioblastoma cells.  
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D       

 

 

Figure 5: Impact of TSPO ligands on TRAIL-induced apoptosis in BTIC13 wt.  

BTIC13 wt cells were pretreated with 1 µM of GRT16, XBD173 or Etifoxine for 2h, followed by 50 ng/ml of TRAIL. 
DMSO diluted 1:1000 in RHB-A complete medium was used as untreated control. A: Quantification of protein 
expression levels of TSPO, caspase 9, cleaved caspase 3 and cleaved PARP after 3h and B: 6h. C: Protein 
quantification after 3h. Data are shown as mean ± SEM (n=6). In each graph values are displayed in relation to the 
reference protein GAPDH and normalized to untreated control. Two-tailed Student‘s t-test resulted in significant 
differences as indicated (p-values: * <0.05; ** <0.01; *** <0.001).  D: Real-time cytotoxicity was measured for 48h 
with IncuCyte® ZOOM systems. Displayed graphs are exemplary for three replicates (n=3). Unpaired two-tailed t-
test resulted in no significant differences. 
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6 Discussion  

Malignancies are the second leading cause of death in the Western world, surpassed 

only by cardiovascular diseases [191]. In recent years, great progress has been made 

in the field of screening and therapy [192], which could well reduce the prevalence and 

mortality of some cancers [193] [194] [191]. However, this does not apply to all entities 

in the same manner. Especially regarding glioblastoma, prognosis and median overall 

survival remain limited, even though the latest additions to treatment options have 

brought improvements [88] [195]. As TSPO is expressed in a variety of cell populations 

within the tumor [16], pharmacological approaches to modulate TSPO activity could 

therefore be a promising immunotherapeutic strategy in glioblastoma cells.  

 

6.1 Impact of TSPO ligands on proliferation 

Inhibition of proliferation represents a promising approach to cancer control. In healthy 

tissue, proliferation is a tightly regulated process. However, in degenerated cells, these 

control mechanisms are overridden to allow cancer cells to proliferate unchecked [66]. 

Therefore, proliferation gained entry into the “hallmarks of cancer”, a concept that 

summarizes the six central properties of neoplastic cells in carcinogenesis [66]. Hence, 

we analysed the effects of TSPO ligands on cell proliferation of BTIC13 wt cells.  

Our investigations revealed that neither GRT16, nor XBD173, nor Etifoxine have an 

impact on cell proliferation at nanomolar concentrations. As for GRT16, we were able 

to determine an IC50 value of 105.1 µM. The IC50 values for XBD173 and Etifoxine 

were significantly lower compared to GRT16 (43.6 µM vs. 105.1 µM and 26.5 µM vs. 

105.1 µM). In contrast, the binding affinities in human U-118MG glioblastoma cells 

were 4.6 µM for GRT16 and 10 µM for Etifoxine [156], and thus significantly lower than 

the IC50 values for both compounds. This was also seen for XBD173, as the IC50 

value was well above the 2.73 nM that was found to be the binding affinity of XBD173 

in Hs683 human glioma cells [162]. When investigating the C6 rat glioma cell line, Wolf 

et al. reported an even higher binding affinity of XBD173, namely 0.14 nM [196]. Albeit 

different species, a possible explanation for the different binding affinities could be the 

distinction between high-, mixed-, and low-affinity binders, which could be of great 

relevance regarding clinical application [197]. Especially considering the mismatch 
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between binding affinity and ligand efficacy, further characterization of individuals 

would be important to optimize pharmacodynamics and to avoid under- or overdosing.  

The study conducted by Wolf et al. revealed an inverse relationship between binding 

affinity and potency, comparing XBD173 to Etifoxine. In both cell lines investigated, C6 

rat glioma and BV-2 microglial cells, XBD173 had lower Ki values (C6: 0.14 nM vs. 

0.75 nM, BV-2: 0.16 nM vs. 22.8 nM) but Etifoxine showed higher efficacy regarding 

neurosteroid synthesis [196]. It was suggested earlier that binding affinity does not 

necessarily correlate positively with the potency and efficacy of TSPO ligands but 

rather depends on residence time at the binding site [198] [199]. 

Noteworthy, binding affinity is also species-, tissue-, and cell-dependent. Whereas for 

the above-mentioned C6 cell line it was in the nanomolar range, Verleye et al. 

investigated rat forebrain. Their results showed a Ki value of 18.3 µM for Etifoxine [200], 

which is largely comparable to latest results in human brain, showing a Ki value of 

7.8µM [201]. The same was demonstrated for GRT16, as the Ki for rodent heart was 

0.07 µM, evidencing a higher affinity than in U-118MG cells (4.6µM) [202]. Since we 

have not conducted any research on binding affinity, no statement can be made about 

the possible discrepancy between efficacy and binding affinity in BTIC13.  However, if 

we assume that the binding affinities between U-118MG and BTIC13 are comparable, 

the only moderate affinity to U-118MG cells could provide a reason for the high IC50 

in BTIC13. 

The pharmacological safety profile of GRT16 was evaluated by determining plasma 

concentrations in rats after GRT16 application. Doses between 10 and 100 mg/kg p.o. 

led to plasma concentrations between 1.5 ± 0.2 µM and 2.6 ± 0.3 µM (mean ± S.D.), 

respectively [156]. The group around Verleye et al. used a mouse model to investigate 

the concentrations that could be achieved in vivo. For this purpose, they injected 25-

50 mg/kg Etifoxine intraperitoneally and subsequently determined the concentrations 

in the plasma and the brain. There, concentrations in the micromolar range (3- 17µM) 

were found [200]. The amounts (25-50mg/kg) were widely used in subsequent studies. 

Hence, it can be assumed that concentrations in the micromolar range are well 

tolerated without serious complications [203] [204]. Nevertheless, when GRT16 was 

tested as anticonvulsant in vivo with dosages of 10, 30 and 100 mg/kg, a dose-

dependent reduction of body temperature was reported. Further, at 100 mg/kg, ataxia 

and hypclomotion were described [202]. Even when taking into account a 
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bioavailability of 73%, the IC50 value of GRT16 was significantly higher than the 

plasma concentrations of 2.6 µM, where side effects were already reported [156]. 

Therefore, a physiological concentration can no longer be assumed, and adverse 

effects must be expected. 

Regarding the general role of TSPO in cell growth, the debate is controversial. TSPO 

overexpression has previously led to increased proliferation in the C6 rat glioma cell 

line [135]. This is in line with transfected Jurkat cells, overexpressing TSPO, where a 

higher rate of proliferation and motility was detected, probably as a result of increased 

mitochondrial ATP production [205]. It is worth mentioning that initial TSPO expression 

levels in the C6 rat glioma cell line were higher than in the transfected Jurkat cells. 

Different behaviours due to initial differences in TSPO expression levels could 

therefore not be excluded and a comparison of the results should be done with caution. 

Nevertheless, also Bader et al. were able to detect a positive correlation between 

TSPO expression and cell growth. There, lentiviral knockdown resulted in a decreased 

proliferation rate in mouse BV-2 microglia cells [124]. This was recently confirmed by 

another group using the same cell line [206]. In contrast, Fu Y. et al. recently found an 

increase in proliferation after CRISPR/Cas9 TSPO gene knockout in a glioma mouse 

model, that could be explained by cell cycle progression. When comparing wild-type 

cells with TSPO KO, more cells were found in the S phase and fewer in the G0/G1 

phase [137]. These findings were in line with investigations done by Bode et al. using 

U118MG glioblastoma cells [136].  

Due to the different results regarding the role of TSPO in different cell lines, it is difficult 

to make a general statement about the ligands. In BTIC13 wt, all three ligands inhibit 

proliferation when applied in the micromolar range (GRT16: 105.1 µM, XBD173: 43.6 

µM Etifoxine: 26.5 µM), which is consistent with the majority of findings in glioblastoma 

cell lines. However, in future studies, the experiment should be repeated with knockout 

cells to exclude possible off-target effects and to distinguish specific effects of ligand 

treatment. 

 

6.2 Impact of TSPO ligands on cytokine expression 

A substantial body of literature is based on the assumption that TSPO gene expression 

is upregulated in neuroinflammation, which is why TSPO is widely used as a PET 

imaging marker in this context [154], although the role of the protein in immunological 



Discussion 

 54 

responses has not fully been elucidated. It is also known that by creating an 

immunosuppressive environment, malignant cells prevent interaction with cytotoxic T 

cells and thus prevent targeting the tumor (as reviewed in [207] [208]).  

We therefore investigated the involvement of TSPO in immunological modulation, 

using BTIC13, which were previously described to express mitochondrial TSPO (DFG 

Proposal: Beckhove & Hau, 2019). Preliminary results suggested that TSPO influences 

the release of immunomodulatory cytokines. Using TSPO knockdown BTICs, our 

group was able to demonstrate that the response of IL-6 was inversely related to the 

degree of TSPO deficiency, establishing an interplay between TSPO and IL-6 (DFG 

FOR2858, Project A3, Beckhove & Hau, 2019 and 2023). Our evaluation focused on 

the release of IL-6 and IL-8, which have been linked to progression of GB by promoting 

tumor growth, invasion, and neovascularisation [209]  [210] [211] [212]. As it was 

shown that the release of TNFa as well as IFNg influence the microenvironment of GB 

[213] [214] [152], we investigated the potential of TSPO ligands to regulate the 

inflammatory response of GB cells upon TNFa and IFNg-induced activation. 

In response to stimulation with TNFa and IFNg, mRNA expression of IL-6 was 

increased in BTIC13 cells, which was also translated into altered protein expression. 

While TNFa was responsible for an increase after 6h, IFNg-induced IL-6 releases 

reached a maximum at the later timepoint of 48h. Pretreatment with TSPO ligands did 

not have any significant influence in this regard. A possible correlation could be 

suspected as XBD173 pretreated cells secreted slightly higher levels of IL-6 with 

simultaneously increased TSPO levels. IL-8 expression could solely be induced upon 

TNFa activation. A significant increase of IL-8 mRNA expression was observed within 

the first hours, which was still noticeable after 48h but to a lesser extent.  

TSPO ligand treatment was able to modulate this response, but not statistically 

significant compared to single TNFa stimulation. This suggests that TNFa exerts its 

effects on pro-inflammatory cytokines faster after exposure and is primarily responsible 

for early inflammatory responses, while the maximum effect of IFNg is reached at a 

later timepoint. 

Both, TNFa and IFNg led to an increased TSPO mRNA expression as was shown 

previously in several BTIC cell lines. Further analysis revealed a positive correlation 

between TSPO and TNFa/ IFNg  genes, hypothesizing that both signaling pathways 

play a role in increasing TSPO expression upon contact with cytotoxic T cells [152]. 
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The results are contrary to studies in primary human myeloid cell lines, where pro-

inflammatory stimulation led to decreased TSPO gene expression in monocyte-derived 

macrophages [215]. In line with these findings are the results obtained by Narayan et 

al., who showed that human monocyte-derived macrophages, activated to the pro-

inflammatory M1 phenotype, had decreased levels of TSPO mRNA and protein levels, 

whereas, within the M2 phenotype, levels of TSPO were not altered upon activation 

[146]. However, rodent myeloid cells showed an increase in TSPO gene expression 

upon IFNg/ LPS activation [215], which was also observed in human microglia [148]. 

These controversies point to cell line- and also species-dependent effects.  

Taken together, we can confirm that TSPO upregulation is induced by TNFa and IFNg 

and that pro-inflammatory stimulation also leads to cytokine secretion, as was shown 

previously. In T98G and U87-MG, two GB cell lines, an increase of pro-inflammatory 

cytokine levels was observed upon TNFa stimulation, which is in agreement with our 

findings. However, activation by IFNg only increased IL-8 mRNA expression in T98G 

cells [216], as opposed to only IL-6 in our experiments, hinting again at the 

heterogeneity within GB cells.   

Nevertheless, the cytokine release could not be influenced by GRT16, XBD173 or 

Etifoxine. This is in contrast to in vitro and in vivo studies, showing a dose-dependent 

inhibition of IL-6 in retinal microglial cells after treatment with XBD173, thus inducing a 

less inflammatory state [160] [217]. Similarly, XBD173 downregulated pro-

inflammatory mRNA expression of multiple cytokines in retinal epithelium cells, with IL-

8 being the only one to increase [218]. Etifoxine also reduced pro-inflammatory 

signaling as shown by reductions of IL-6, TNFa and IL-1 b in an ischemia/reperfusion 

model [219], without affecting the anti-inflammatory response [220].  In addition, 

Etifoxine impaired lymphocyte infiltration in a mouse model of multiple sclerosis,  [221]. 

Of note, to the best of our knowledge, no studies with the above discussed TSPO 

ligands have been conducted using glioblastoma cells and as mentioned before, the 

high cell and species dependency does not allow any comparability of the results.  

Based on our experiments, no clear statement can be made whether TSPO ligands 

have an influence on the release of immunomodulating interleukins. It can be stated 

that all three ligands have no effect on TSPO expression at an early timepoint. 

However, it is still possible that they would exert inhibitory effects at elevated TSPO 

levels. Since TSPO levels only increased significantly after 48h, therapy with ligands 
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would only show an effect after this increase. On the other hand, IL-6 and IL-8 both 

increased prior to TSPO, questioning the influence of TSPO and consequently also the 

effectiveness of TSPO ligands on these interleukins. Further evaluation, using higher 

dosages and multiple timepoints, is required to exclude the possibility that the small 

effects, seen after 48h, are based on variability within the experiment.  

 

6.3 Impact of TSPO ligands on mitochondrial respiration 

Even though the exact mechanism of action is not fully established yet, there is 

evidence linking TSPO to cellular energy production.  

GSCs are metabolically flexible cells that can survive in extreme conditions marked by 

an abundance of hypoxic areas, necrosis and stressors such as radiation [49]. One of 

the main problems in the fight against glioblastomas continues to be the complete 

eradication of all cells, especially GSC. Therefore, a profound understanding of 

metabolic activity would be a possible therapeutic approach to address especially 

these cells. 

To analyse real-time bioenergetic changes upon TSPO modulation, we used the 

Seahorse technology to compare control cells vs. cells that were treated with a TSPO 

ligand prior to the experiment. We demonstrated that GRT16 significantly impaired 

mitochondrial respiratory capacity and energy metabolism at a dosage of 25 µM, 

leading to a reduction of basal and maximal respiration as well as spare respiratory 

capacity and ATP synthesis-related oxygen consumption. Additionally, proton leak was 

significantly impaired, whereas non-mitochondrial respiration was not influenced.   

This is in line with a study using TSPO depleted mouse GL261 glioma cells. TSPO 

knockout was shown to lead to a reduced ATP synthesis and impaired basal and 

maximal respiration [137]. A possible explanation for a decreased ATP synthesis could 

be the inhibition of the Fo/F1-ATP synthase, which has been proposed previously [222] 

[223]. Considering these findings, GRT16 would show an antagonistic mode of action.  

Apart from glioblastoma cells, a correlation between TSPO, mitochondrial respiration 

and cellular energy metabolism has been established in multiple types of tissue. Since 

TSPO is predominantly expressed in immune cells and especially upregulated under 

inflammatory conditions [120], a multitude of investigations focused on TSPO 

functioning in microglia cells, where an interplay between TSPO and mitochondrial 

respiration could be established. In XBD173 treated BV-2scramble mouse microglia cells, 
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a significant increase of basal respiration as well as a decrease of maximal respiration 

and spare respiratory capacity could be seen, pointing to an impaired respiration. 

When comparing control BV-2scramble to TSPOknockdown cells, the opposite effect was 

observed, namely increased maximal and spare respiratory capacity, substantiating 

the TSPO agonistic properties of XBD173.  

Further experiments on oxidative phosphorylation and membrane potential revealed 

that TSPO led to a diminished energy demand, which corresponded with reduced ATP 

utilisation [224]. These results are contrary to the results of Milenkovic et al., who found 

no differences in mitochondrial respiration when comparing human C20 scramble 

control with shRNA TSPO knockdown cells. However, TSPO knockout cells displayed 

significantly impaired mitochondrial respiration, as shown by decreases in basal and 

maximal respiration as well as reduced ATP-related oxygen consumption [129]. 

Especially, in case of mitochondrial dysfunction, reduced ATP-linked respiration can 

also reflect the impairment to generate membrane potential [225], which is influenced 

by the degree of TSPO deficiency [206]. By lentiviral TSPO overexpression, these 

parameters could be restored to prior levels [129]. A recent study, using primary 

microglia from TSPO knockout mice, confirmed these earlier findings. TSPO deficiency 

significantly impaired mitochondrial respiration, as evidenced by a reduced OCR. This 

was reflected in decreased levels of basal and maximal respiration as well as impaired 

mitochondrial membrane defects as an expression of respiratory chain defects [206] 

[226].  

In contrast to genetic knockout, the group around Liu GJ investigated a gain-of-function 

approach, transfecting Jurkat cells with TSPO plasmids, that increased genes affecting 

respiration and ameliorated ATP production [205]. This is in line with the investigations 

of Banati et al., who reported a reduced ATP production and accordingly decreased 

oxygen consumption in TSPOGuwiyangWurra-knockout mice in comparison to control 

microglia [178]. Interestingly, in steroidogenic MA-10 Leydig cells, TSPO KO did not 

affect mitochondrial respiration and the oxygen consumption rate was not impaired 

[227]. Since MA-10 cells have high, basal TSPO expression, one would have expected 

that its deficiency would cause a significant effect. The same result was seen in mouse 

TSPO-/- and control liver mitochondria that showed no difference in OCR compared to 

control cells [228], questioning the role of TSPO on mitochondrial respiration.  

The Seahorse technology allowed us to simultaneously assess the ECAR to test for 

compensatory energy pathways. By comparing the reduced ECAR baseline to the 
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OCR values of the control, the results allude to a favoured use of oxidative 

phosphorylation rather than glycolysis in BTIC13. However, as OCR and ECAR are 

not quantitatively related to a metabolic flux, the lower ECAR seen in our study is not 

necessarily the result of a decreased glycolysis [229]. With impaired mitochondrial 

respiration, an increase in glycolysis might have been expected to sufficiently supply 

the cell with energy, as also observed by Fu et al. in mouse GL261 glioma cells [137]. 

However, based on our results, no conclusion can be drawn about the influence of 

TSPO on glycolysis. Further, more glycolysis-specific studies should be pursued to be 

able to make reliable statements about the impact of the protein on glycolytic 

functioning in BTIC13 wt cells.  

 

6.4 Impact of TSPO ligands on oxidative stress  

Many cancers make use of altered redox homeostasis to maintain a pro-tumorigenic 

environment (as reviewed in [69] [94]). However, ROS are not generally detrimental to 

the cell and also play a relevant role in various signaling pathways, including 

inflammation and cell death.   

Previous studies indicated a direct link between TSPO and ROS production through 

T-cell-derived TNFa to create an inflamed environment [230]. Since its discovery 

decades ago, TNFa has been attributed to playing a central role in cell proliferation 

and apoptosis [231]. It influences a wide variety of signaling pathways, which, amongst 

other mechanisms, also induce reactive oxygen species in healthy tissue (as reviewed 

in [232]) as well as in glioblastoma cells [233]. ROS in turn also influences TNFa 

downstream signaling pathways, in the form of a feedback loop via NFkB [234] and 

MAPKs [235].  

For our investigations, we therefore chose TNFa and CoCl2 for the induction of ROS. 

Surprisingly, TNFa did not induce ROS in our experiments, even though their 

interdependence has been well established, which could point to a resistance 

mechanism within the cells. With reference to the positive controls, we exclude the 

possibility that technical problems in the experimental procedure were the reason for 

this effect. In contrast to TNFa, CoCl2 significantly increased ROS synthesis, which is 

in line with previous findings in glioblastoma cell lines [131] [236].  
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As the above-mentioned reduction of the spare respiratory capacity indicated an 

impaired ability to respond to oxidative stress, we further analysed ROS production to 

evaluate whether treatment with TSPO ligands could influence ROS generation. 

However, co-treatment with GRT16 could not modulate ROS release. Similarly, co-

treatment with XBD173 showed no clear response to ROS synthesis in CoCl2-

challenged cells, even when 25 µM was used. Since the effects seen with GRT16 at 

increasing concentrations were inconsistent, it is reasonable to assume that these 

were off-target effects. A similar study previously showed in BV-2 cells that 

pretreatment with PK11195 did not prevent ROS induction by CoCl2, although an 

influence of CoCl2 as well as PK11195 on TSPO expression had previously been 

shown [237]. Of note, the influence of CoCl2 on TSPO levels is concentration-

dependent, with higher concentrations increasing and lower concentrations decreasing 

TSPO expression [131]. However, several studies have proven that TSPO ligands 

were able to affect ROS production in different cell lines [238] [239] [230] [240] [241] 

[237]. Recently, the interdependence of TSPO and ROS was also supported in a 

glioblastoma cell line, as in vivo experiments evidenced that XBD173 successfully 

attenuated ROS production [242].  

Aside from the investigation in glioblastoma cells by Jiang et al., the effect of XBD173 

on reactive oxygen species has been extensively studied in other cell lines. In human 

ARPE-19 cells from the eye, XBD173 was found to decrease intracellular levels of 

ROS [218]. This finding is in line with a study investigating primate choroidal endothelial 

cells (RF/6A). 25 µM of XBD173 notably reduced intracellular ROS formation and 

improved antioxidant capacity, as shown by an increase in selected antioxidative 

genes and also in catalase activity [142]. Noteworthy, both studies treated the cells for 

24h with TSPO ligands, as opposed to our two-hour pretreatment. However, in 

activated C20 human microglia cells, a 2h treatment with TSPO ligands, including 

XBD173 and Etifoxine, did cause a reduction of intracellular ROS [148]. Yet, in 

stimulated primary retinal mouse microglia, changes in mitochondrial or cytosolic ROS 

were not detected upon XBD173 treatment. Nonetheless, a reduction of extracellular 

ROS was detected, suggesting a more differentiated approach for the investigation of 

ROS.  

The same group evidenced that oxidative stress was related to NOX1 [217]. The NOX 

family is a key mediator in the production of ROS [243] and it has been proposed that 

their functioning is TSPO-dependent. In glioblastoma cells, a TSPO dependency of 
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NOX4 was suggested as TSPO-deficient cells showed a reduced ROS synthesis as a 

result of attenuated NOX4 [242]. Besides NOX4, other oxidases have been associated 

with TSPO [244] [245] [133] [217].  

In summary, the obtained results do not confirm that pharmacological TSPO 

modulation regulates the production of ROS in GB progenitor cells, thereby 

questioning the role of TSPO in the regulation of ROS. However, TNFa, a well-known 

ROS-inducer, did also not exert the expected effects, pointing into direction of a 

possible resistance. The selected dosage was based on preliminary studies in 

glioblastoma cells, albeit the plasticity of the tumour has already been pointed out 

several times, in which case a re-evaluation would have been advisable. The 

H2DCFDA assay used in this study is commonly used for the detection of intracellular 

ROS, although it is known that the assay has several limitations. Notably, reactive 

species reduce DCFDA to DCF, which can in turn react with O2 to form superoxides, 

causing artificial fluorescence increase. One of these oxidizing substrates is 

cytochrome c, which means that signal intensity is enhanced during apoptosis  [246].  

To gain deeper insight into redox metabolism and to establish whether GRT16 

influences extracellular ROS, additional analysis should be performed. Future 

approaches should include TSPO-deficient cells to differentiate TSPO-specific effects.  

The inconsistency of results might also reflect a lack of involvement of TSPO in the 

pathways involved in oxidative stress or limited capacity of the ligands to protect from 

oxidative stress. This urges further investigations regarding the regulation of ROS in 

BTIC13.  

 

6.5 Impact of TSPO ligands on apoptosis 

Characteristic for malignant cells is the interference of regulated cell death [66]. For 

apoptosis, a distinction is made between the extrinsic pathway, which is mediated via 

death receptors (DR), and the intrinsic pathway. The latter is also known as the 

mitochondrial pathway, of which the central step is mitochondrial outer membrane 

permeabilization that occurs due to cellular stress or DNA damage [247]. Since TSPO 

is also localized in mitochondria, it is not far-fetched to assume that the protein plays 

a role during apoptosis. Regulation of apoptosis was indicated in numerous studies, 

induced by various agents in different cell lines.  
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To elucidate whether GRT16 is able to influence apoptosis in BTIC, we pretreated the 

cells with TSPO ligands before exposing them to TRAIL, as previous results pointed 

to a TSPO-dependency of TRAIL-induced apoptosis, as opposed to IFNg, TNFa  or 

FasL [152]. Our results showed that pretreatment with GRT16, XBD173 and Etifoxine 

sensitized BTIC13 cells to TRAIL-induced apoptosis, whereas the ligands did not 

induce apoptosis when applied without TRAIL. Considering recent findings in BTICs, 

where TSPO was shown to protect cells from TRAIL-induced apoptosis [152], GRT16 

would, again, classify as TSPO antagonist.  

As already mentioned, the hypothesized mechanism of action of TSPO in the 

involvement of apoptosis, is the lowering of the mitochondrial membrane potential 

(∆Ψm). In line with this hypothesis were the results found by Meng et al., who 

downregulated TSPO expression in cardiomyocytes in an anoxia/reoxygenation 

model. By doing so, they were able to reduce ROS production with subsequent ∆Ψm 

stabilization, ultimately preventing apoptosis [248]. Same results were obtained in MA-

10 cells [249].  

Recently, Bader et al. were able to show in BV-2 microglial cells that administration of 

XBD173 reduced ∆Ψm in a concentration-dependent manner. Interestingly, this effect 

was also seen when TSPO KD cells were incubated with XBD173, suggesting that 

XBD173 influences the mitochondrial membrane potential TSPO-dependently as well 

as independently [124]. In contrast, prior experiments using the same cell line showed 

an increased ∆Ψm upon XBD173 treatment, as a result of a higher energetic state of 

the cell [224].  

Since Etifoxine is viewed as a neuroprotective agent, it’s prevention of apoptosis is 

generally hypothesized. As most recently confirmed in a model of traumatic brain 

injury, the protective effect of Etifoxine is most likely due to the maintenance of the 

∆Ψm by blockade of oxidative stress [203]. Also, reduced levels of caspase 3 after 

incubation with Etifoxine were shown in two different models investigating ß-amyloid-

induced toxicity [250] and LPS-induced cognitive dysfunction [204]. However, Etifoxine 

as well as XBD173 have not been studied in cancer cells and therefore our results are 

the first to show an antineoplastic effect of these TSPO ligands in glioblastoma cells.  

Albeit, TSPO as well as TSPO ligands have been shown to act pro-apoptotic in various 

malignant cell lines. Sutter et al. provided evidence of PK11195, Ro5-4864 and FGIN1-

27, inducing apoptosis in a dose-dependent manner in a colorectal cancer cell line 

[251], which was verified in a follow-up TSPO knockout study [252]. Furthermore, 
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knockdown of TSPO revealed that FGIN-1-27 requires TSPO to induce apoptosis in 

C6 cells [151]. Additionally, the pro-apoptotic properties of PK11195 were confirmed 

in a leukemia [253] and a neuroblastoma cell line [254].  

In glioblastoma cell lines, the pro-apoptotic role of the protein could also be 

substantiated. PK11195 as well as newly designed TSPO agonists 

(4-Phenylquinazoline-2-carboxamide and 2-phenylindolylglyoxylyldipeptides) both 

induced ∆Ψm dissipation and cell viability inhibition [255] [256]. In comparison to single 

targets, simultaneous activation of p53 and TSPO caused even higher apoptotic rates 

in U87MG cells [256].  

Still, the debate about the contradictory results regarding TSPO functioning is ongoing. 

Veenman et al. summarized the effects seen in various glioma and glioblastoma cell 

lines upon activation with ErCP3. Application of PK11195 and Ro5-4684 inhibited 

apoptosis by impeding ∆Ψm dissipation and downstream signaling, therefore 

preventing apoptosis [257]. This was further evidenced in TSPO knockdown studies in 

U-118MG cells, where the application of PK11195 prevented apoptosis similarly to 

TSPO knockdown [131] [136]. Notably, the effects seen in studies investigating 

apoptosis by targeting TSPO pharmacologically seem to be dependent on the 

apoptosis-inducing agents used in the study [258] [131] [257]. In addition, as Zhao et 

al. noted, even the often used and well-studied ligand PK11195 showed not only 

different but also TSPO-independent effects [182]. Similarly, even with newer ligands, 

it is difficult to rule out putative TSPO-independent effects, especially in complexly 

regulated processes such as apoptosis.  

It has already been proven several times that TRAIL resistance is an important part of 

the complex system by which gliomas evade immune attacks (as reviewed in [259]). 

The underlying mechanism of how GRT16 and the other ligands sensitized BTICs for 

TRAIL-mediated apoptosis remains unknown, however, many sensitizing agents act 

by upregulating DR4/5. In multiple GB cell lines, including stem cells, apoptosis was 

enhanced by downregulation of c-FLIP [260] [261], leading to subsequent upregulation 

of death receptors [262] [263]. Hence, overexpression of the anti-apoptotic protein c-

FLIP was associated with TRAIL resistance in GB cells [264]. ONC201, which also 

functions through upregulation of TRAIL and DR4/5 in glioblastoma [265], is currently 

the only TRAIL-based therapy being investigated in a phase II clinical trial, with 

promising preliminary results [266] [267].  
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In consequence of our results, GRT16 can be described as pro-apoptotic molecule, 

although it only acted synergistically together with apoptosis-inducing substances, like 

TRAIL. GRT16 therefore represents a putative therapeutic approach to restore the 

sensitivity of tumor cells to TRAIL-induced apoptosis.  

Unfortunately, the ligands in our study were only applied using one concentration (1 

µM). In the case of GRT16, this concentration was far below the calculated IC50 value. 

Concentrations were also low for XBD173 and Etifoxine. When deciding on the initial 

concentration, previous studies with XBD173 and Etifoxine were used as references 

[129] [124]. To create comparability between the ligands, all three were assessed using 

the same concentration. However, without a dose-response curve, the effects cannot 

be put into relation. Hence, the results seen in our study might not reflect the possible 

maximal effects that could be achieved at higher concentrations. Accordingly, it would 

be necessary to repeat the experiment using higher concentrations of the ligand 

GRT16 to substantiate its effects. Then, it would also be possible to see if GRT16 can 

induce apoptosis by itself and to delineate toxic effects of the ligand. Furthermore, the 

underlying mechanism of how GRT16 sensitizes TRAIL-induced apoptosis remains 

unclear and should be addressed in future studies.  
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7 Conclusion  

In this study, we investigated in which way the novel TSPO ligand GRT16 affects 

TSPO-associated functions in BTIC13 wildtype cells.  

Our preliminary results suggest that GRT16 could indeed be a potential candidate for 

a treatment approach. We report an increase in TRAIL-induced apoptosis after co-

exposure with the ligand. Thereby, GRT16 sensitizes BTIC13 cells to TRAIL, so that it 

could possibly be used in combinational treatment. Nevertheless, the lack of clarity 

about the underlying molecular mechanisms responsible for the synergistic effect of 

GRT16 requires further investigations.  

Despite increased cell death rates, there was no increase in cytosolic ROS. Although 

a slight inhibition could be detected 24h after co-treatment with GRT16 and CoCl2, it 

cannot be excluded that this is due to off-target effects. However, to fully confirm the 

effect of GRT16 on reactive oxygen species production, further experiments on other 

sources of ROS, particularly mitochondria would be required. Especially in the aspect 

that GRT16 leads to a significant reduction of ATP production, by impairing 

mitochondrial respiration, the detection of mitochondrial ROS would be of interest.  

An increase by GRT16 would be in line with our hypothesis that TSPO promotes a pro-

inflammatory phenotype in BTIC13, because ROS also contribute to a pro-

inflammatory environment. However, GRT16 didn’t exert any effect. Possible effects 

of GRT16 at elevated TSPO expression levels urge further investigations at later 

timepoints. Notably, the calculated IC50 value was significantly higher than the 

previously described plasma concentrations (max. 2.6 µM), at which mild side effects 

occurred and the concentrations used in following experiments sometimes exceeded 

these by 10-fold. Nevertheless, GRT16 already showed anti-apoptotic effects when 

used at 1 µM, so that a physiological and tolerable concentration can be assumed 

here. 

In summary, our results provide a first characterization of the TSPO ligand GRT16 in 

vitro, but some limitations must be considered in future studies. TSPO remains a 

protein, whose functions in malignant cells are not clearly defined, which is why the 

interpretation of results with TSPO ligands is difficult. In particular due to the cell-

specificity, effects on the entire tumor in vivo are unpredictable. In addition, the 

experiments were only done in BTIC13 wildtype cells and not repeated in knockdown 

or overexpressing cells. Accordingly, not all effects can be definitively attributed to 
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TSPO. Also, concentration-dependent influences cannot always be assumed. To gain 

a more profound understanding of the role of the ligand, more BTIC cell lines should 

be investigated. 

Especially with regard to the heterogeneity of GB cells, a personalized treatment has 

been aimed for. TSPO ligands could contribute to achieving this goal in subgroups of 

well-characterized patients with specific sensitivity for this approach. Therefore, 

translational development of a therapeutic strategy would also mean the definition of 

biomarkers that indicate tumor cell response to TSPO inhibition.   
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8 Supplement 

8.1 Supplementary figures 

A 

 
B 

 
C 

 
D 

 

Supplementary figure S6: Impact of TSPO ligands on ROS formation in BTIC13 wt. 

BTIC13 cells were pretreated with XBD173 and GRT for 2h, followed by 400 µM of CoCl2 or 100 ng/ml TNFa. A: 1 
µM of XBD173 and GRT16 (n=4), B: 10 µM of XBD173 and GRT16 (n=3), C: 25 µM of XBD173 and GRT16 (n=3). 
D: Positive controls (n=10) Data is shown as ± SEM. Two-way ANOVA with Tukey’s multiple comparison resulted 
in significant differences as indicated (p-values: * < 0.05; ** < 0.01; *** < 0.001; ****<0,0001).  

24h 48h
0

10

20

30

40

50

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control

GRT16 1mM

XBD173 1mM
CoCl2 400 �M

GRT16 + Cocl2

XBD173 + CoCl2

����

����

���

24h 48h
0

5

10

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control

GRT16 1 mM

XBD173 1 mM

TNFa 100 ng/ml

GRT16 + TNFa

XBD173 + TNFa

�

�

�

24h 48h
0

10

20

30

40

50

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control

GRT16 10 mM

XBD173 10 mM

CoCl2 400 mM
GRT16 + CoCl2
XBD173 + CoCl2

����
����

���

24h 48h
0

2

4

6

8

10

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control

GRT16 10 mM

XBD173 10 mM

TNFa 100 ng/ml

GRT16 + TNFa

XBD173 + TNFa

�

24h 48h
0

10

20

30

40

50

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control
GRT16 25 mM
XBD173 25 mM
CoCl2 400 mM

GRT16 + CoCl2
XBD173 + CoCl2

����

����

24h 48h
0

2

4

6

8

10

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control
GRT16 25 mM
XBD173 25 mM
TNFa 100 ng/ml
GRT16 + TNFa

XBD173 + TNFa

0h 3h 6h 24h 48h
0

5

10

15

20

Time

R
O
S
pr
od
uc
tio
n

(4
85
/5
35
nm
)

Control
TBHP 200 mM
Menandion 400 mM



Supplement 

 67 

A 

 
 

 

Supplementary figure S7: Impact of TSPO ligands on TRAIL-induced apoptosis in BTIC13 wt.  

BTIC13 wt cells were pretreated with 1 µM of XBD173, Etifoxine or GRT for 2h, followed by 50 ng/ml of TRAIL for 
3h. DMSO diluted 1:1000 in RHB-A complete medium was used as untreated control. A: Real-time cytotoxicity was 
measured for 48h with IncuCyte® ZOOM systems. Displayed graphs are exemplary for three replicates (n=3). 
Unpaired two-tailed t-test resulted in no significant differences.  
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8.2 List of abbreviations  

∆Ψm Mitochondrial membrane 
potential  

fwd forward 

ANT Adenine nucleotide 
transporter 

GAPDH Glyceraldehyde 3-phosphate 
dehydrogenase 

ATP Adenosine triphosphate GB Glioblastoma 

ARPE Arising retinal pigment 
epithelia 

G-CIMP Glioma CpG- island methylator 
phenotype 

BBB Blood brain barrier GSC Glioma stem cell 

BCA Bichinonic Assay HIF Hypoxia-inducing factor 

Bcl-XL B-cell lymphoma extra large  HLA Human leukocyte antigen 

BTIC Brain tumor initiating cells HRP horseradish peroxidase 

CAR Chimeric antigen receptors IC Inhibitory concentration 

cFLIP cellular FLICE-Like Inhibitory 
Protein 

IDH Isocitrate dehydrogenase 

CNS Central nervous system IFN  Interferon  

CoCl2 Cobalt chloride IgG Immunoglobulin G 

Cu Copper IKK IkB kinase 

DBI Diazepam Binding Inhibitor IL Interleukin 

DNA Desoxyribonucleic acid JNK C-Jun-N-terminal kinase 

DMSO Dimethyl sulfoxide KD Knockdown 

DR Death receptor KO  Knockout 

ECAR Extracellular acidification    
rate 

LOH Loss of heterozygosity 

EGFR EGF receptor LPS Lipopolysaccharide 

ETC Electron transport chain mA Milliampere 

FACS Fluorescence activated cell 
sorting 

MAPK Mitogen-activated protein 
kinase 

FDA U.S. Food and Drug 
Administration 

MGMT Methylated-DNA-protein-
cysteine methyltransferase 
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Fe Iron MnSOD Manganese superoxide 
dismutase 

mPTP Mitochondrial permeability 
transition pore 

TRAIL TNF-related apoptosis inducing  
Ligand 

NFkB nuclear factor NF-kappa-B Treg Regulatory T cell 

NK Natural killer cell  TSPO Translocator protein  

NOX NADPH oxidase V Volt 

NSCLC Non-small cell lunger    
cancer  

VDAC Voltage-dependent anion 
channel 

OCR Oxygen consumption rate WHO World Health Organisation 

OMM Outer mitochondrial 
membrane 

wt Wild type 

PARP Poly (ADP-ribose)-
polymerase 

XIAP X-linked inhibitor of apoptosis 
protein 

PCR Polymerase chain reaction   

PET Positron emission 
tomography 

  

PKC Protein kinase C   

PPIX Protoporphyrin IX   

RELA/p65 nuclear factor NF-kappa-B 
p65 subunit 

  

rev Reverse   

RNA Ribonucleic acid   

ROMO Reactive oxygen species 
modulator 

   

ROS Reactive oxygen species   

rpm Rounds per minute   

SNP sodium nitroprusside   

TMZ Temozolomide   

TNF Tumor necrosis factor    
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