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Zusammenfassung 
Das Glioblastom (GBM) ist der aggressivste primäre Hirntumor mit einer medianen 

Überlebenszeit von 14-17 Monaten (Reifenberger et al. 2017). Die schlechte Prognose, 

verbunden mit der raschen Verschlechterung neurologischer Funktionen und der 

Lebensqualität, hat zu enormen Forschungsanstrengungen geführt, um die dem GBM 

zugrunde liegenden Mechanismen zu erforschen und neue therapeutische Strategien zu 

entwickeln. Ein neuer Forschungsbereich in diesem Gebiet betrifft die humanen 

endogenen Retroviren (HERVs), eine Klasse pathogener Elemente, die bis zu 8% des 

menschlichen Genoms ausmachen. Diese Retroviren gingen ursprünglich vor Millionen 

von Jahren aus Keimbahninfektionen von Säugetieren hervor und sind in der Regel 

epigenetisch inaktiviert. Umweltfaktoren wie Virusinfektionen können HERVs jedoch 

reaktivieren, was zur Produktion von viralen Proteinen, insbesondere der HERV-W- und 

HERV-K-Familien, führt. Das Hüllprotein des humanen endogenen Retrovirus vom Typ-

W (HERV-W ENV) beeinträchtigt bei der Multiplen Sklerose (MS) die Reparatur von 

Läsionen, indem es Mikroglia (MG), Zellen des angeborenen Immunsystems im ZNS, 

aktiviert. Nun gelang es jedoch unserer Arbeitsgruppe in ihren Vorarbeiten HERV-W ENV 

auch in malignem menschlichen Gliomgewebe nachzuweisen (Reiche et al. 2024). 

Hierbei ist die Präsenz von HERV-W ENV jedoch nicht nur auf Gliomzellen beschränkt, 

sondern findet sich auch in den Zellen der sogenannten Tumor-Mikroumgebung (tumor 

microenvironment; TME), wie beispielsweise den vorgenannten Mikrogliazellen. Diese 

Dissertation untersucht die genauen Auswirkungen von HERV-W ENV auf das Verhalten 

von Glioblastom- und Mikrogliazellen. Die Ergebnisse deuten darauf hin, dass HERV-W 

ENV eine proinflammatorische Genexpression in Tumor- und Mikrogliazellen induziert, 

was einen aggressiveren Phänotyp fördert. Die daraus resultierende Modulation 

funktioneller Parameter neoplastischer Zellen wie Proliferation, Migration und Invasion 

hängt dabei maßgeblich von der Interaktion mit Mikroglia ab. Zudem könnte HERV-W 

ENV die Sensitivität gegenüber Temozolomid, dem in der klinischen Therapie 

standardmäßig eingesetzten Chemotherapeutikum, erhöhen. Zusammenfassend 

untermauert diese Dissertation, dass HERV-W ENV ein vielversprechendes Ziel für 

künftige therapeutische Ansätze in der Glioblastomtherapie sein könnte.  
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Abstract 
Glioblastoma (GBM) is the most aggressive primary brain tumor with a median survival 

time of 14-17 months (Reifenberger et al. 2017). This dismal prognosis and the rapid 

decline in neurological function and quality of life have driven extensive research efforts 

to clarify the molecular mechanisms underlying GBM pathology and to identify new 

therapeutic strategies. Among emerging areas of interest are human endogenous 

retroviruses (HERVs), a class of pathogenic elements that account for up to 8% of the 

human genome. These retroviruses originated from mammalian germline infections 

millions of years ago and are typically epigenetically silenced. However, environmental 

factors such as viral infections can reactivate HERVs, leading to the production of viral 

proteins, particularly of the HERV-W and HERV-K families. In multiple sclerosis (MS), the 

most prevalent chronic inflammatory and demyelinating autoimmune disease of the 

human central nervous system (CNS), the human endogenous retrovirus type-W 

envelope protein (HERV-W ENV) interferes with lesion repair by activating microglia (MG), 

the innate immune cells of the CNS. Recently, clinical trials investigated the use of 

temelimab, a monoclonal antibody neutralizing HERV-W ENV, supporting the potential 

use of this agent for patients with progressive MS by reducing neurodegenerative effects. 

The previous studies of our research group found HERV-W ENV both in tumor cells and 

infiltrating microglia of human glioma tissue (Reiche et al. 2024). However, HERV-W ENV 

expression is not limited to glioblastoma but is scattered throughout gliomas of all WHO 

grades. The experiments presented in this dissertation investigated the effects of HERV-

W ENV on neoplastic glioma and microglial cell behavior. The results suggest that HERV-

W ENV stimulation induces a proinflammatory gene expression shift in both tumor and 

microglial cells, promoting a more aggressive cell phenotype. In this context, the crucial 

finding of this study is that HERV-W ENV-mediated modulation of functional neoplastic 

cell parameters, such as proliferation, migration, and invasion, depends on the presence 

of microglia. In addition, it was found that HERV-W ENV stimulation may increase the 

sensitivity of neoplastic cells to temozolomide, the standard chemotherapeutic agent used 

in clinical glioblastoma therapy. In summary, this dissertation suggests that HERV-W ENV 

could be a promising target for future therapeutic approaches in glioblastoma therapy.  
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1. Introduction 

1.1. Tumors of the central nervous system  

In general, tumors can be divided into two categories: benign and malignant. Benign 

tumors are defined as a noncancerous abnormal growth of cells that grow slowly and are 

less likely to recur after treatment (Fritz 2000). In contrast, malignant tumors have the 

ability to invade tissues locally and spread to different parts of the body (Fritz 2000). In 

the central nervous system (CNS), most tumors are metastases from other malignant 

tumors such as lung cancer, breast cancer, and melanoma (Barnholtz-Sloan et al. 2004; 

Berghoff et al. 2016; Nayak et al. 2012). Primary brain tumors, on the other hand, arise 

from the brain’s own or adjacent tissue. In adults, primary brain tumors account for 2% of 

all cancers, of which the most common benign CNS tumor is meningioma, and the most 

common malignant tumor is glioma (Ostrom et al. 2017). This results in an overall 

incidence of primary brain tumors of 22 per 100.000 (Lapointe et al. 2018).  

 

As primary brain tumors encompass a heterogeneous group of tumors of different cellular 

origins, all brain and spinal cord tumors are systemically classified by the World Health 

Organization (WHO) Classification of Tumors of the Central Nervous System 2021 (Louis 

et al. 2021). Recently, as molecular and genetic tumor characteristics gained increasing 

importance, they replaced the previously used histological criteria in the WHO 

Classification of 2021. The resulting revised terminology and grading led to new tumor 

types and subtypes. In this context, novel diagnostic technologies such as DNA 

methylome profiling facilitate a precise description of each tumor tissue in addition to the 

histological and immunohistochemical classification based on features like mitotic rate, 

the presence of tumor necrosis, and pathological vascular proliferation. This enables a 

more objective classification since the histological classification of CNS tumors suffered 

from considerable inter-observer variation (Capper et al. 2018; Louis 2012). Of note, due 

to the above-mentioned changes in the WHO Classification of 2021, the epidemiological 

data presented in this thesis refer to the previous classifications, as more recent, reliable 

data have not yet been published. The most recent WHO Classification stratifies CNS 

tumors from grades 1 to 4, with WHO Grade 1 indicating the least malignant type (Louis 



 2 

et al. 2021). Grade 1 tumors are benign, mostly curable, and commonly found in children, 

whereas grade 2 tumors are still slow-growing but may show invasive growth. Grade 1 

and 2 gliomas are considered low-grade gliomas (LGG) that eventually progress to high-

grade tumors. On the other hand, high-grade tumors of grade 3 are usually malignant, 

more aggressive, and infiltrating, while grade 4 tumors represent the most aggressive and 

malignant tumors (Chatterjee et al. 2022). The group of gliomas, glioneuronal and 

neuronal tumors is further subdivided into six families: adult-type diffuse gliomas, 

pediatric-type diffuse low-grade gliomas, pediatric-type diffuse high-grade gliomas, 

circumscribed astrocytic gliomas, glioneuronal and neuronal tumors, and ependymomas 

(Louis et al. 2021; Park et al. 2023). Therefore, the term glioma does not imply the cellular 

origin of the respective tumor but rather refers to a cytological similarity of the tumor cells 

compared to different glial cell types (Zong et al. 2012).  

 

1.2. Glioblastoma  

1.2.1. Epidemiology and etiology 

Gliomas are the most common malign primary CNS tumors, accounting for 75% of 

malignant brain tumors (Ostrom et al. 2017). In total, glioblastoma (GBM), the most 

aggressive and lethal type of gliomas, accounts for 17.9% of all primary brain tumors in 

recent years and occurs more frequently in males than in females with a median age of 

64 at diagnosis (Price et al. 2024). Most GBM are localized in the brain's frontal lobe, 

whereas the brain stem and cerebellum are the rarest locations (Ghosh et al. 2017). 

Initially, GBM was described to originate from astrocytic glial cells (Perry and Wesseling 

2016), but recent research points to different cellular origins that affect tumor behavior 

(Yao et al. 2018). Gene profiling analysis revealed that GBM is derived from neural stem 

cells (NSCs), NSC-derived astrocytes, and oligodendrocyte precursor cells (OPCs), which 

carry tumor-initiating genetic alterations (Yao et al. 2018). GBM is one of the deadliest 

tumors in humans. Only about 5% of patients survive five years after the initial diagnosis 

(Jaoude et al. 2019). This poor survival is a result of the highly invasive behavior of tumor 

cells and their resistance to therapy (Seker-Polat et al. 2022). Compared to other 

malignancies, peripheral metastases of GBM are very rare (Armstrong et al. 2011), even 

though recent studies detected circulating tumor cells (CTCs) in the blood of glioma 
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patients (Zhang et al. 2021). Regarding the development of GBM, the exact underlying 

mechanisms are not yet well understood. Various studies have investigated different risk 

factors, but no identifiable risk factors have been found for the majority of patients 

(Lapointe et al. 2018; Yoshikawa et al. 2023). Of note, studies did not find any relation 

between smoking as a carcinogen and glioma risk. On the other hand, a history of allergies 

and atopic diseases was identified as a protective characteristic regarding the risk of 

developing glioma (Lachance et al. 2011). In addition, obesity at the age of 18 increases 

the risk of glioma nearly fourfold compared to normal weight (Moore et al. 2009). 

Additionally, in recent years, studies have also focused on ionizing radiation and the long-

term usage of mobile phones as carcinogenic factors, showing an increased risk of 

developing malignant brain gliomas (Braganza et al. 2012; Yang et al. 2017).  Additionally, 

in 5% of all cases, gliomas are associated with hereditary syndromes such as 

Neurofibromatosis type 1 and 2, Li-Fraumeni, or Von Hippel-Lindau syndrome 

(Blumenthal and Cannon-Albright 2008). In summary, most GBM risk factors remain 

unclear, and many associations are controversial (Grochans et al. 2022; Lapointe et al. 

2018; Wrensch et al. 2002). Currently, the only definitive risk factor is advanced age, 

although the underlying biology of this phenomenon has not yet been clarified (Ostrom et 

al. 2021). 

 

1.2.2. Clinical course and treatment  

The urgent need for new treatment options for GBM is underlined by a median patient 

survival of only 12 months in population-based studies (Reifenberger et al. 2017). This 

low median survival results from its fast, progressive, and destructive growth. Initially, as 

the tumor tissue shows rapid, destructive growth, symptoms can range from headaches, 

limb paresis, and nausea to epileptic seizures (Wang et al. 2023a). In this regard, the 

clinical presentation of patients depends on the specific tumor location (Urbanska et al. 

2014). In magnetic resonance imaging (MRI), most GBM present with a characteristic 
single ring-enhancing lesion with central necrosis and peritumoral edema 

(Smirniotopoulos et al. 2007). This lesion is hypointense on T1 weighted precontrast 

imaging and hyperintense on T2/FLAIR imaging sequences (Lundy et al. 2020). Due to 

neoangiogenesis and blood-brain-barrier (BBB) disruption, perfusion-weighted imaging 

(PWI) shows increased cerebral blood flow (Gilard et al. 2021). Additional imaging using 
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positron emission tomography (PET) in combination with amino acid tracers such as O-

(2-[18F] fluoroethyl)-L-tyrosine (FET) can even better distinguish between neoplastic and 

non-neoplastic lesions, with tracer uptake increasing with the degree of malignancy 

(Galldiks et al. 2022). Importantly, other differential diagnoses such as abscess, 

lymphoma, or tumor metastases feature similar MRI characteristics, ultimately often 

resulting in the need for histopathological confirmation to diagnose GBM. The ensuing 

analysis of formalin-fixed and paraffin-embedded tissue typically shows a diffuse 

astrocytic glioma with a high mitosis rate, pleomorphism, microvascular proliferation, and 

necrosis (Lan et al. 2024). Historically, since the last century, the diagnosis and 

classification of primary brain tumors have been primarily based on histopathology, which 

classifies tumors according to their microscopic abnormalities and their cells of origin. 

However, in 2016, the WHO updated its brain tumor classification by incorporating 

molecular features such as the IDH mutation status (Louis et al. 2016). The new WHO 

Classification of 2021 further emphasizes the molecular classification of brain tumors by 

incorporating even more molecular markers to enhance the objectivity of the diagnostic 

process (Louis et al. 2021). This precise classification of molecular features in GBM 

enables an accurate characterization of each patient’s tissue, leading to more 

personalized treatment approaches (Tan et al. 2020; Verdugo et al. 2022). Generally, the 

current therapy paradigm for glioblastoma involves surgical tumor resection as a first step, 

which is then combined with an accurate histological examination for diagnosis. If 

possible, gross total resection (GTR) should be pursued as the extent of tumor resection 

has been positively correlated with survival time (Oszvald et al. 2012). Survival time after 

GTR is increased regardless of the molar characteristics of the tumor (Molinaro et al. 

2020). However, as a general approach, preventing new permanent neurological deficits 

is prioritized over achieving GTR (Weller et al. 2021). Of note, surgical intervention faces 

many challenging problems, such as the microscopic infiltration of surrounding brain 

tissue in tumor margins, which complicates tumor resection (Tripathi et al. 2022). To 

reduce complications and further enhance patient survival, surgical tumor resection is 

supported by the application of 5-aminolevulinic acid (5-ALA), which accumulates in the 

tumor cells, causing a red fluorescence signal when exposed to blue light (Stummer et al. 

2000; Stummer et al. 2006). Current clinical practice after surgical resection includes a 

postoperative MRI to verify the surgical outcome and to create a baseline for monitoring 

and detecting progression (Weller et al. 2021).  After histological confirmation and precise 
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classification of the resected tissue, the standard treatment regimen includes 

pharmacological and radiation therapy. The most commonly used drug in glioma treatment 

is the alkylating agent temozolomide (TMZ). Although TMZ was first introduced for the 

treatment of melanoma, it is now mainly used in glioma therapy due to its oral 

bioavailability and ability to cross the BBB (Newlands et al. 1997; Thomas et al. 2013). 

Since the introduction of TMZ for glioma treatment in 2005, no other chemotherapeutic 

agent has been more effective in glioma therapy (Oraiopoulou et al. 2024). Its cytotoxic 

effect is based on the methylation of purine in the DNA (mainly O6-guanine). This toxic 

modification then leads to the activation of DNA mismatch repair (MMR) enzymes and, 

ultimately, apoptosis (Zhang et al. 2012). In this context, the O6-methylguanine-DNA 

methyltransferase (MGMT) can repair this DNA modification by transferring the O6-methyl 

group to its cysteine, which leads to the inactivation of this enzyme (Pegg et al. 1995). 

Therefore, the response to TMZ therapy is based on functional MMR enzymes and low 

levels of MGMT. Patients usually receive 75 mg/m2 body surface of TMZ daily throughout 

radiotherapy for six weeks and six cycles of maintenance TMZ for five days every 28 days 

in a higher concentration (150–200 mg/m2; (Stupp et al. 2005)). Regarding side effects, 

TMZ is considered to have a generally favorable safety profile even though it can interfere 

with hematopoiesis, leading to myelosuppression or thrombocytopenia (Gerber et al. 

2007). Other side effects are less common and include non-hematologic toxicities such 

as nausea, anorexia, fatigue, and hepatotoxicity (Dixit et al. 2012). Radiation therapy, on 

the other hand, is usually conducted within 3-5 weeks of surgery and is commonly 

administered at 50-60 Gray in 1,8-2 Gray daily fractions (Cabrera et al. 2016; Press et al. 

2020; Weller et al. 2021). In this context, further classification of the tumor and prognostic 

values influence the exact dosing and timing of the radiation and chemotherapeutical 

treatment (Aiyappa-Maudsley et al. 2022). In general, aggressive antitumor therapy and 

its side effects must be balanced with optimizing quality of life.   

Regarding its disease course, glioblastoma recurrences are observed in almost all cases. 

Accordingly, current guidelines recommend close monitoring of patients with follow-up 

examinations every 2-3 months, including neurological examination and imaging (Wen et 

al. 2010). The treatment of recurrences remains an area of ongoing research, largely due 

to the lack of standards caused by, inter alia, pseudoprogression (PsP). PsP refers to new 

or progressive contrast-enhanced MRI signals, that are typically caused by treatment-

induced inflammation, edema, or necrosis rather than true tumor growth (Young et al. 
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2023). However, even advanced imaging techniques have difficulty distinguishing 

between actual cancer progression and PsP (Radbruch et al. 2015; Wang et al. 2023b). 

Another critical factor is primary or secondary (i.e. acquired) tumor cell resistance to TMZ 

(Teraiya et al. 2023). In such cases, further treatment options are selected by an 

interdisciplinary tumor board according to the Karnofsky performance score (KPS), 

neurological function, and previous therapy (Weller et al. 2021). Since recently, GBM 

therapy also includes the use of tumor therapy fields (TTFields), leading to prolonged 

progression-free and overall survival (Guo et al. 2022). TTFields use weak 

electromagnetic alternating fields in the long-wave range directed at the resected tumor 

area, disrupting the mitosis of residual tumor cells, which induces cancer cell autophagy 

(Glas et al. 2022; Taphoorn et al. 2018). Several ongoing clinical trials further are currently 

evaluating the safety and efficiency of TTFields in GBM and the combination with other 

therapy options to improve patient survival. In summary, glioblastoma is a difficult-to-treat 

tumor with a comparatively short survival time. As a result, there is a high demand for new 

therapeutic strategies aiming, for instance, at molecular tumor biology and the interaction 

between neoplastic cells and the immune system.  

 

1.2.3. Molecular Pathology 

As mentioned above, the characterization of brain tumors primarily involves histological 

tissue evaluation, which is the basis for further classification and grading. Diffuse gliomas 

are usually described by molecular markers such as IDH1, H3, and ATRX, whose 

expression is investigated via immunohistochemical staining followed by additional 

molecular analyses of the tumor tissue (van der Meulen et al. 2022). As molecular markers 

have become well-established in the diagnostic process in recent years, the following 

section provides an overview of the most important markers. As mentioned above, a 

detailed molecular description and distinction of glioblastoma was first included in the 

WHO classification of CNS tumors in 2016, classifying glioblastoma by their isocitrate 

dehydrogenase 1/2 (IDH) mutation status (Louis et al. 2016). In the past, IDH mutations 

were associated with better disease outcomes and prolonged survival in GBM with 15 

months in the IDH-wild type and 31 months in the IDH-mutant type, respectively (Yan et 

al. 2009). IDH-wild type GBM was clinically defined as primary GBM appearing de novo 

while IDH-mutant GBM was termed secondary GBM, resulting from progression from 
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lower-grade gliomas (Lan et al. 2024). However, since the above-mentioned changes in 

the latest WHO classification of CNS tumors, only adult-type diffuse gliomas with an IDH-

wild type status are referred to as glioblastoma. In contrast, IDH-mutant astrocytic gliomas 

are now referred to as astrocytoma, IDH-mutant, and can be further subclassified into 

different CNS-WHO grades depending on histological features (Louis et al. 2021). 

Additionally, due to its prognostic role, a recent phase 3 study investigated using 

vorasidenib, an oral dual inhibitor of the mutant IDH1 and IDH2 enzymes, in patients with 

grade 2 IDH-mutant glioma. Results were promising and showed that vorasidenib 

significantly improved progression-free survival with only a low rate of serious adverse 

events (Mellinghoff et al. 2023). Other important glioma markers include alpha 

thalassemia/mental retardation syndrome X-linked (ATRX) gene (Suzuki et al. 2015) , the 

tumor suppressor gene TP53 (Noor et al. 2021), the cyclin-dependent kinase inhibitor 

2A/B (CDKN2A/B; (Huang 2022)), the growth factor receptor (EGFR; (Huang et al. 2009; 

Rodriguez et al. 2023)) and the methylation status of the DNA repair enzyme O6-

methylguanine-DNA-methyltransferase (MGMT; (Reifenberger et al. 2017; Weller et al. 

2010)) which are crucial factors for prognosis and therapy response. 

 

1.3. The tumor microenvironment of glioblastoma 

The tumor microenvironment (TME) of glioblastoma is an essential component of the 

tumor tissue, which consists of both cancerous and non-cancerous cells (Quail and Joyce 

2013). As a result, the past years have seen an increasing focus on molecular targets in 

the TME, which is a highly immuno-suppressive environment facilitating and promoting 

cancer progression (Pombo Antunes et al. 2020). The primary cell population in the TME 

are tumor-associated macrophages (TAMs) that account for 30-50% of cells (Graeber et 

al. 2002; Hambardzumyan et al. 2016). TAMs can originate from the yolk sac as brain-

resident microglia or from the bone marrow as monocytes that, conditioned by 

proinflammatory cytokines or growth factors, traffic into tissue during inflammation 

(Bowman et al. 2016; Chen and Hambardzumyan 2018; Shi and Pamer 2011). Several 

cell surface markers can distinguish between brain macrophage populations, such as 

TMEM119 for microglia or ITGA4 for bone marrow-derived macrophages (BMDMs), 

respectively (Bowman et al. 2016). Since BDMDs do not occur in the healthy brain and 

the two cell types differ not only in their surface markers but also in their properties and 
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behavior, it can be assumed that they contribute differentially to the progression of tumors 

(Hambardzumyan et al. 2016). In low-grade glioma, the number of TAMs correlates 

positively with tumor malignancy (Komohara et al. 2008) and negatively with the 

recurrence-free survival of patients with pilocytic astrocytoma (Dorward et al. 2010). In 

general, in high-grade glioma, immune cells are characterized by an immense diversity, 

but TAMs are generally associated with tumor aggressiveness and shorter survival 

(Sørensen et al. 2018). Additionally, TAMs play an important role in glioblastoma 

invasiveness (Darmanis et al. 2017) and therapy resistance (Osuka and Van Meir 2017). 

On the cellular level, the still widely used dichotomic classification of microglia into M1 

tumor-suppressive (“pro-inflammatory”) and M2 tumor-supportive (“anti-inflammatory”) 

microglia is today considered to be somewhat oversimplified (Paolicelli et al. 2022). In this 

regard, recent studies using single-cell RNA sequencing suggested various TAM 

subpopulations (Hambardzumyan et al. 2016; Khan et al. 2023) characterized by different 

transcriptomes depending on tumor type and IDH mutation status, highlighting the 

complexity of the microenvironmental landscape (Klemm et al. 2020). In this context, the 

crosstalk between neoplastic tumor cells and TAMs induces TAM recruitment and 

polarization toward a tumor-supportive phenotype, facilitating malignant progression 

(Andersen et al. 2021). To this end, glioblastoma cells can secrete various cytokines, 

including chemo-attractants (CX3CL1, CCL2, MIC-1, and CSF-1) and interleukins (IL-6, 

IL-33; (Andersen et al. 2021)). The polarization of TAMs towards a tumor-supportive (M2) 

phenotype mainly leads to the secretion of cytokines and growth factors, which promote 

critical biological functions in tumor progression (Hambardzumyan et al. 2016). In addition, 

via the secretion of TGF-ß, TAMs induce MMP-9 expression of glioblastoma stem cells 

(GSCs), leading to GSC invasiveness (Ye et al. 2012). GSCs are considered a 

subpopulation of neoplastic cells in GBM that support tumor development, recurrence, 

and therapeutic resistance (Gimple et al. 2019; Prager et al. 2020). Because of their ability 

to drive tumor growth and treatment resistance, they are a significant focus of cancer 

research (Chu et al. 2024). Another critical characteristic of GBM tissue is extensive 

hypoxia, which is based on its rapid growth and progression (Monteiro et al. 2017). 

Overall, hypoxia is consistently associated with poor prognosis in multiple cancer types 

(Jing et al. 2019; Walsh et al. 2014) by facilitating an immunosuppressive 

microenvironment (Lin et al. 2020). This immunosuppressive environment is 

characterized by the presence of numerous cell types, such as regulatory T cells, as well 
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as high levels of immunosuppressive cytokines (TGF-ß, IL-10, VEGFa, and ARG1) that 

hinder the activity of other immune effector cells (Terry et al. 2017). Another relevant cell 

population of the TME are lymphoid cells that mainly consist of CD4+ T helper (Th), CD8+ 

T cytotoxic (Tc), and regulatory T cells (Treg), accounting for ca. 2% of the tumor 

(Martinez-Lage et al. 2019). Glioblastoma cells are known to secrete several cytokines, 

such as TGF-ß and IL-10, which suppress the T-cell response (Gieryng et al. 2017). In 

this context, glioblastomas are considered to be immunologically “cold”, which refers to a 

restricted T-cell response, the lack of antigens, and defects in antigen presentation. These 

factors may explain why immunotherapeutic therapies do not lead to a significant survival 

benefit (Bonaventura et al. 2019; Frederico et al. 2021). Turning “cold tumors” into “hot” 

ones is considered a promising approach in modern therapy strategies and may, in the 

future, be achieved by vaccination, oncolytic viruses, or the combination of different 

immune-checkpoint inhibitors (Lim et al. 2018). Finally, non-immune TME cells like 

astrocytes, neurons, and endothelial cells produce proteins and biomolecules such as 

hormones or nitric oxide (NO) supporting tumor growth (Schiffer et al. 2019). In this 

context, astrocytes buffer the metabolic environment (Matyash and Kettenmann 2010) 

and thereby support the immunosuppressive environment in gliomas (Henrik Heiland et 

al. 2019). 

 

1.4. The human endogenous retrovirus family  

1.4.1. HERVs and diseases 

HERVs are ancient retroviral elements accounting for up to 8% of the human genome 

(Lander et al. 2001). They originated from mammalian germline retroviral infections 

millions of years ago (Dolei 2006) but are usually epigenetically silenced by DNA 

methylation and histone modifications (Groh and Schotta 2017; Lavie et al. 2005). Overall, 

HERVs are class 1 transposable elements (TEs; (Rebollo et al. 2012)) that structurally 

resemble their endogenous retroviral origin, containing open reading frames (ORFs) for 

the viral genes gag (group-specific antigen gene), pro (protease gene), pol (polymerase 

gene), and env (envelope gene; (Griffiths 2001)). Long terminal repeats (LTRs) flanking 

the viral genome portions consist of silencing and enhancing sequences, enabling the 

modulation of retroviral gene expression via the interaction with transcription factors 
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(Durnaoglu et al. 2021; Villesen et al. 2004). In total, the human genome consists of more 

than 40 different HERV families that are classified by their specific type of transfer 

ribonucleic acid (tRNA), which is used for initiating reverse transcription (Nelson et al. 

2003). In this context, elements of the HERV-K family are the most intact and biologically 

active HERVs (Marchi et al. 2014). Infections with viruses like the Epstein-Barr-Virus 

(EBV; (Perez-Perez et al. 2022)), herpesviruses (Perron et al. 1993), or other exogenous 

retroviruses like the human immunodeficiency virus 1 (HIV-1) and the human t-cell 

lymphotropic virus type 1 (HTLV-1) can transactivate HERVs (Kury et al. 2018). These 

pathogenic HERVs may then contribute to the pathogenesis of different diseases as they 

are expressed in tissue and blood, producing viral particles and proteins (Feschotte and 

Gilbert 2012). Notably, in recent years, HERVs have been found to be involved in complex 

and multifactorial diseases whose pathogeneses and etiologies are driven by many 

variables (Charvet et al. 2021). In general, HERVs are supposed to be mainly associated 

with autoimmune diseases by modulating the human immune response (Posso-Osorio et 

al. 2021). However, the precise mechanisms and extent of their impact on the course of 

these diseases remain an intensely debated issue, and it is still unclear whether they 

initiate disease onset, trigger disease progression, or potentially even both. 

 

1.4.2. The human endogenous retrovirus type W  

HERVs were first reported to be associated with multiple sclerosis (MS), the most common 

chronic inflammatory autoimmune disease of the central nervous system (CNS), in 1997 

(Perron et al. 1997). Perron et al. identified retroviral particles in leptomeningeal cell 

cultures from MS patients, which they eventually named multiple sclerosis-associated 

retrovirus (MSRV). This retrovirus was later renamed HERV-W due to its tryptophan (W) 

tRNA primer for reverse transcription (Blond et al. 1999). Further studies then 

demonstrated that the pathogenic envelope protein of HERV-W (pHERV-W ENV) could 

be detected in the serum, peripheral blood mononuclear cells (PBMCs), and cerebrospinal 

fluid (CSF) of MS patients (Perron et al. 1997; Perron et al. 2012). In fact, the protein 

expression of HERV-W ENV correlates with the activity and the progression of this disease 

(Sotgiu et al. 2010). Moreover, HERV-W ENV levels were found to correlate with 

inflammation and demyelination and were detected in considerable amounts in active MS 

lesions (Mameli et al. 2007). Interestingly, regarding the still unclear pathogenesis and 
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etiology of MS, researchers were also able to correlate the reactivation of retroviral 

elements in MS with EBV infection (see above chapter 1.4.1.; (Latifi et al. 2022; Mameli 

et al. 2012)). In addition, other exogenous factors such as influenza A or herpesvirus were 

shown to activate HERV-W ENV protein expression, underlining the importance of viral 

infections for HERV-W ENV expression (Charvet et al. 2018; Li et al. 2014). Further 

research focused on the various cellular effects and altered cellular interactions caused 

by the HERV-W ENV protein. Regarding cellular surface interaction, HERV-W ENV protein 

binds to toll-like receptor 4 (TLR4) and its co-receptor CD14, which leads to the activation 

of the nuclear factor kappa light chain enhancer of activated B-cells (NF-kB) signaling 

pathway, eventually resulting in the secretion of proinflammatory molecules (Rolland et al. 

2006).  In addition, HERV-W ENV protein-based activation of TLR4 leads to the production 

of various molecules associated with nitrosative stress, which inhibits the differentiation 

and proliferation of oligodendroglial precursor cells (OPCs; (Kremer et al. 2013)). In 

microglia, HERV-W ENV induces a proinflammatory phenotype, promotes cell 

proliferation, and induces ameboid microglial morphologies, thus creating a 

neurodegenerative environment near axons in MS tissue (Kremer et al. 2019). In addition, 

HERV-W ENV alters the behavior of dendritic cells by promoting the differentiation of T 

helper cell type 1 (Th1), which is involved in the anti-tumor immune response (Shang et 

al. 2024). More recently, several studies have found that HERV-W ENV is also associated 

with the onset and progression of other immunological and neurological diseases such as 

type-1 diabetes (T1D), chronic inflammatory demyelinating polyneuropathy (CIDP), 

schizophrenia, amyotrophic lateral sclerosis (ALS), or coronavirus disease 2019 (COVID-

19; (Balestrieri et al. 2021; Kury et al. 2018)). Studies in T1D indicated that HERV-W ENV 

contributes to the pathogenesis of this complex autoimmune disease, as it is found in the 

blood and pancreas of patients (Levet et al. 2017). However, in the pancreas, HERV-W 

ENV protein is expressed in acinar cells near the islets of Langerhans rather than in 

immune cells. Additionally, HERV-W ENV expression was found in lymphocytes of 

patients with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection 

(Balestrieri et al. 2021). In this study, Balestrieri et al. described a potential contribution of 

HERV-W ENV to the pathogenic features of SARS-CoV-2 as HERV-W ENV expression 

was found to correlate with inflammatory markers and pneumonia severity. In this context, 

HERV-W ENV was proposed as a biomarker for COVID-19 predicting respiratory outcome 

and clinical progression (Garcia-Montojo and Nath 2021). Corroborating this link, further 
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studies then found HERV-W ENV to be expressed in various postmortem tissues of 

COVID-19 patients (Charvet et al. 2023). In summary, HERV-W ENV is associated with 

various neurological and immunological diseases where it contributes to progression by 

increasing inflammatory stress.   

 

As HERV-W ENV seems to play a significant role in various diseases, it is considered as 

a suitable therapeutic target. For this purpose, the neutralizing humanized IgG4 

monoclonal antibody temelimab (GNbAC1) was developed, which specifically targets the 

subunit (SU) of HERV-W ENV, as well as the full-length HERV-W ENV-T protein (Curtin 

et al. 2015). Preclinical studies demonstrated its efficacy in a mouse model of MS, with no 

adverse events at therapeutic doses (Curtin et al. 2015). Clinical trials in MS patients then 

revealed that temelimab was well tolerated, reduced HERV-W ENV transcripts, and 

showed potential neuroprotective effects, including fewer T1-hypointense lesions (Curtin 

et al. 2012; Derfuss et al. 2015; Hartung et al. 2022). Recently, the ProTect-MS trial 

(ClinicalTrials.gov: NCT04480307) evaluated higher doses of temelimab in combination 

with rituximab, an anti-CD20 antibody commonly used off-label in MS treatment (Granqvist 

et al. 2018). The combination of both agents was well tolerated, with brain MRI scans 

demonstrating a reduction in neurodegenerative features, suggesting that it could be a 

promising strategy for treating progressive MS in the future (Piehl 2022). Additionally, 

temelimab was also evaluated in post-COVID-19 neuropsychiatric syndromes but did not 

significantly improve fatigue, despite being well tolerated (GeNeuro 2024).  

 

1.4.3. The oncogenic potential of human endogenous 

retroviruses 

Cancer cells are distinguished by a set of characteristics called the hallmarks of cancer, 

first described by Douglas Hanahan and Robert Weinberg in 2000 (Hanahan and 

Weinberg 2000). Providing a framework for understanding the complexities of cancer 

biology, the authors identified six main hallmarks: self-sufficiency in growth signals, 

insensitivity to anti-growth signals, tissue invasion and metastasis, limitless replicative 

potential, sustained angiogenesis, and evasion of apoptosis. In 2011, the authors then 

added two more hallmarks: deregulated metabolism and evasion of the immune system 
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(Hanahan and Weinberg 2011). Furthermore, they described two enabling characteristics, 

genome instability and mutation, and tumor-promoting inflammation, that lead to the 

acquisition of the hallmarks. These hallmarks can also be used as a basis for the 

investigation of the oncogenic potential of HERVs in human malignancies. While HERVs 

are associated with various cancers, it is not known how HERVs specifically interfere with 

the development and progression of these malignancies (Kitsou et al. 2023). More 

precisely, aberrant HERV expression was found in malignancies such as breast cancer 

(Tavakolian et al. 2019), prostate cancer (Ibba et al. 2018), lung cancer (Zare et al. 2018), 

leukemia (Bergallo et al. 2017), lymphoma (Barth et al. 2019), and Kaposi’s sarcoma (Dai 

et al. 2018). In these cancers, HERV expression is regulated by exogenous virus infection, 

chemical or physical damage, or epigenetic regulation (Zhang et al. 2019). Especially in 

glioma, epigenetic modifications contribute to the complex heterogeneity of neoplastic 

cells and allow cancer stem cells to gain self-renewal and drug-resistance properties (Toh 

et al. 2017; Wainwright and Scaffidi 2017; Wu et al. 2021). In this context, HERV-K 

expression was found to correlate with glioma stem-cell markers and to be modulated 

through treatment with reverse transcriptase inhibitors (Argaw-Denboba et al. 2017). 

However, the functional role of HERVs in carcinogenesis remains complex and still largely 

elusive. HERV transcripts directly interact with cellular signaling pathways and alter tumor 

cell behavior (Bannert et al. 2018). In addition, researchers found an association between 

HERVs and noncoding ribonucleic acids (ncRNA), which were dysregulated in several 

tumors and were shown to regulate various biological processes (Kelley and Rinn 2012; 

Pan et al. 2016). In summary, HERVs may alter both oncogenic processes and the 

antitumor response, making their impact on tumor progression a double-edged sword 

(Bannert et al. 2018; Zhang et al. 2019).  

 

1.5. Aim of this thesis 

In the context of our previous investigations regarding HERV-W and glioblastoma, our 

research group was the first to detect HERV-W ENV in malignant tissue isolated from 

glioma patients in both tumor cells and infiltrating macrophages (Reiche et al. 2024). As 

previously described, HERV-W ENV is known to affect the behavior of various cell entities 

such as microglia, OPCs, and astrocytes but has not yet been studied in the context of 

glioblastoma. Therefore, this study aimed to investigate the potential impact of HERV-W 
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ENV on neoplastic cells, with a particular focus on the tumor microenvironment (TME). 

Since the TME is crucial for glioblastoma survival and growth, this study investigated the 

effects of HERV-W ENV protein on both glioblastoma and TME cells, concentrating on 

molecular and cellular parameters such as proliferation, migration, and invasiveness. In 

doing so, it sought to clarify whether in the future HERV-W ENV might be a therapeutic 

target in the treatment of glioma potentially using temelimab. 
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2.  Materials and Methods  

2.1. Materials 

2.1.1. Organisms  

Species  Line Supplier 
Rattus norvegicus Wistar Janvier Labs, Saint-Berthevin, France 

 

2.1.2. Human glioblastoma cell lines 

Cell line Sex Age (y) Supplier 
A172 Male 53 American Type Culture Collection, Manassas, 

Virginia, United States 

LN229 Female 60 American Type Culture Collection, Manassas, 

Virginia, United States 

T98 Male 61 American Type Culture Collection, Manassas, 

Virginia, United States 

U87 Male Unknown American Type Culture Collection, Manassas, 

Virginia, United States 

 

2.1.3. Reagents, enzymes and media 

Substance Supplier 
2-propanol Merck, Darmstadt, Germany 

4’,6-Diamidino-2-phenylindole Roche Diagnostic GmbH, Mannheim, 

Germany 

Accutase PAA Laboratories, Pasching, Austria 

Albumin BSA-V ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 
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ß-Mercaptoethanol Sigma-Aldrich Chemie GmbH, München, 

Germany 

Bovine serum albumin (BSA) Fraktion V 

7,5% 

Lab intern production 

Rat-CD11b magnetic microbeads Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Citifluor mounting medium Citifluor, London, UK 

Dulbecco’s modified eagle medium 

(DMEM); low glucose 

ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Dulbecco’s modified eagle medium 

(DMEM); high glucose 

ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

DNase I Cell Systems, Lakewood, USA 

Dulbecco´s phosphate buffered saline 

(PBS) 

Sigma-Aldrich, St. Louis, USA 

Ethanol ≥ 96% Merck, Darmstadt, Germany 

Fetal calf serum (FCS) Lonza, Basel, Switzerland 

Isoflurane Piramal-Healthcare, Mumbai, India 

L-cysteine Sigma-Aldrich, St. Louis, USA 

LiChrosolv® water Merck, Darmstadt, Germany 

L-glutamine ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Normal goat serum Sigma-Aldrich, St. Louis, USA 

Normal donkey serum Sigma-Aldrich, St. Louis, USA 

Paraformaldehyde Merck, Darmstadt, Germany 

Penicillin / Streptomycin ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

RNase-free water Qiagen, Hilden, Germany 

Triton X-100 Sigma-Aldrich, St. Louis, USA 

Trypan blue 0,4% Sigma-Aldrich, St. Louis, USA 

Trypsin inhibitor Sigma-Aldrich, St. Louis, USA 
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2.1.4. Laboratory equipment and software 

Equipment Supplier 
7900HT Fast Real-Time PCR System ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Autoclave GLA30 Fritz Gössner GmbH, Hamburg, Germany 

Axioplan 2 Fluorescence microscope Carl Zeiss, Oberkochen, Germany 

Axiovision 4.2 software Carl Zeiss, Oberkochen, Germany 

BBD 6220 CO2 incubator ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Centrifuge Heraeus Holding GmbH, Hanau, 

Germany 

Endnote X21.3.0 Clarivate Analytics, Philadelphia, USA 

Eppendorf centrifuge 5804 Eppendorf, Wesseling-Berzdorf, Germany 

Excella E24 incubator shaker New Brunswick Scientific, Nürtingen, 

Germany 

GraphPad PRISM software 10.1.1 GraphPad Prism, San Diego, USA 

Herasafe HSP 12 sterile bench Heraeus Holding GmbH, Hanau, 

Germany 

ImageJ software National Institute of Health, Rockville, 

USA 

LSM 510 Confocal laser scanning 

microscope (CLSM) 

Carl Zeiss, Oberkochen, Germany 

MACS MultiStand Miltenyi Biotec, Bergisch Gladbach, 

Germany 

MiniMACS™ Separator Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Minishaker MS2; vortexer IKAR Works, Inc. Wilmington, USA 

MS Office 365 Microsoft Corporation, Redmond, USA 

Nanodrop ND 1000 PeqLab, Erlangen, Germany 

Primer Express 3.0.1 ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 
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Sequence Detection System (Version 2.3) ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Tecan i-control (Version 1.7.1.12) Tecan, Männedorf, Switzerland 

Tecan Microplate reader Infinite 200pro Tecan, Männedorf, Switzerland 

Thoma counting chamber (Depth: 0.100 

mm; Area 0.0025 mm2) 

Optik Labor, Görlitz, Germany 

Veriti thermocycler ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Water bath GFL, Burgwedel, Germany 

 

2.1.5. RNA preparation, cDNA synthesis and PCR reagents 

Reagent Supplier 

ß-Mercaptoethanol Sigma-Aldrich Chemie, Taufkirchen, 

Germany 

RNeasy Mini Kit 

RNeasy Mini Spin Columns 

Collection Tubes (1.5 ml) 

Collection Tubes (2 ml) 

Buffer RLT 

Buffer RW1 

Buffer RPE (concentrate) 

RNase-free water 

Qiagen, Hilden, Germany 
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High-Capacity cDNA Reverse 

Transcription Kit 

10x RT Buffer 

10x RT Random Primers 

25x dNTP Mix (100mM) 

MultiScribe Reverse 

Transcriptase 

1 tube (1.0ml) 

2 tubes (0.1ml) 

RNase Inhibitor 

ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Power SYBR Green PCR Master Mix 

SYBR® Green I dye 

AmpliTaq Gold® DNA 

Polymerase 

dNTPs 

Passive reference dye 

Optimized buffer components 

ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

 

2.1.6. Antibodies 

Reagent Dilution Supplier 
Anti-Ki-67 monoclonal rabbit 

antibody (ab16667) 

1:250 Abcam, Cambridge, UK 

Anti-Ki67 monoclonal rat 

antibody (cat#14-5698-82) 

1:250 

 

ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Anti-Iba1 polyclonal goat 

antibody (ab5076) 

1:500 Abcam, Cambridge, UK 

Anti-TLR4 polyclonal rabbit 

antibody (ab13556) 

1:200 
Abcam, Cambridge, UK 

Anti-CC3 polyclonal rabbit 

antibody (#9661) 

1:500 Cell Signaling Technology, Cambridge, 

UK 
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Anti-beta3-tubulin chicken 

antibody (AB_2313564) 

 

1:500 Aves Labs, Davis, USA 

Goat anti rabbit Alexa Fluor 488 1:500 ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Goat anti rabbit Alexa Fluor 594 1:500 ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Donkey anti rabbit Alexa Fluor 

488 

1:500 ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

Donkey anti goat Alexa Fluor 

594 

1:500 ThermoFisher Scientific, Life 

Technologies, Darmstadt, Germany 

CruzFluorTM 594 Conjugate 1:1000 Santa Cruz Biotechnology, Dallas, USA 

 

2.1.7. Primer sequences for human qRT-PCR analysis 

Name Sequence forward Sequence reverse 
ARF1 GAC CAG ATC CTC TAC AAG 

GC 

TCC CAC ACA GTG AAG CTG 

ATG 

BAX ATG GAC GGG TCC GGG G  CGA TCC TGG ATG AAA CCC 

TGA A 

CSF-1 TTC AGC AAG AAC TGC AAC 

AAC A 

TCA GGC TTG GTC ACC ACA TC 

CX3CL1 CGG CAA ACG CGC AAT C CGG GTC GGC ACA GAA CAG 

HERV-W 

ENV 

TTT ACT CCT CTT TGG ACC CT ATC TGG GGT TCC ATT TGA AG 

IL-1β ACG ATG CAC CTG TAC GAT 

CAC T 

CAC CAA GCT TTT TTG CTG 

TGA GT 

IL-6 GCT GCA GGC ACA GAA CCA GCT GCG CAG AAT GAG ATG 

AG 

INOS TGG ATG CAA CCC CAT TGT C CGC TGC CCC AGT TTT TGA T 
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MCP-1 CAA GCA GAA TG GGT TCA 

GGA T 

TCT TCG GAG TTT GGG TTT GC 

MCP-3 TGT GCT GAC CCC ACA CAG A TTT GGA GTT TGG GTT TTC 

TTG TC 

MLKL CCT GGG CAC AGG AAG ATC 

AG 

AGG ACG ATT CCA AAG ACT 

GCC 

MMP9  CGC CAG TCC ACC CTT GTG CAG CTG CCT GTC GGT GAG A 

RIPK3 TGC GTC AAG TTA TGG CCC 

AG 

AGC CCC ACT TCC TAT GTT GC 

TNF! TGC TCC TCA CCC ACA CCA T GGA GGT TGA CCT TGG TCT 

GGT A 

Trail CAC AGT GTC TGC TGG GAC C AGG AGT CAA AGG GCA CGA 

TG 

VEGF CGA GGG CCT GGA GTG TGT CGC ATA ATC TGC ATG GTG 

ATG 

 

2.1.8. Primer sequences for rat qRT-PCR analysis 

Name Sequence forward Sequence reverse 
ANG2 GAT GCC AGA TAC TGC GAA 

AGC 

CTC TTT GCA GGG CGA GGT T 

CD274 CAG CTA TGG TGG AGC GGA 

CTA 

TGC GGT ATG GAG CGT TGA 

EGF TCC CGT TGA AGA CGA TCA 

AAA 

AAC GTC TTG ACT TCG GTT TCT 

GA 

TGFb AAA CGG AAG CGC ATC GAA TGG CGA GCC TTA GTT TGG A 

TNFa AGC CCT GGT ATG AGC CCA 

TGT A 

CCG GAC TCC GTG ATG TCT AAG 

T 

CSF-1 CGA GGT GTC GGA GCA CTG 

TA 

TCA ACT GCT GCA AAA TCT GTA 

GGT 
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IL6 GTT GTG CAA TGG CAA TTC 

TGA 

TCT GAC AGT GCA TCA TCG CTG 

Arg1 GGT GAC CCC CTG CAT ATC TG TCT CGC AAG CCG ATG TAC AC 

IL10 CCC AGA AAT CAA GGA GCA 

TTT G 

CAG CTG TAT CCA GAG GGT CTT 

CA 

S1PR AAA TGC CCC AAC GGA GAC T TCC ATG CCC GGG ATG AT 

VEGFa GCA CTG GAC CCT GGC TTT 

ACT 

TGC AGC CTG GGA CCA CTT 

FGF-2 TGG TAT GTG GCA CTG AAA 

CGA 

CCA GGC CCC GTT TTG G 

IGF1 AGA CGG GCA TTG TGG ATG A ACA TCT CCA GCC TCC TCA GAT 

C 

Serping1 GAC AGC CTG CCC TCT GAC A GCA CTC AAG TAG ACG GCA TTG 

A 

MerTK TCT GAC AGA GAC CGC AGT 

CTT C 

TGG ACA CCG TCA GTC CTT TG 

S100a10 GCC ATC CCA AAT GGA GCA T CCC CTG CAA ACC TGT GAA AT 

TREM2 CCA AGG AGC CAA TCA GGA 

AA 

GGC CAG GAG GAG AAG AAT GG 

C3 GGT CTG CGG AAG TGT TGT 

GA 

GGC GCT GGC AGC TGT ACT 

Lcn2 GGG CAG GTG GTT CGT TGT C AGC GGC TTT GTC TTT CTT TCT 

G 

ODC GGT TCC AGA GGC CAA ACA 

TC 

GTT GCC ACA TTG ACC GTG AC 

 

2.1.9. Immunocytochemical staining 

Reagent Contents and concentration 
Paraformaldehyde • Dulbecco´s phosphate buffered saline (PBS) 

• PFA (4%) 
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Blocking solution I • Dulbecco´s phosphate buffered saline (PBS) 

• Normal goat serum (NGS, 10%) 

• Triton X-100 (0.1%) 

Blocking solution II • Dulbecco´s phosphate buffered saline (PBS) 

• Normal donkey serum (NDS, 10%) 

• Triton X-100 (0.1%) 

Antibody solution I • Dulbecco´s phosphate buffered saline (PBS) 

• Normal goat serum (NGS, 10%) 

• Triton X-100 (0.03%) 

Antibody solution II • Dulbecco´s phosphate buffered saline (PBS) 

• Normal donkey serum (NDS, 10%) 

• Triton X-100 (0.03%) 

 

2.1.10. Reagents for cell culture stimulation 

Reagent Supplier 
Recombinant HERV-W ENV-T protein GeNeuro, Plan-les-Ouates, Switzerland 

HERV-W ENV-T buffer GeNeuro, Plan-les-Ouates, Switzerland 

Lipopolysaccharide (LPS) Sigma-Aldrich, St. Louis, USA 

MACS buffer • Dulbecco´s phosphate buffered 
saline (PBS) 

• Bovine serum albumin (BSA) 
Fraktion V (0.5%) 

 

2.1.11. Reagents for MTT assay  

Reagent Supplier 
Methylthiazolyldiphenyl-
tetrazoliumbromide 

Sigma-Aldrich, St. Louis, USA 

Dimethylformamide (DMF) Sigma-Aldrich, St. Louis, USA 

Glacial acetic acid Sigma-Aldrich, St. Louis, USA 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich, St. Louis, USA 

Sodium hydroxide Sigma-Aldrich, St. Louis, USA 
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2.2. Cell culture methods  

2.2.1. Human glioblastoma cell line cultivation 

The human glioblastoma (GBM) cell lines A172, LN229, U87MG, and T98G were obtained 

from the American Type Culture Collection (ATCC). All cell lines were cultured according 

to ATCC’S guidelines in T-75 flasks with GBM culture medium consisting of Dulbecco’s 

Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

50 U/ml of penicillin/streptomycin maintained in a cell incubator with an atmosphere of 5% 

CO₂ at 37°C. The culture medium was exchanged once the cells were grown confluently. 
The cell culture was passaged and seeded to prepare experimental procedures. To this 

end, the cells were detached from the flask’s surface with trypsin-EDTA for 3 minutes, and 

the reaction was stopped with GBM culture medium. After spinning down for 5 min at 300 

x g and 4°C, the cells were either plated directly into 24-well plates at a density of 104 cells 

per well for quantitative reverse transcription-polymerase chain reaction (qRT-PCR) or 

plated onto 13 mm glass coverslips placed within 24-well plates at a density of 5 x 103 

cells per well for immunocytochemical staining. Regardless of the further experimental 

procedure, the glioblastoma cells were cultured with glioblastoma medium for 24 hours in 

a cell incubator. After 24 hours, depending on the experimental procedure, the cells were 

either cocultured with microglia to establish cocultures of glioblastoma and microglia cells, 

or they were stimulated with 1000 ng/ml HERV-W ENV protein, the appropriate buffer 

solution, or lipopolysaccharide (LPS). Regarding the high proliferation rate of glioblastoma 

cells, the cell cultures were restimulated every 48 hours for longer experimental 

procedures. 

 

2.2.2. Preparation of primary rat microglial cell culture 

Primary microglial cells were generated and purified according to the McCarthy and de 

Vellis protocol (McCarthy and de Vellis 1980). All animal procedures were performed in 

compliance with the experimental guidelines approved by the regional authorities (State 

Agency for Nature, Environment and Consumer Protection of North Rhine Westphalia) 

and ZETT (Zentrale Einrichtung für Tierforschung und wissenschaftliche Tierschutz-

aufgaben) with the licenses O69/11 and O82/12. Briefly, postnatal (P0 and P1) Wister rats 
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were anesthetized using isoflurane and decapitated. Then, the cortices were released 

from the meninges and vessels. After cutting the cortices into small pieces, they were 

collected in MEM-Hepes medium and centrifuged for 30 seconds at 1200 rpm. After 

discarding the medium, fresh MEM-Hepes medium containing 30 U/ml papain, 0.24 mg/ml 

L-cysteine, and 40 μg/ml DNAse I type IV was added. Following an incubation period (45 

min at 37°C and 5% CO2), 1 ml trypsin inhibitor solution (1 mg/ml ovomucoid trypsin 

inhibitor, 50 mg/ml BSA V, and 40 μg/ml DNAse I type IV in 1 ml L-15 medium) was added 

at room temperature for 5 min to stop digestion. After that, the supernatant was discarded, 

and another 1 ml trypsin inhibitor solution was added and homogenized through trituration 

with a glass pipette. After adding 10 ml of DMEM medium containing 10% FCS and 

centrifuging the solution for 10 min at 1500 rpm, the supernatant was discarded, and the 

cell pellet was resuspended in 20 ml of DMEM medium containing 10% FCS and 1% 

Penicillin-Streptomycin. The cell suspension was added to 75 cm2 tissue-culture-treated 

(TC-treated) T-75 cell culture flasks and incubated for 10 days at 37°C, 98% humidity, and 

5% CO2. During this incubation period, the culture medium was changed every 2 days. 

After 10 days, flasks were shaken at 180 rpm for 2 hours. Microglia-containing 

supernatants were transferred to bacterial dishes and kept in the incubator, allowing cell 

attachment to the surface. Culture flasks were again loaded with fresh DMEM and shaken 

for another 24 hours to increase the final cell yield. Afterward, supernatants were again 

transferred to bacterial dishes to allow cell attachment.  

 

2.2.3. Isolation of microglia cells via Magnetic Activated Cell 

Sorting (MACS) 

Further isolation of the primary microglia cells from the cell suspension was performed 

using Magnetic Activated Cell Sorting (MACS) with CD11 b/c microbeads according to the 

manufacturer’s instructions (Miltenyi Biotec). First, the viability of the microglia-containing 

dishes from the first and the second shaking steps was verified via bright-field microscopy. 

The medium was discarded, and cells were rinsed with PBS. Cells were incubated for 5 

min with accutase to detach the cells from the dish. The reaction was stopped by adding 

FCS-containing DMEM. After centrifuging the cell suspension for 5 min at 1200 rpm and 

4°C, the supernatant was aspired, and the cell pellet was resuspended in 80 µl of MACS 
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buffer containing 0,5% bovine serum albumin (BSA) in PBS. Then, 20 µl of CD11b/c 

Microbeads were added. Following an incubation period of 15 minutes at 2-8°C, 2 ml 

MACS buffer was added, and cells were centrifuged under the same conditions as above.  

The supernatant was discarded, and cells were resuspended in 500 µl MACS buffer. A 

column was placed in the magnetic field of the MACS Separator, and 500 µl MACS buffer 

was added. Cell suspension was then applied onto the column. The column was washed 

3 times with each 500 µl MACS buffer. After that, the column was removed from the 

separator and placed on a collection tube. 1 ml MACS buffer was added to the column, 

and a plunger was pushed into the column immediately to flush out the magnetically 

labeled microglia. Cells were centrifuged again, the supernatant was discarded, and the 

pellet was resuspended in 1 ml medium. Trypan blue staining was performed to quantify 

the cells in a Thoma chamber. Additionally, the purity of the microglial cell culture was 

verified regularly by Iba1/GFAP staining, which showed a 99% purity rate for microglia. To 

establish cocultures of human GBM cells with primary rat microglia (GBM/MG cocultures), 

microglia (105 cells/well) were either directly seeded with the GBM cells (+MG) or placed 

in a hanging Millicell® cell culture insert (*MG; pore size 0.3 μM; Merck, PCSP24H48) 

preventing direct cell-cell interaction of GBM and MG. After 24 hours, GBM/MG cocultures 

were treated with 1000 ng/ml HERV-W ENV protein or the appropriate buffer solution as 

described above.  

 

2.2.4. HERV-W ENV protein stimulation 

The recombinant full-length HERV-W ENV protein was produced by Protein'eXpert 

(Grenoble, France) according to the quality control specifications of GeNeuro (Geneva, 

Switzerland). Using the limulus amebocyte lysate (LAL) test, endotoxin levels were 

quantified and found to be below the detection threshold (<5EU/ml). Human and rat 

primary cells were stimulated by adding the recombinant HERV-W ENV protein to the 

culture medium at a concentration of 1000 ng/ml. All control stimulation experiments were 

conducted using a recombinant ENV buffer solution (20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 1.5% SDS, 10 mM DTT) with an equal dilution. 
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2.2.5. Immunocytochemistry  

The immunocytochemical staining of the paraformaldehyde-fixed cell culture was 

performed as described below. Cultured cells were rinsed thrice with PBS at room 

temperature and then fixed with 4% paraformaldehyde (PFA) for 10 min. After rinsing 

again three times with PBS, cells were incubated for 45 min with 10% normal goat serum 

(NGS) or normal donkey serum (NDS) and 0.1% Triton X-100 to block non-specific 

antibody binding. Cells were then incubated with the primary antibody solution containing 

10% NGS or NDS in PBS with 0.03% Triton X-100 overnight at 4°C.  The dilution of 

primary antibodies is illustrated in Chapter 2.1.6. After 24 hours, cells were rinsed three 

times with PBS and then incubated with secondary fluorescent antibodies labeled with 

Alexa Fluor488 or Alexa Fluor594 for 2 hours at room temperature. Nuclei were stained 

with DAPI. For visualization of GBM cell line clustering and morphologies in 

GBM/+MG cocultures, F-actin was stained by adding Phalloidin CruzFluorTM 594 

conjugate to the secondary antibody solution. Following three more rinsing steps with 

PBS, the cell culture immunostainings were mounted in Citifluor and analyzed with an 

Axioplan 2 fluorescence microscope. The expression of Ki67 was analyzed using ImageJ 

BioVoxxel software (Schindelin et al. 2012). Nine images per coverslip (with two 

coverslips per condition) were captured at 20x magnification, and the exposure times 

across all experiments were maintained consistently. The ratio of marker-positive cells to 

the total number of DAPI-stained nuclear cells was calculated for quantification. 

 

2.2.6. Wound healing assay 

To assess cell migration of the glioblastoma cells, predefined gaps with a width of 500 µm 

were created in the 24 well plates using culture inserts (ibidi culture-insert 2-well, ibidi 

GmbH, Martinsried, Germany). After seeding 5*104 glioblastoma cells in 35 µl medium on 

each side of the insert and adding 5*104 microglia per side 24 hours later, depending on 

the experimental setup, cells were cultured overnight in a cell incubator, allowing cell 

attachment. The culture inserts were then removed carefully using sterile tweezers, and 

the well was rinsed with PBS to discard any non-adherent cells. Then, the medium was 

replaced with HERV-W ENV protein or buffer-supplemented GBM medium, respectively. 

Three different but defined positions per well were captured using a Zeiss CLSM 510 
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microscope system in 10x magnification via live cell imaging to monitor the progression of 

gap closure. Images of each position reflecting gap closure were taken every 4 hours. 

Each gap was identified and marked manually using ImageJ BioVoxxel software 

(Schindelin et al. 2012). The analysis of gap closure was then performed using a specific 

ImageJ plugin (Suarez-Arnedo et al. 2020). To calculate gap closure, the initial wound 

area was compared to the remaining wound area after each time point, with results 

expressed as the percentage of the initial gap closed. 

 

2.2.7. Matrigel Invasion assay 

To further measure invasion and migration capability, a Matrigel invasion assay was 

performed. 105 microglia per well were seeded in a 24-well plate for this experimental 

procedure. 24 hours later, Millicell® cell culture inserts with a pore size of 0.8 μM were 

coated with 166µg/ml Matrigel according to the manufacturer’s protocol, imitating the 

extracellular matrix. After that, 5*104 glioblastoma cells in 100 µl glioblastoma medium 

were added to the upper chamber. The next day, the medium in both chambers was 

replaced with either HERV-W ENV protein- or buffer-supplemented medium. Again, 24 

hours later, the lower chamber was rinsed thrice with PBS and then fixed with 4% PFA for 

10 minutes. After that, the lower chamber was rinsed again three times with PBS. The 

upper chamber was rinsed once with PBS, fixed with 4% PFA, and then rinsed twice with 

PBS. The invasion of glioblastoma cells was quantified using the Crystal Violet Cell 

Cytotoxicity Assay Kit (BioVision). Inserts were removed from the 24-well plate and 

scraped off carefully from the inside with a cotton swab to remove non-migrating 

glioblastoma cells. After that, the insert membrane was cut out using a scalpel, carefully 

divided into two halves, and put in a 96-well plate. Next, the membrane was washed with 

200 µl 1X Washing solution. Then, 50 µl of the Crystal Violet Staining Solution was added 

to each well, and the staining procedure was performed for 20 min at room temperature. 

After this incubation period, the staining solution was removed. Following a last washing 

step with each 200µl 1X Washing solution four times, the membranes were airdried for 3-

4 min. To solubilize the migrated glioblastoma cells, 100 µl of the Solubilization Solution 

was added to each well, and the plate was put on a shaker for 20 min at room temperature. 

The optical density was measured at 9 different positions and in duplets at 570 nm in an 

Infinite M200 Pro using the Tecan i-control software. 
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2.2.8. Quantitative analysis of cytokine secretion dynamics 

For measuring cytokine secretion dynamics, GBM/+MG cell culture medium was collected 

after 3 days of stimulation with either buffer or HERV-W ENV protein to assess cytokine 

secretion dynamics. As the cell medium was renewed every 48 hours, the results of this 

experiment particularly reflect the cytokine dynamics between day 2 and day 3 after the 

first stimulation with HERV-W ENV. For further analysis, three technical replicates were 

pooled, resulting in a total of 1.5 ml of collected supernatant. This supernatant was 

centrifuged at 300 x g for 5 minutes at 4°C to eliminate cell debris or floating cells. 

Following centrifuging, pure supernatants were immediately frozen on dry ice and 

preserved at -80°C until further analysis. To assess cytokine levels, supernatants were 

thawed gently on ice and analyzed using the Human Cytokine Antibody Assay (ab133997, 

Abcam) following the manufacturer’s instructions. First, array membranes were blocked 

for 30 minutes at room temperature. Subsequently, they were incubated overnight at 4°C 

with 1 ml of supernatant from each condition and GBM cell line, along with fresh, 

uncultured GBM medium (used as a "blank" for baseline comparison with cultured 

supernatant samples) on a rocking platform shaker. Following a 30-minute wash with 

buffer W1 and subsequent 5-minute washes with W1 and W2 (each repeated three times), 

the membranes were incubated overnight at 4°C on a rocking platform shaker with biotin-

conjugated anti-cytokines. After three required washing steps with W1 and W2, the array 

membranes were incubated overnight at 4°C on a rocking platform shaker with HRP-

conjugated streptavidin. Following the last set of washing steps, chemiluminescence 

detection reagents were applied for 2 minutes at room temperature without agitation. 

Images were captured using a Fusion FX imaging system (Vilber Lourmat), and 

densitometric quantification of cytokine levels was conducted using ImageJ BioVoxxel 

software (Schindelin et al. 2012). For further data processing, the background was 

subtracted, and the mean pixel densities of the 42 cytokines were standardized against 

the mean pixel densities of the positive controls (totaling 6) on a buffer-treated array 

membrane for each specific GBM cell line group (e.g. A172/+MG, buffer vs. ENV). In this 

analysis, Pixel densities averaging below 1 after background subtraction were deemed 

insignificant and excluded from the study. The data are expressed as means ± SEM from 

two independent experiments. 
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2.2.9. Temozolomide treatment and cell viability assay 

To assess the efficacy of chemotherapeutic treatment on glioblastoma cells, cells were 

treated with temozolomide (TMZ) at different concentrations, and a 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay was performed. The results of this 

assay, which measures the metabolic activity of cells, correlate strongly with cell viability. 

This experimental procedure was performed with glioblastoma cells in monoculture and 

compared glioblastoma cells treated with microglia-conditioned, HERV-W ENV stimulated 

medium (**MG). To this end, primary rat microglia were isolated as described above. 

Subsequently, microglia were seeded in a 6-well format in 3 ml medium with a 

concentration of 4*105 cells per well. 24 hours later, glioblastoma cells were passaged as 

described above, and cells were seeded in a 96-well plate with 5*103 cells per well in 100 

µl medium. Due to their high proliferative activity and to make results viable, LN229 cells 

were seeded in a concentration of 2,5*103 cells per well. Additionally, negative controls 

consisted of medium alone, with no cells seeded into these wells. On the same day, as 

usual, the microglia cells were stimulated with either 1000 ng/ml of recombinant HERV-W 

ENV or buffer. For the remainder of this experiment, microglia were restimulated every 48 

hours with fresh medium containing HERV-W ENV protein or buffer solution. Again, 24 

hours later, the glioblastoma cells were treated with GBM medium containing TMZ in 

different concentrations (1 µM, 10 µM, 100 µM, 200 µM, 400 µM, 600 µM, 700 µM, 800 

µM, and 1000 µM). The HERV-W ENV or buffer-stimulated microglia medium was also 

aspirated and filtered with a 0.2 µm filter to discard cells or cell debris. Then, the same 

temozolomide concentrations were created by diluting the microglial medium in a 4:1 ratio. 

In both conditions, the medium was discarded, and 100 µl of fresh, temozolomide-

containing medium was added to the glioblastoma cells. The procedure to supplement the 

HERV-W ENV stimulated, and microglia-conditioned medium with TMZ was repeated 

every 48 hours, and the medium of the glioblastoma cells was thus replaced. 

 

After glioblastoma cells were treated with TMZ for 3 or 5 cumulative days, respectively, an 

MTT assay was performed. To this end, MTT solution was generated by dissolving MTT 

in PBS to a concentration of 5 mg/ml. This solution was then filter-sterilized through a 0.2 

µM filter into a sterile, light-protected container. The MTT solution was stored at 4°C for 

frequent use or at -20°C for long-term storage. To create the solubilization solution, a 40% 
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solution of dimethylformamide (DMF) was dissolved in 2% glacial acetic acid. Then, 16% 

of sodium dodecyl sulfate (SDS) was added and again dissolved. Using sodium 

hydroxide, the pH value was adjusted to 4.7. The solubilization solution was stored at 

room temperature to avoid SDS precipitation. MTT assays were performed by adding 10 

µl of MTT solution per well. After an incubation period of 2 hours, 100 µl of the 

solubilization solution was added to dissolve formazan crystals. The medium solution was 

then incubated overnight at room temperature to ensure complete solubilization. Then, 

optical density was measured at 9 different positions and in triplets at 570 nm and at 650 

nm in an Infinite M200 Pro using the Tecan i-control software. For further analysis of cell 

viability, absorbance values at 650 nm were subtracted from the 570 nm value. Then, the 

average of the negative controls was subtracted from all wells, and the relative absorption 

was calculated for each well, using the buffer (-MG) condition as a control. 

 

2.3. Molecular biological methods 

2.3.1. Ribonucleic acid isolation 

The ribonucleic acid (RNA) isolation from cell culture was performed using the Biogen 

RNEasy Mini Kit according to the manufacturer’s protocol. Cells were lysed in 350 µl lysis 

Buffer containing ß-Mercaptoethanol and RDD Buffer in the ratio of 1:100 and were frozen 

on dry ice immediately. Lysates were transferred into the QIAshredder spin columns and 

centrifuged for 1 min at 14000 rpm at 4°C. 350 µl of 70% ethanol was added to the flow 

through, and the spin column was discarded. After homogenizing the liquid, it was 

transferred into the RNeasy spin column and centrifuged for 1 min at 10000 rpm. The flow-

through was discarded, and 350 µl RW1 Buffer was added and centrifuged for 1 min. The 

DNase and RDD Buffer solution containing 10 µl DNase and 70 µl RDD Buffer was added 

directly to the filter and then incubated for 15 min at room temperature. After discarding 

the flow-through, two further centrifugation steps followed using 350 µl RW1 Buffer and 

then 500 µl RPE Buffer, each of them performed for 1 min at 10000 rpm. The last 

centrifugation step followed using 500 µl RPE Buffer for 2 min at 10000 rpm. Finally, the 

spin columns were dry centrifuged for 1 min at 14000 rpm, the collection tubes were 

discarded, and filters were put on fresh collection tubes. 21 µl RNase-free water was 

added directly to the filter, incubated for 3 minutes at room temperature, and then 
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centrifuged for 1 min at 10000 rpm. RNA quality and its concentration were assessed 

using a Nanodrop 1000 spectrophotometer with samples stored at -80°C until further 

analysis.  

 

2.3.2. Reverse transcription of ribonucleic acids 

Isolated RNA was reverse transcribed using the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher) following the manufacturer’s protocol. The isolated RNA 

was diluted with RNAse-free water to reach 250 ng of cDNA within 20 µl of volume. 

Depending on the number of samples, a master mix was prepared, whereof 10 µl were 

added to each sample, resulting in a total volume of 30 µl. The exact details of the master 

mix are provided in Table 1, along with the volume of each reagent. The samples were 

then reverse transcribed in a thermocycler: First step for 10 min at 25°C, second step for 

120 min at 37°C, third step for 5 seconds at 85°C, and lastly at 4°C until process 

termination. The samples were stored at -20°C until further analysis. 

 

 

Reagent Volume in µl 
10x RT Buffer 3 

10x RT Random Primers 3 

25x dNTP Mix (100 mM) 1,2 

Reverse Transcriptase 

RNase Inhibitor 

1,5 

1,5 
 

Table 1. cDNA synthesis master mix. Components of the reverse transcription master mix and 
their volumes. 

 

2.3.3.  Quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) 

The amplification of targeted DNA molecules was measured using a 7900HT Sequence 

Detection System in combination with SYBRGreen Universal Master Mix (Thermo Fisher 

Scientific). All primers were designed using the PrimerExpress 2.0 software and were 



 33 

used at a final concentration of 0.30 pmol. ARF1 was identified as the most accurate and 

stable normalization gene compared to ODC, 18s, or GAPDH for glioblastoma cells. For 

rat microglial gene measurements, the normalization gene ODC was used. Each sample 

was measured in duplicates, and the relative gene expression levels were determined 

according to the comparative cycle threshold (ΔΔCt) method. 

 

2.4. Statistics 

All data are expressed as mean values ± standard error of the mean (SEM) or as Z-scores. 

Graphs and statistical analyses were conducted using Microsoft Excel and GraphPad 

Prism software (version 8.0.2; GraphPad Prism, San Diego, CA, RRID: SCR_002798). 

The normality of the datasets was confirmed using the Shapiro-Wilk test, indicating a 

Gaussian distribution. A two-tailed Student's t-test was used for comparisons between two 

groups, while one-way or two-way ANOVA followed by Tukey's post-test was used for 

multiple group comparisons involving three or more groups. Statistical significance was 

determined as follows: *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and ns for not significant. The 

term "n" refers to the number of independent experiments. 
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3. Results 

3.1. Human glioblastoma cell lines express toll-like receptor 4   

Previous studies showed that HERV-W ENV interacts with dendritic cells, microglia, and 

oligodendroglial precursor cells (OPCs) via toll-like receptor 4 (TLR4; (Kremer et al. 2019; 

Kremer et al. 2013; Rolland et al. 2006)). The activation of this receptor leads, inter alia, 

to the induction of proinflammatory cytokines in microglia and increases their proliferation 

rate (Kremer et al. 2019). In general, toll-like receptors are part of the group of pattern-

recognition receptors (PRRs) and play an essential role in the innate immune response 

against microorganisms by recognizing pathogen-associated molecular patterns (PAMPs 

(Trinchieri and Sher 2007)). However, in glioblastoma and the surrounding tumor 

microenvironment (TME), TLR4 receptors are downregulated and contribute to the 

immune escape of these tumors (da Cruz et al. 2021). To validate the experimental setup 

described in this thesis, it was essential to confirm that all investigated human 

glioblastoma cell lines expressed TLR4 (Fig. 1). To this end, immunocytochemical staining 

was performed which demonstrated that the cell lines LN229 (Fig. 1A), T98 (Fig. 1B), and 

U87 (Fig. 1C) expressed TLR4. Additionally, compared to the expression of the 

microtubule element beta3-tubulin (ß3-tubulin), TLR4 was found to be evenly expressed 

on the entire cell surface.  
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Figure 1. Toll-like receptor 4 (TLR4) expression by the human glioblastoma cell lines LN229, 
T98, and U87. (A-C) Immunocytochemical staining of human glioblastoma cell lines LN229 (A), 
T98 (B), and U87 (C) showed the expression of the toll-like receptor 4 (TLR4) on the glioblastoma 

cell surface. (TLR4: red; beta3-tubulin: green; DAPI: blue) Scale bars: 100 µm. 

 

 

3.2. Stimulation with HERV-W ENV protein alone does not alter 

glioblastoma gene expression profile  

In order to assess the potential impact of HERV-W ENV protein on tumor cell behavior, 

we first investigated its effect on the gene expression profile of human glioblastoma cells 

(Fig. 2, 3, 4, 5). To this end, human glioblastoma cell lines were stimulated with either 

1000 ng/ml of recombinant HERV-W ENV or buffer. As a positive control, in a third 

experimental condition, glioblastoma cells were stimulated with 1000 ng/ml of the TLR4 

agonist lipopolysaccharide (LPS), which is an essential component of the outer membrane 

of gram-negative bacteria (Poltorak et al. 1998). In doing so, we found significant LPS-

mediated gene expression changes in A172 cells, while stimulation with HERV-W ENV 

did not modify the gene expression in this cell line. More precisely, A172 showed an 
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upregulation of MCP1 expression after 6 hours upon LPS stimulation, which substantially 

weakened after 12 hours (Fig. 2E and 2E’). In contrast, the upregulation of CSF-1 and 

TNFa was more substantial after 6 hours than after 12 hours but not statistically significant 

(Fig. 2A, 2A’ and 2D, 2D’). On the other hand, IL-6 and TLR4 expression were neither 

regulated upon LPS nor HERV-W ENV stimulation in this cell line (Fig. 2B and 2B’). 

 

 
 
Figure 2. Modulation of gene expression in the human glioblastoma cell line A172 upon 
LPS stimulation but not in response to stimulation with HERV-W ENV. (A-E’) The human 
glioblastoma cell line A172 was stimulated with either HERV-W ENV, LPS, or buffer for 6 or 12 

hours, respectively. Results showed significant gene expression modulation by LPS after 6 hours, 

while stimulation with HERV-W ENV protein did not modify the gene expression of A172 

glioblastoma cells. Data are mean values ± SEM and were considered significantly different at *p 

≤ 0.05, and ** p ≤ 0.01 assessed with ANOVA. N=3. 

 

 

In LN229 cells, gene expression was modulated most significantly by LPS after 6 hours 

(Fig. 3A-3B’) with an induction of TNFa and IL-6 expression, which then weakened after 

12 hours. In addition, the gene expression of MCP1 was upregulated upon LPS 

stimulation after 6 and 12 hours but was also significantly induced by HERV-W ENV 

stimulation after 12 hours (Fig. 3E and 3E’). None of the other genes showed expression 

changes upon HERV-W ENV stimulation. Additionally, CSF-1 and TLR4 expression 
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showed no modulation upon LPS or HERV-W ENV stimulation (Fig. 3C-3D’). Of note, the 

expression of TLR4 in this cell line was investigated in only one independent experiment. 

 

 

 
 
Figure 3. Gene expression changes in the human glioblastoma cell line LN229 upon HERV-
W ENV and LPS stimulation. (A-E’) The human glioblastoma cell line LN229 was stimulated with 
either HERV-W ENV, LPS, or buffer for 6 hours or 12 hours, respectively. Results showed gene 

expression modulation by LPS most significantly after 6 hours. Additionally, stimulation with HERV-

W ENV protein significantly increased the expression of MCP1 after 12 hours compared to buffer 

control. Data are mean values ± SEM and were considered significantly different at *p ≤ 0.05, ** 

p ≤ 0.01, and *** p ≤ 0.001 assessed with ANOVA. N=3 (except TLR4: N=1). 

 

 

In T98 cells, LPS led to a similar gene expression modulation as in A172 cells, i.e., an 

upregulation of TNFa, IL-6, CSF-1, and MCP-1, which again weakened after 12 hours 

(Fig. 4A-4E’). However, stimulation with HERV-W ENV protein did not significantly 

modulate the gene expression of T98 glioblastoma cells.   
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Figure 4. Gene expression modulation in the human glioblastoma cell line T98 upon LPS 
stimulation but not in response to HERV-W ENV stimulation. (A-E’) The human glioblastoma 
cell line T98 was stimulated with either HERV-W ENV, LPS, or buffer for 6 hours or 12 hours, 

respectively. Results showed gene expression changes by LPS both after 6 and 12 hours. 

However, stimulation with HERV-W ENV protein did not modulate the gene expression of T98 

glioblastoma cells.  Data are mean values ± SEM and were considered significantly different at *p 

≤ 0.05, and ** p ≤ 0.01, and assessed with ANOVA. N=3. 

 

 

In contrast to the other cell lines, the U87 glioblastoma cell line did not show any significant 

changes in its gene expression profile, neither upon HERV-W ENV nor LPS stimulation 

except for a marginal upregulation of MCP-1 after 6 hours (Fig 5E). Of note, the gene 

expression in this cell line was investigated in only two independent experiments, thus, no 

appropriate statistical analysis could be conducted. 
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Figure 5. No change in gene expression in the human glioblastoma cell line U87 upon LPS 
and HERV-W ENV stimulation. (A-E’) The human glioblastoma cell line U87 was stimulated with 
either HERV-W ENV, LPS, or buffer for 6 hours or 12 hours, respectively. Results showed that 

HERV-W ENV or LPS stimulation induced no gene expression changes after 6 or 12 hours. Data 

are mean values ± SEM. N=2. 

 

 

In summary, HERV-W ENV stimulation was found to significantly induce MCP1 expression 

after 12 hours in LN229 cells (Fig. 3E’). Other measured genes such as TNFa, IL-6, TLR4, 

and CSF-1 underwent no modulation in any glioblastoma cell line upon HERV-W ENV 

stimulation. Interestingly, glioblastoma cell lines featured different temporal patterns of 

gene expression regulation in response to LPS stimulation, exhibiting a more significant 

modulation after 6 hours. In this regard, upregulation of MCP-1 was the strongest in A172, 

LN229, and T98 cells followed by IL-6. Notably, U87 glioblastoma cells showed no 

changes in gene expression upon LPS nor HERV-W ENV stimulation.  
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3.3. HERV-W ENV protein modulates glioblastoma gene 

expression profile via microglia 

As it is known that HERV-W ENV exerts considerable effects on myeloid cells (Kremer et 

al. 2019) and since HERV-W ENV had failed to alter glioblastoma gene expression in 

monoculture (see 3.2) a coculture system was implemented to investigate whether HERV-

W ENV would be able to indirectly modulate the gene expression of glioblastoma cells via 

microglia (Fig. 6). Since neoplastic cells and cells of the TME can communicate 

paracrinnaly and/or via direct cell contact, primary rat microglia were either directly 

cocultured on glioblastoma cells (+MG) or indirectly cultivated in cell culture inserts (*MG), 

preventing direct cell-cell interaction between microglia and tumor cells. In a first step, in 

order to investigate the gene expression changes of human glioblastoma cells following 

HERV-W ENV stimulation, the cells were either stimulated with 1000 ng/ml of recombinant 

HERV-W ENV or buffer in the absence (-MG) or presence (+MG and *MG) of rat microglia 

for 1d, 3d or 5d, respectively. Gene expression was then measured by qRT-PCR. As 

microglial viability in the *MG condition was found to be decreased after day one, the 

obtained results were not considered accurate and, therefore, not included. In general, 

HERV-W ENV stimulation of monocultured glioblastoma cells led to no significant gene 

regulation compared to controls, confirming the results of the previous chapter. However, 

gene expression profiles of tumor cells stimulated with HERV-W ENV were altered when 

they were in direct or indirect contact with microglia, leading to increased expression of 

genes linked to tumor progression, aggressiveness, survival (TNFα, IL-6, IL-1β, iNOS), 

tumor invasiveness and tumor microenvironment modulation (MCP-1, MCP-3, MMP9), 

and tumor growth (CSF-1). In this context, glioblastoma cell lines demonstrated a varying 

spatio-kinetic responsiveness to HERV-W ENV stimulation. In A172 cells, there was a 

significant regulation of genes on days 1 and 3 under the +MG condition, which notably 

diminished by day 5 (Fig. 6A). In contrast, LN229 cells exhibited a more scattered gene 

regulation, reaching significance for several genes on day 1 under both the +MG and *MG 

conditions (Fig. 6B). T98 cells displayed an even more scattered yet still significant gene 

induction on day 1 under the +MG condition, with a decrease in regulation by day 3 and 

further weakening by day 5 (Fig. 6C). Notably, in the *MG condition on day 1, A172 cells 

showed the overall most pronounced gene regulation, followed by LN229 and T98 cells. 

MCP1 consistently displayed the strongest upregulation across all cell lines and time 
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points, followed by IL-6, CSF-1, MMP9, and IL-1β, with MCP-3, TNFα, iNOS, and VEGF. 

Interestingly and in contrast, CX3CL1 tended to be downregulated upon stimulation with 

HERV-W ENV. 
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Figure 6. HERV-W ENV protein induces a microglia-dependent modulation of glioblastoma 
gene expression. (A-C) Human glioblastoma cell lines A172 (A), LN229 (B), and T98 (C) were 
stimulated with either HERV-W ENV protein or buffer in the absence (-MG) or presence (+MG and 

*MG) of rat microglia for 1, 3, or 5 days, respectively. This resulted in an increased expression of 

genes associated with tumor progression, aggressiveness, and survival (TNFα, IL-6, IL-1β, iNOS), 

genes associated with tumor invasiveness and TME modulation (MCP-1, MCP-3, MMP9), as well 

as genes associated with tumor growth (CSF-1). Data are presented as z-scores and were 

considered significantly different at *p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 assessed with the one-

sample t-test. The figure was modified according to Reiche et al. 2024. 

 

3.4. HERV-W ENV protein modulates glioblastoma cytokine 

secretion via microglia 

Further investigation of the impact of HERV-W ENV protein on human glioblastoma cells 

aimed at clarifying whether corresponding protein levels mirrored the previously found and 

above-described gene expression changes. To this end, the human glioblastoma cell lines 

A172, LN229, and T98 were stimulated with either 1000 ng/ml of recombinant HERV-W 

ENV protein or buffer in the presence (+MG) of rat microglia (Fig. 7). Of note, this 

experiment was not performed in glioblastoma monoculture due to the above-described 

lack of changes in gene expression in this setup. After 3 days, the cell culture medium 

was collected, and cytokine secretion was measured using array membranes detecting 

42 distinct human cytokines, which enabled a comprehensive evaluation of cytokine 

secretion dynamics in response to HERV-W ENV stimulation. The results demonstrated 

that, in general, cytokine secretion changes mirrored the previously observed gene 

expression changes, although the respective dynamics differed significantly depending on 

the cell line.  

 

In A172 cells (Fig. 7A), we found an induction of MCP-1 secretion and, even though 

generally modest, of MCP-3 and MCP-2, it increased consistently in response to HERV-

W ENV, aligning with our gene regulation data. Interestingly, HERV-W ENV-stimulated 

cells featured an increase of IL-8 secretion, while IL-6 secretion decreased compared to 

controls. Other interleukins displayed only modest secretion levels, with IL-13 even being 

completely absent. The anti-inflammatory cytokine IL-10 was secreted at low levels, 
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though it tended to increase slightly upon HERV-W ENV stimulation. In contrast, TNFα 

levels tended to decrease compared to controls. The secretion of growth factors varied, 

with epidermal growth factor (EGF) secretion slightly decreasing and insulin-like growth 

factor 1 (IGF-1) remaining stable. Among factors associated with neoangiogenesis, 

angiogenin secretion showed a slight tendency to decrease, while VEGF and other 

angiogenic markers remained unaffected. Additionally, GM-CSF (CSF-2) secretion was 

undetectable. 

 

LN229 cells displayed similar changes upon HERV-W ENV stimulation (Fig. 7B) with a 

slightly decreased secretion of MCP-1 but increased MCP-3 secretion, which was in line 

with gene regulation data. Furthermore, HERV-W ENV stimulation increased the secretion 

of proinflammatory cytokines such as IL-8 and IL-6 mirroring gene expression changes. 

On the other hand, the secretion of other interleukins remained modest, while there was 

no secretion of IL-13 at all, and IL-10 secretion increased compared to controls. 

Chemokines, including GRO α and the GRO mix (CXCL1-3), as well as growth factors 

such as epidermal growth factor (EGF) showed a notable secretion increase with the 

exception of insulin-like growth factor 1 (IGF-1), whose secretion remained unchanged.	
On the other hand, TNFα secretion was decreased. Regarding neoangiogenesis, 

angiogenin and VEGF levels showed a slight decrease upon HERV-W ENV stimulation. 

The secretion of GM-CSF (CSF-2) was increased, but no differential regulation of other 

angiogenesis-related proteins such as ENA-78, SDF-1, Leptin, and others was found. 

 

In parallel to the other cell lines described above in T98 cells, HERV-W ENV stimulation 

resulted in an increased secretion of MCP-1 and MCP-3 (Fig. 7C). The secretion of the 

proinflammatory cytokine IL-8 was increased, while the secretion of IL-6 remained 

unchanged upon HERV-W ENV stimulation. The secretion of other interleukins was 

modest, with no IL-13 detected at all. Chemokines like GRO α and the GRO mix (CXCL1-

3) showed increased secretion, while TNFα levels increased. The level of the secretion of 

growth factors such as epidermal growth factor (EGF) were elevated, but insulin-like 

growth factor 1 (IGF-1) levels remained unchanged compared to controls. Regarding 

neoangiogenesis, angiogenin secretion tended to decrease while VEGF levels showed 

no significant changes upon HERV-W ENV stimulation. Additionally, GM-CSF (CSF-2) 

secretion was increased, and G-CSF secretion was abundant in this cell line. 
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In summary, upon HERV-W ENV stimulation, A172 cells showed strong increases of MCP-

1 and MCP-3 secretion, while T98 cells demonstrated only slight increases, and LN229 

displayed a slightly decreased MCP-1 secretion but higher MCP-3 secretion. The 

secretion of the proinflammatory cytokines IL-8 increased across all three cell lines, 

reflecting gene expression changes. On the other hand, IL-6 secretion strongly decreased 

in A172, strongly increased in LN229, and remained unchanged in T98 cells. In contrast, 

TNFα levels decreased in A172 and LN229 cells and increased in T98 cells stimulated 

with HERV-W ENV. IL-10 secretion was low in A172 cells but tended to increase, while 

the high base levels of IL-10 secretion in LN229 cells further increased, and T98 cells 

remained unchanged. The secretion of growth factors showed varying responses: EGF 

increased in LN229 and T98 cells but slightly decreased in A172 cells, while IGF-1 

remained unchanged across all three cell lines. Angiogenin levels decreased in all cell 

lines, and VEGF levels remained unchanged in A172 and T98 cells but decreased slightly 

in LN229 cells. GM-CSF secretion increased in LN229 and T98 cells but was absent in 

A172 cells. Other protein levels of ENA-78, I-309, SDF-1, Leptin, MDC, MIG, MIP-1, 

Oncostatin, PDGF, RANTES, SCF, and TARC were not altered in any of the investigated 

cell lines upon HERV-W ENV stimulation or showed inconclusive fluctuating secretion 

levels across different cell lines. 
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Figure 7. HERV-W ENV stimulation modulates the protein secretion of human glioblastoma 
cell lines in the presence of microglia. (A-C) Human glioblastoma cell lines (A) A172, (B) 
LN229, and (C) T98 were stimulated with either HERV-W ENV or buffer in the presence (+MG) of 

rat microglia for 3 days. Results showed a microglia-mediated modulation of glioblastoma cytokine 

secretion after HERV-W ENV protein stimulation, mirroring the previous gene expression results. 
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Data are shown as mean (±SEM) pixel densities of two biological replicates. The figure was 

modified according to Reiche et al. 2024. 

 

3.5. HERV-W ENV protein leads to a microglia-dependent increase 

of glioblastoma migration velocity 

The migration of tumor cells is a key factor in the formation and development of gliomas, 

leading to an infiltrative growth of neoplastic cells into the healthy brain (Demuth and 

Berens 2004). To assess the migration behavior of glioblastoma cells upon stimulation 

with HERV-W ENV in monoculture and coculture with microglia, human glioblastoma cell 

lines were either stimulated with 1000 ng/ml of recombinant HERV-W ENV or buffer in the 

absence (-MG) or presence (+MG) of rat microglia, respectively (Fig. 8). Of note, the U87 

cells not only migrated within the cell insert, but also moved upwards along the cell insert, 

leading to the detachment of the cells from the well surface when the insert was eventually 

removed for analysis. As a result, no reliable results could be generated using this cell 

line. Beyond that, results showed that the A172 and LN229 cells did not change their 

migration velocity upon HERV-W ENV stimulation at any measured time regardless of the 

presence of microglia (Fig. 8A-B’’’). In T98, HERV-W ENV stimulation without microglia (-

MG) did not significantly change migration velocity (Fig. 8C and 8C’). However, when 

microglia were present and cells were stimulated with HERV-W ENV, migration velocity 

was significantly increased (+MG), leading to a gap closure of ca. 80% after 16 hours 

compared to buffer controls (Fig. 8C’’). These changes could already be observed in the 

first analysis after 4 hours. Interestingly, in all cell lines, it was found that the mere 

presence of microglia (+MG) without any additional stimulation decreased wound closure 

and migration velocity. In contrast to T98 cells, in A172 and LN229 cells, stimulation with 

HERV-W ENV even led to a marginal, non-significant decrease in wound closure (Fig. 8A’’ 

and 8B’’). 
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Figure 8. HERV-W ENV stimulation leads to a microglia-dependent increase in migration 
velocity of human glioblastoma cells. (A-C’’’) Human glioblastoma cell lines A172 (A-A'''), 
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LN229 (B-B’’’), and T98 (C-C’’’) were stimulated with either 1000 ng/ml of recombinant HERV-W 

ENV or buffer in the absence (-MG) or presence (+MG) of rat microglia, respectively. Culture 

inserts were used to create a predefined gap of 500 µm, and gap closure was measured after 4, 

8, 12, and 16h. The gap closure rate over all time points is shown in (A, B, C). In contrast, the final 

gap closure after 16 hours is shown in (A’, A’’, B’, B’’, C’, C’’). Representative pictures of the gap 

closure after 16 hours are shown in (A’’’, B’’’, C’’’). Results demonstrated that HERV-W ENV 

stimulation led to a slight increase of migration velocity of T98 glioblastoma cells in monoculture 

(-MG). In contact with microglia (+MG), migration velocity of T98 cells increased significantly (C-

C’’’). In contrast, the A172 and LN229 cells did not change their migratory behavior after HERV-W 

ENV (A-B’’’) stimulation. Data are displayed in percentage of the initial gap closed and shown as 

means (±SEM). Statistical significance was calculated using the Student’s two-sided, unpaired t-

test: *p ≤ 0.05. N≥3.  Scale bars: 100 µm. The figure was modified according to Reiche et al. 2024. 

 

3.6. HERV-W ENV protein does not significantly modulate 

glioblastoma invasiveness  

The invasion of glioma cells into the surrounding healthy brain tissue is another key 

characteristic of human glioma, which complicates surgical tumor resection, leading to 

less effective treatment (So et al. 2021). To investigate the impact of HERV-W ENV on the 

invasion behavior of glioma, human glioblastoma cell lines and rat microglia were 

stimulated with either 1000 ng/ml of recombinant HERV-W ENV or buffer for 24 hours, 

and transwell migration assays were performed. Results showed that neither the LN229 

nor the T98 and U87 cell lines altered their invasion behavior in response to HERV-W 

ENV stimulation (Fig. 9A, B, C). Of note, the U87 cells showed a 20% decrease in their 

invasion rate upon stimulation with HERV-W ENV compared to controls (Fig. 9C) narrowly 

missing significance (p-value: 0.07). In summary, HERV-W ENV stimulation led to no 

significant modulation of the invasion behavior of glioblastoma cells. 
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Figure 9. HERV-W ENV stimulation does not significantly modulate the invasion rate of 
human glioblastoma cells. (A-C) Human glioblastoma cell lines LN229 (A), T98 (B), and U87 
(C) in the upper chamber and rat primary microglia in the lower chamber of a cell culture insert 

coated with Matrigel were stimulated with either HERV-W ENV or buffer for 24 hours. Results 

showed that HERV-W ENV stimulation exerted no significant effect on the invasiveness of LN229 

and T98 cells (A, B) even though a decrease in the invasion rate of U87 glioblastoma cells was 

found (C). Data are shown as mean ± SEM relative to the buffer solution. Statistical significance 

was calculated using the Mann-Whitney U test. N=3. 

 

3.7. HERV-W ENV protein promotes glioblastoma cell proliferation  

Routine pathological analysis of glioma specimens includes the quantification of cell 

proliferation by labeling of the nuclear protein Ki-67 (Li et al. 2015). While not expressed 

by a resting cell in phase G0 (Gerdes et al. 1984), Ki-67 is expressed during all active 

phases of the cell cycle (Menon et al. 2019). Although the Ki-67 status per se is not a 

predictor of survival in glioblastoma patients (Alkhaibary et al. 2019), it has been a widely 

used proliferation marker for decades. To investigate how HERV-W ENV may change 

proliferation, human glioblastoma cell lines were either stimulated with 1000 ng/ml of 

recombinant HERV-W ENV or buffer in the absence (-MG) or presence (+MG and *MG) 

of rat microglia for 24 hours, respectively. Then, the proliferation rate of glioblastoma cells 

was assessed by immunocytochemical double-staining of Ki-67 and beta3-tubulin, while 

staining of beta3-tubulin was performed to investigate potential morphological changes of 
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glioblastoma cells upon HERV-W ENV stimulation. Our results demonstrated that in 

monoculture experiments, HERV-W ENV stimulation of A172 cells led to a significant 

decrease in Ki-67 expression (Fig. 10A). In contrast, stimulation with HERV-W ENV did 

not change the proliferation rate when A172 were in direct contact with microglia (+MG, 

Fig. 10A’). Finally, proliferation of A172 was nearly doubled in response to HERV-W ENV 

stimulation when tumor cells were in indirect contact with microglia (*MG; Fig. 10A’’). In 

contrast, HERV-W ENV protein stimulation of the cell lines LN229 and T98 did not affect 

proliferation behavior either in the absence (-MG) or presence of microglia (+MG and *MG; 

Fig. 10B-C’’). Of note, beta3-tubulin staining did not demonstrate morphological changes 

in any investigated cell line.  
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Figure 10. HERV-W ENV stimulation modulates the proliferation rate of human glioblastoma 
cells. (A-C’’) Human glioblastoma cell lines A172 (A-A’’), LN229 (B-B’’), and T98 (C-C’’) were 
stimulated with either 1000 ng/ml of recombinant HERV-W ENV or buffer for 24 hours in the 

absence (-MG) or presence (+MG and *MG) of rat microglia, respectively. The proliferation rate of 

glioblastoma cells was quantified by immunocytochemical staining of the nuclear marker Ki-67, 
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and the percentage of Ki-67-positive cells was calculated in relation to the nuclear marker 4′,6-

Diamidin-2-phenylindol (DAPI). Results demonstrated that in monoculture experiments, HERV-W 

ENV stimulation of A172 cells led to a significant decrease in Ki-67 expression. In contrast, the 

proliferation rate of A172 cells almost doubled when interacting indirectly with microglia (*MG) 

upon stimulation with HERV-W ENV. In contrast, HERV-W ENV protein did not modify cell 

proliferation of LN229 and T98 cell lines. Data are shown as mean ± SEM relative to the buffer 

solution. Statistical significance was calculated using the Mann-Whitney U test: *p ≤ 0.05, and ** 

p ≤ 0.01. N≥3. 

 

3.8. HERV-W ENV protein induces microglia-dependent clustering 

of glioblastoma cells 

Since previous studies had shown that HERV-W ENV induces an amoeboid phenotype in 

microglia (Kremer et al. 2019), it was of interest to investigate whether such or comparable 

changes would also occur in glioblastoma cells. To this end, tumor cells were either 

stimulated with 1000 ng/ml of recombinant HERV-W ENV or buffer in the absence (-MG) 

or presence (+MG) of rat microglia for 3d or 5d, respectively. Immunocytochemical 

staining of the cytoskeletal marker F-actin and the microglial marker Iba1 was performed 

to analyze cell morphology and to differentiate between neoplastic and microglial cells 

based on cytoskeletal structure. In doing so, it was found that HERV-W ENV or buffer 

stimulation of T98 and A172 cells in the absence of microglia (-MG) did not change the 

spatial distribution or the morphology of tumor cells after 3 or 5 days (Fig. 11A and C). In 

contrast, direct microglial contact (+MG) combined with HERV-W ENV stimulation resulted 

in a progressive clustering of T98 and A172 tumor cells after 3 and 5 days, respectively, 

compared to buffer controls. Interestingly, LN229 cells did not show this clustering (Fig. 

11B). On close inspection, it was then found that cell density after 3 and 5 days of HERV-

W ENV stimulation in the presence of microglia was noticeably lower compared to 

controls. As elucidated above, stimulation with HERV-W ENV did not change the 

proliferation rate when tumor cells were in direct contact with microglia. Accordingly, in the 

next step, we wanted to investigate whether the effect on cell density could be explained 

by an upregulation of apoptosis or a downregulation of proliferation after three or five days 

of HERV-W ENV stimulation, respectively. 
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Figure 11. HERV-W ENV stimulation leads to microglia-dependent clustering of human 
glioblastoma cell lines. (A-C) Human glioblastoma cell lines A172 (A), LN229 (B), and T98 (C) 
were stimulated with either HERV-W ENV or buffer in the absence (-MG) or presence (+MG) of 

rat microglia for 3 or 5 days, respectively. Results showed that HERV-W ENV stimulation of A172 

and T98 cells (A, C) in contact with microglia results in progressive clustering of tumor cells after 

3 and 5 days, respectively. In contrast, this effect could not be observed in the absence of 

microglia. Additionally, LN229 glioblastoma cells did not show any tendency of clustering (B). 

Regarding cell density, it was observed that in A172 and T98 cells, the number of tumor cells was 

reduced under the same experimental conditions. (F-actin: red; Iba1: green; DAPI: blue) All scale 

bars: 100 µm. The figure was modified according to Reiche et al. 2024. 

 

3.9. HERV-W ENV protein does not affect glioblastoma cell 

apoptosis 

In order to assess the potential role of apoptosis or proliferation in the above-described 

clustering of tumor cells, human glioblastoma cell lines A172, LN229, and T98 were either 

stimulated with 1000 ng/ml of recombinant HERV-W ENV or buffer in the presence (+MG) 

of rat microglia. After 5 days of stimulation, immunocytochemical staining of the 

proliferation marker Ki-67 and the apoptosis marker CC3 were performed to further study 

the cell clusters described in Fig. 11. Results showed that all cell lines expressed the 

nuclear proliferation marker Ki67, verifying the absence of a proliferation stop after 5 days 

of HERV-W ENV stimulation. However, the quantification of Ki-67 expression was 

technically unfeasible due to the above-described clustering of A172 and T98 cells. On 

the other hand, CC3-staining was neither detected in glioblastoma cells nor microglia (Fig. 

12A-C).  

 

To further clarify these observations, qRT-PCR was performed to study the gene 

expression of different markers associated with apoptosis, necroptosis, and glioma stem 

cells (GSCs). In doing so, it was found that in A172 cells (+MG), the apoptosis marker 

BAX was significantly upregulated after 5 days of stimulation with HERV-W ENV (Fig. 

12A’) but was downregulated under the same conditions in LN229 cells (Fig. 12B’). A 

similar result, but without statistical significance, was obtained for the CDKN1A gene, 

which was upregulated in A172 cells after 3 and 5 days but showed an upregulation after 
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3 days and a downregulation after 5 days in T98 and LN229 cells. Additionally, the 

necroptosis marker RIPK3 expression was upregulated in contact with microglia (+MG) in 

A172 and T98 cells after 5 days but downregulated in LN229 cells under the same 

conditions. However, results also showed that the expression of PTGS2, also known as 

Cyclooxygenase-2, was upregulated upon HERV-W ENV stimulation in all investigated 

cell lines in the presence of microglia. Again, there was evidence for an inflammatory 

phenotype shift, as the expression of CXCL8 (Interleukin 8) was found to be stimulated 

by HERV-W ENV in the presence of microglia. Regarding the observed clustering 

phenomenon, it was also of relevance to study the gene expression levels of integrins. 

However, the expression of the integrins ITGA5, ITGB3, and the cadherin CDH1 

underwent only a slight, non-significant modulation following HERV-W ENV protein 

stimulation. In contrast, periostin (POSTN), which functions as a ligand for various 

integrins to support the adhesion and migration of epithelial cells, was downregulated in 

all investigated cell lines but only showed statistical significance in A172 cells stimulated 

with HERV-W ENV for 5 days. Lastly, there was no evidence of increased expression of 

the tumor stem cell marker CD133 and the chemokine CXCL12.  
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Figure 12. HERV-W ENV stimulation does not induce apoptosis of glioblastoma cells but 
inconsistently modulates apoptosis and necroptosis gene marker expression. (A-C’) 
Human glioblastoma cell lines A172 (A, A’), LN229 (B, B’), and T98 (C, C’) were stimulated with 

either HERV-W ENV or buffer in the absence (-MG) or presence (+MG) of rat microglia for 3 or 5 

days, respectively. Results showed that glioblastoma cells still expressed Ki-67 after 5 days of 

stimulation with HERV-W ENV, but CC3-Staining was neither detected in glioblastoma cells nor 

microglia (A, B, C). Additionally, qRT-PCR of glioblastoma cells (+MG) showed that HERV-W ENV 

stimulation led to an inconsistent modulation of the expression of genes associated with apoptosis 
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and necroptosis (A’, B’, C’). Statistical significance was calculated using the one-sample t-test: *p 

≤ 0.05. N=3. Scale bars: 100 µm and 50 µm for insets. (Ki67: green; CC3: red) 
 

3.10. HERV-W ENV protein modulates glioblastoma cell 

survival upon temozolomide treatment 

Temozolomide (TMZ) is the first-choice chemotherapeutic agent for glioblastoma and part 

of the standard therapy (Weller et al. 2021) where it induces DNA damage and, 

subsequently, the death of tumor cells (Tolcher et al. 2003). However, the treatment of 

glioblastomas is limited by TMZ resistance which has resulted in intensive research into 

the respective underlying molecular mechanisms (Singh et al. 2021). To investigate if the 

response of tumor cells to TMZ is modulated by HERV-W ENV, glioblastoma cells were 

first treated in monoculture with increasing concentrations of this agent (1 µM, 10 µM, 100 

µM, 200 µM, 400 µM, 600 µM, 800 µM, 1000 µM). Three- and five-day analysis time points 

were chosen as the typical clinical treatment cycle is 5 consecutive days of therapy. Since 

microglia expectedly showed reduced viability under the influence of even low 

concentrations of TMZ, we could not follow the same co-culture approaches as used in 

the other above-described experiments. Accordingly, in order to mimic the previously 

observed paracrine effects of the microglial secretome (i.e. under the *MG condition), 

microglia were now stimulated separately in cell culture plates with HERV-W ENV or buffer 

without TMZ. After 24 hours, the microglia-conditioned cell culture medium was removed 

and filtered. TMZ was added to the medium, which was then used to treat glioblastoma 

cells (**MG). In general, and as expected, the obtained results demonstrated a dose-

dependent effect of TMZ on glioblastoma cell viability, showing that cell survival was lower 

at higher concentrations of TMZ (Fig. 13A-D, 13A’’-D’’). In a next step, cells were treated 

with 1000 µM TMZ and simultaneously stimulated with 1000 ng/ml of recombinant HERV-

W ENV or buffer, respectively.  

 

Following this approach, in A172 cells, HERV-W ENV stimulation further reduced cell 

viability in both monoculture and in contact with microglia-conditioned medium upon TMZ 

treatment for 3 days. In more detail, combining microglia-conditioned medium (**MG) with 

TMZ treatment led to a 50% decrease of cell viability (Fig. 13A’).  However, after 5 days 
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of treatment, cell viability remained unchanged regarding both stimulation with HERV-W 

ENV stimulation and/or microglia-conditioned medium compared to controls (Fig. 13A’’’).  

 

In LN229 cells, HERV-W ENV stimulation also led to a decrease of cell viability in 

monoculture under TMZ treatment similar to A172 cells. Adding microglia-conditioned 

medium then even further decreased cell viability by 20%, with a further slight decrease 

upon HERV-W ENV stimulation (Fig. 13B’). After 5 days, results demonstrated a slight 

decrease of cell viability in monoculture in response to HERV-W ENV stimulation. When 

adding microglia-conditioned medium, cell survival remained unchanged but was again 

decreased slightly upon HERV-W ENV stimulation (Fig. 13B’’’).  

 

In T98 cells, viability remained unchanged upon HERV-W ENV stimulation and TMZ 

treatment in monoculture but decreased modestly when cells were exposed to microglia-

conditioned medium (**MG) after 3 days. Similar to A172 cells, combining microglia-

conditioned medium and TMZ treatment, regardless of HERV-W ENV stimulation, resulted 

in a 50% reduction of cell viability. However, after 5 days of treatment, the results showed 

more variability. Here, HERV-W ENV stimulation of the monoculture was found to increase 

cell survival under TMZ treatment, with no significant changes in cell viability observed for 

either HERV-W ENV stimulation, **MG exposure, or their combination compared to 

controls.  

 

Finally, in U87 cells, HERV-W ENV stimulation showed no effect on cell viability under 

TMZ treatment in monoculture. Adding microglia-conditioned medium reduced cell viability 

by 50% compared to controls, with an additional slight decrease following HERV-W ENV 

stimulation (Fig. 13D’). HERV-W ENV stimulation of U87 glioblastoma cells treated with 

TMZ for 5 days showed a slight increase of cell viability. When microglia-conditioned 

medium was added, cell survival was further increased compared to controls but 

decreased slightly again upon HERV-W ENV stimulation (Fig. 13D’’’).  

 

In summary, A172, T98, and U87 cells showed a similar behavior with a 50% cell viability 

reduction under **MG exposure after 3 days of TMZ treatment, which was further 

decreased by HERV-W ENV stimulation. LN229 cells showed a more modest 20% 

reduction upon **MG exposure, which was again slightly decreased following HERV-W 
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ENV stimulation. After 5 days of TMZ treatment, results were more scattered across all 

cell lines. Unlike the other cell lines, U87 cells demonstrated an increase of cell viability 

after 5 days of TMZ treatment with HERV-W ENV stimulation and **MG exposure. 

However, all experiments missed statistical significance.  
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Figure 13. HERV-W ENV modulates the viability rate of glioblastoma cells upon 
temozolomide (TMZ) treatment. (A-D) Human glioblastoma cell lines A172 (A-A’’’), LN229 (B-
B’’’), T98 (C-C’’’), and U87 (D-D’’’) were treated with the chemotherapeutic agent temozolomide 

(TMZ) and stimulated with either HERV-W ENV or buffer in the absence of microglia (-MG) or with 
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microglia-conditioned medium (**MG) for 3 or 5 days, respectively. Viability was measured via 

MTT assay. Results showed an increased effectiveness of temozolomide treatment for 3 days in 

A172, T98, and U87 glioblastoma cells additionally treated with HERV-W ENV stimulated- and 

microglia-conditioned medium (Fig. 13A’, C’, D’). However, this effect was more scattered after 5 

days of TMZ treatment. Statistical significance was calculated using the Student’s two-sided, 

unpaired t-test. N=3. 

 

3.11. HERV-W ENV protein modulates the gene expression 

profile of microglia in contact with glioblastoma cells 

As already elucidated above, different cell types in the glioma TME play crucial roles in 

the survival, proliferation, migration, and invasion of neoplastic cancer cells and their 

response to therapy (Plaks et al. 2015). In this context, recent research not only focused 

on the behavior of tumor cells alone but also on the reciprocal effects between them and 

the TME (Sharma et al. 2023). Therefore, it was of great interest to investigate if HERV-

W ENV is able to modulate the interplay between glioblastoma cells and the microglia of 

the TME and in how far microglial gene expression may change in this context. To this 

end, rat primary microglia were cocultured in direct contact (+MG) with the human 

glioblastoma cell lines A172, LN229, and T98 and stimulated with 1000 ng/ml of 

recombinant HERV-W ENV protein or buffer for 3 or 5 days, respectively. Then, qRT-PCR 

was used to investigate the gene expression changes of the rat microglia which revealed 

a strong modulation (Fig. 14). Notably, the interaction with different glioblastoma cell lines 

led to different microglial patterns of spatio-kinetic responsiveness. In response to contact 

with A172 cells and stimulation with HERV-W ENV for 3 days, microglia increased their 

expression of proinflammatory genes such as IL-6, TNFa, C3, and TGF-b with a more 

modest increase of gene regulation after 5 days. Other genes such as CD274 (PD-L1), 

FGF-2, MerTK, CSF-1, TREM2, and S100a10, which support a proinflammatory shift were 

also increased upon HERV-W ENV stimulation. On the other hand, HERV-W ENV was 

found to induce anti-inflammatory genes such as IL-10, Lipocalin-2 (Lcn-2), Arg1 and 

Serping-1 after 3 and 5 days. Regarding vascularization factors, HERV-W ENV increased 

the expression of ANG2 and VEGF both after 3 days, but ANG2 was downregulated after 

5 days. Growth factors such as EGF and IGF-1 were induced after 5 days. However, the 

expression of the sphingosine-1-phosphate receptor (S1PR) was downregulated upon 
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HERV-W ENV stimulation. Similar to contact with A172 cells, microglia in contact with 

LN229 and stimulated with HERV-W ENV showed a pronounced upregulation of 

proinflammatory genes such as IL-6, TNFa, C3, and TGF-b with a more scattered 

regulation after 5 days. Additionally, genes supporting a proinflammatory profile, 

including CD274, FGF-2, and MerTK, were also upregulated after 3 days but again 

showed a more scattered regulation after 5 days. Conversely and also similar to contact 

with A172 cells, HERV-W ENV also induced anti-inflammatory genes like IL-10, Lcn-2, 

Arg1 and Serping-1. Regarding the vascularization factors, ANG2 was downregulated by 

day 3 and the expression of ANG2 and VEGF was increased after 5 days. Growth factors, 

including EGF and IGF-1, showed only modest regulation upon HERV-W ENV 

stimulation. In contrast, the expression of S1PR was downregulated following HERV-W 

ENV stimulation. Finally, microglia in contact with T98 cells and stimulated with HERV-W 

ENV also upregulated proinflammatory genes IL-6, TNFa, C3, and TGF-b after both 3 and 

5 days. CD274, FgF-2, MerTK, TREM2, and S100a10, were also elevated following 

HERV-W ENV stimulation. At the same time and similar to the other cell lines, HERV-W 

ENV stimulation induced anti-inflammatory genes, such as IL-10, Lcn-2, Arg1 and 

Serping-1. ANG2 and VEGF were upregulated after both 3 and 5 days of HERV-W ENV 

stimulation and the growth factors EGF and IGF-1 were induced after 3 days. In contrast 

to the other investigated cell lines, the expression of S1PR was only downregulated 

following 3 days of HERV-W ENV stimulation and remained unchanged after 5 days.  

 

Overall, HERV-W ENV stimulation was found to consistently lead to an increased 

microglial expression of proinflammatory genes (i.e. IL-6, TNFa, C3, TGF-ß) when cells 

were in direct contact with different glioblastoma cell lines. On the other hand, and at the 

same time, HERV-W ENV stimulation also induced anti-inflammatory genes (IL-10, Lcn-

2, Arg 1 and Serping-1). Vascularization factors (ANG2, VEGF) were consistently 

upregulated in contact with T98 cells but showed scattered expression in contact with 

A172 and LN229 cells upon HERV-W ENV stimulation. Similarly, growth factors (EGF, 

IGF-1) were notably induced in contact with T98 cells while being regulated modestly in 

contact with A172 and LN229 cells. However, uniquely, the expression of S1PR was 

constantly downregulated in microglia. 
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Figure 14. HERV-W ENV stimulation modulates gene expression of microglia cocultured 
with glioblastoma cells. (A-C) Primary rat microglia were cocultured in direct contact (+MG) with 
the human glioblastoma cell lines A172 (A), LN229 (B), and T98 (C) and stimulated with either 
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HERV-W ENV or buffer for 3 days or 5 days, respectively. Results showed an increased 

expression of genes associated with inflammation, growth factors, and vascularization factors. 

Data are presented as z-scores and were considered significantly different at *p ≤ 0.05, and ** p 

≤ 0.01 assessed with the one-sample t-test. N=3. 
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4. Discussion 
Glioblastomas, the most lethal human CNS tumors, are characterized by a highly 

infiltrative growth pattern of tumor cells and a dynamic interaction between the tumor and 

its TME. This study builds on previous results, which showed for the first time that the 

retroviral HERV-W ENV protein is expressed in glioma and, in particular, in the microglial 

cells of the TME (Reiche et al. 2024). HERV-W ENV was first described to be expressed 

in MS tissue, but over the course of the last decade, researchers identified other diseases 

in which it played a role in inflammation and disease progression. This is even the case 

for COVID-19, where researchers have demonstrated that HERV-W ENV expression 

correlates with disease outcomes. Interestingly, our research group found that HERV-W 

ENV expression in glioma is not associated with a higher WHO grade (Reiche et al. 2024), 

suggesting that the presence of HERV-W ENV does not result in a more malignant tumor 

phenotype. As a result, and in summary, the exact role of HERV-W ENV in gliomas still 

remains to be clarified.  

 

4.1. HERV-W ENV modulates neoplastic cell behavior 

In contrast to previously published studies that investigated the effects of HERV-W ENV 

stimulation on OPCs and MG (Förster 2020; Kremer et al. 2019; Kremer et al. 2013; 

Weyers 2024), this study showed that glioblastoma cells do not alter their gene expression 

upon HERV-W ENV protein stimulation in monoculture (Fig. 2-5), despite their expression 

of TLR4 (Fig.1). This somewhat unexpected finding may result from specific tumor cell 

characteristics. As glioblastoma cells show frequent genetic abnormalities due to 

chromosomal instability, various cellular functions as well as regulatory and oncological 

pathways are severely disrupted (Mazzoleni et al. 2024), which may result in less 

responsiveness to certain external stimuli. This argument is supported by the observation 

that even stimulation with the “classical” TLR4 agonist LPS resulted in only a modest gene 

regulation in glioblastoma cells compared to microglia (Fig. 2-5). Interestingly, the U87 

cells show no changes in gene expression after stimulation with LPS at all, pointing to its 

degree of abnormality (Fig. 5). In this context, it should also be noted that this cell line has 

been strongly criticized in recent years as it was found not to be identical with its origin. 

Consequently, there is substantial doubt in the literature whether U87 cells are at all 
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suitable for modeling the in vivo behavior of glioblastomas (see 4.4.; (Allen et al. 2016)). 

Against this backdrop, this thesis focused primarily on the cell lines A172, LN229, and 

T98, although most experiments were also conducted with U87 cells. Another explanation 

for the above-mentioned lacking reaction of glioblastoma to HERV-W ENV protein 

stimulation in monoculture could involve a differential pathway activation in immune/neural 

precursor cells in comparison to neoplastic cells. This could be driven by the (relative) lack 

of additional or distinct functional receptors required for HERV-W ENV/TLR4 signaling 

such as, for instance, CD14, TLR4’s co-receptor. Additionally, GBM cells are well-known 

to create an immunosuppressive microenvironment, characterized by a reduced response 

to proinflammatory signals. In this context, it is conceivable that autocrine signaling could 

inhibit the tumor cell response to HERV-W ENV (Lin et al. 2024).  

 

With regard to the validity of the in vitro model chosen in this study, the glioblastoma TME 

is composed of a multitude of different cell types. These include, for instance, immune 

cells, microglia, astrocytes, and neurons, so that investigating glioblastoma monocultures 

would have constituted an oversimplification of the in vivo situation. Therefore, in order to 

at least partly address this problem, coculturing glioblastoma cells with primary neonatal 

rat microglia was performed. This approach was even more relevant as it had been shown 

previously that in vivo HERV-W ENV is mainly found in the microglia of the TME (Reiche 

et al. 2024). In this context, it was of particular interest to specifically investigate whether 

the effects of HERV-W ENV differ when microglia and glioblastoma cells are able to 

communicate directly through cell-cell interaction (+MG) versus via paracrine signaling 

(*MG). This difference is critical for a better understanding of the role of HERV-W ENV in 

the TME as paracrine signaling is based on soluble mediators such as cytokines or 

chemokines while direct signaling may also involve membrane-bound mediators such as 

integrins etc.. However, the data presented in this study demonstrate that these two 

modes of interaction did not result in substantially different transcription patterns (Fig. 6). 

The only difference found was a quantitative one, depending on the cell line: A172 and 

T98 cells showed a stronger reaction to direct cell-cell interaction (+MG) while LN229 cells 

reacted more vigorously to the indirect setting (*MG).  

In general, the stimulation of GBM cells of all cell lines with HERV-W ENV in the direct or 

indirect presence of microglia (+MG and *MG, respectively), significantly increased their 

expression of the proinflammatory cytokines IL-1ß, IL-6, TNFa, and iNOS. As mentioned 
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above, the inflammatory environment in gliomas plays a crucial role in disabling anti-tumor 

responses and contributes to tumor invasion as well as progression (Alghamri et al. 2021; 

Yeo et al. 2021). In particular, the molecule Interleukin-6 produced and secreted by 

various cell types promotes glioblastoma growth, cell invasion, and angiogenesis 

(Goswami et al. 1998; Liu et al. 2010; Shan et al. 2015). Notably, elevated levels of IL-6 

were found in the CSF, serum, and tissue of glioma patients, while higher IL-6 levels 

correlate with the WHO grade of gliomas and are therefore associated with poor survival 

(Cheng et al. 2016; Shan et al. 2015). As inflammation is a hallmark of cancer, mediators, 

such as reactive oxygen species (ROS), further contribute to the inflammatory milieu in 

glioblastoma tissue (Diakos et al. 2014; Grivennikov et al. 2010; Hanahan 2022). The 

overexpression of the inducible nitric oxide synthase (iNOS), which catalyzes the 

production of nitric oxide (NO) and therefore induces DNA damage (Aktan 2004; Khan et 

al. 2020), is associated with aggressiveness and chemoresistance of gliomas. Similarly, 

IL-1ß expression is associated with tumor progression, invasiveness, and reduced patient 

survival by activating the transcription factor NFκB (nuclear factor kappa-light-chain-

enhancer of activated B-cells), which leads to the induction of even more proinflammatory 

genes (Griffin and Moynagh 2006; Tarassishin et al. 2014). In addition, interleukin-1ß 

triggers various tumorigenic processes by activating different cell types and inducing the 

upregulation of key molecules such as TGF-ß (Grochans et al. 2022; Tarassishin et al. 

2014). In turn, TGF-ß is considered to play various roles in the TME, such as angiogenesis 

and immune evasion (Han et al. 2015), but also directly affects neoplastic cell behavior 

by inducing migration, extravasation, and an epithelial-to-mesenchymal transition (EMT) 

(Huber et al. 2005). Tumor necrosis factor alpha (TNFa) is yet another important cytokine 

in the glioma TME whose gene expression was upregulated after HERV-W ENV 

stimulation. This cytokine also stimulates tumor development and angiogenesis and 

modulates the immune response by increasing the expression of the major 

histocompatibility complex class (MHC-I) and by transcriptional activation (Șovrea et al. 

2022; Yoshida et al. 1997). Additionally, TNFa is known to increase the activity of the 

epidermal growth factor receptor (EGFR) (Kore and Abraham 2014), whose abnormal 

signaling is widespread in GBM, and its inhibition is considered a promising therapeutic 

strategy (Ezzati et al. 2024). 
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The proinflammatory cytokines upregulated by HERV-W ENV protein stimulation also 

increase the expression of matrix metalloproteases (MMPs) such as MMP-9 that 

represent the majority of the extracellular matrix (ECM) components (Xue et al. 2017) and 

play a pivotal role in the degradation of the ECM (Ferrer et al. 2018; Mondal et al. 2020). 

The upregulation of these molecules leads to a higher invasion of neoplastic cells and 

correlates positively with tumor grade and negatively with patient survival (Zhou et al. 

2019). In this context, it is important to underline the strong interdependence between 

gene expression and protein secretion of the proinflammatory cytokines, which are 

regulated in a mutually dependent fashion. In glioblastoma cells, this cycle is primarily 

sustained through autocrine secretion but can also be influenced by HERV-W ENV 

stimulation. Notably, HERV-W ENV can also regulate the expression of specific genes 

independently of this cycle. This is particularly evident in the expression of MMP9, which 

is strongly upregulated in the presence of microglia following HERV-W ENV stimulation 

and shows stronger expression in LN229 cells compared to the aforementioned cytokines. 

In addition, HERV-W ENV stimulation was found to increase the expression and secretion 

of Monocyte Chemotactic Protein 1 (MCP-1) and MCP-3. These cytokines/chemokines 

are associated with tumor development, invasion, metastasis, and angiogenesis (Vakilian 

et al. 2017). Notably, they are also involved in immune cell chemotaxis, which includes 

the recruitment of microglial cells into the TME (Friedmann-Morvinski and 

Hambardzumyan 2023; Maas et al. 2020; Matias et al. 2018).  

 

Lastly, VEGF was found to be modulated upon HERV-W ENV stimulation in glioblastoma 

cell lines. This signal protein is the primary stimulator of angiogenesis, which is crucial for 

meeting the high metabolic demands of GBM (Șovrea et al. 2022). Through the interaction 

with its receptors, VEGFR1 and VEGFR2, VEGF plays a pivotal role in tumor survival, 

invasiveness, and progression (Melincovici et al. 2018; Șovrea et al. 2022). 

 

Another aspect investigated in the context of HERV-W ENV stimulation was how it may 

alter neoplastic cell behavior by affecting functional parameters, such as migration, 

invasion, and proliferation. Glioblastoma cell migration, a key mechanism for tumor 

progression and invasion (Rosén et al. 2023), is mediated by cytoskeletal activity and 

integrin gene expression (Anderson et al. 2024), which showed only a slight modulation 

upon HERV-W ENV stimulation (Fig. 12A’, 12B’, 12C’). Results showed that HERV-W 



 70 

ENV stimulation increased migration velocity in T98 glioblastoma cells, especially in the 

presence of microglia. However, no HERV-W ENV-mediated migration rate changes were 

observed in A172 or LN229 cells (Fig. 8). Of note, other studies found that the presence 

of microglia leads to a general increase of the migration velocity of glioma cells (Bettinger 

et al. 2002), which in this study could only be confirmed for T98 cells once more 

emphasizing cell line heterogeneity. Furthermore, tissue invasion represents one of the 

hallmarks of cancer (Hanahan and Weinberg 2000). The invasiveness of GBM cells not 

only leads to local destruction of healthy tissue and, therefore, complicates surgical 

treatment, but is also the main source of recurrence and considered a main factor for the 

bad prognosis (Demuth and Berens 2004). However, there was no significant modulation 

of the invasion rate of GBM cell lines upon HERV-W ENV stimulation, with only U87 cells 

showing a slight yet unsignificant decrease in their invasiveness (Fig. 9). In this context, 

these results do not only reflect tumor cell invasion behavior but also measure the 

chemoattracting ability of HERV-W ENV-stimulated microglia seeded in the lower 

chamber. In this regard, these experiments only mimic the invasion of neoplastic cells 

through the ECM towards HERV-W ENV-positive microglia as they were not carried out 

with direct contact between tumor cells and microglia. However, it is very conceivable that 

the ability of tumor cells to invade and degrade the ECM would be modulated differently 

by HERV-W ENV through direct cell-to-cell contact with microglia. Since this experimental 

setup was technically unfeasible in this study, future research could address this aspect 

by fluorescently labelling glioblastoma cells (e.g., with GFP) and quantifying only the 

labeled cells that invaded the Matrigel-coated cell culture insert. Additionally, this study 

also did not investigate the effect of HERV-W ENV on the invasion behavior of microglia, 

which are themselves known to promote ECM degradation and migration of glioblastoma 

cells (Andersen et al. 2021). Furthermore, it should also be noted that the transwell 

migration assays used here are a rather artificial simulation of the in vivo setting. In this 

context, three-dimensional models may be more suitable and could, for instance, also 

better investigate perivascular invasion of glioblastoma cells (Vollmann-Zwerenz et al. 

2020).  

 

Regarding proliferation behavior, the mitotic activity of neoplastic cells is considered a key 

factor contributing to the progression of gliomas (Xie et al. 2014). To this end, the 

overexpression of the nuclear protein Ki-67 can predict the overall survival of glioma 
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patients (Chen et al. 2015). This study showed that HERV-W ENV increased Ki-67 

expression in A172 cells but only when they were in indirect contact with microglia (*MG). 

This once again showcases the microglial-mediated effect of the HERV-W ENV protein 

on glioblastoma cells but also demonstrates the heterogeneity of glioblastoma cell lines.  

On the other hand, prolonged HERV-W ENV stimulation decreased cell density without 

consistently and significantly triggering apoptosis or necroptosis, suggesting alternative 

mechanisms such as, for instance, cell fusion, a known effect of the HERV-W ENV protein 

associated with tumor development and progression (Grandi and Tramontano 2018). In 

more detail, the observed tumor cell clusters may result from a modulation of integrin gene 

expression and other proteins associated with tumor cell morphology. However, whether 

tumor cell fusion may mediate reduced therapy response and support tumor progression 

is still speculative. Further studies are therefore required to clarify the biology of tumor cell 

clusters - all the more so as similar structures were found circulating in the blood 

(circulating tumor cells; CTCs; (Krol et al. 2018)).  

 

In conclusion, HERV-W ENV stimulation of GBM cells in the presence of microglia leads 

to an increased expression/secretion of several genes/proteins associated with tumor 

development, tumor aggressiveness, tumor progression, and immune evasion, which 

have been linked to worse overall patient survival. On a functional level, these changes 

result in an increase of migration velocity and proliferation, while invasion and apoptosis 

seem to remain unaffected. In this context, the results presented here prove that microglia 

are key for the effects of HERV-W ENV on glioblastoma cells. Moreover, they demonstrate 

that these effects do not require direct cell-to-cell interaction between microglia and tumor 

cells but can also be mediated by paracrine signaling. As the naturally occurring complex 

cellular interactions in the TME had to be significantly simplified by focusing only on 

microglia-glioblastoma interactions, further experiments analyzing the impact of HERV-W 

ENV on the TME in greater detail will need to also include other cell types, such as, for 

instance, astrocytes and T-cells.  
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4.2. HERV-W ENV induces a proinflammatory phenotype in 

microglia 

Tumor-associated macrophages (TAMs) represent the biggest immune cell population in 

the TME of human glioma (Hambardzumyan et al. 2016). As evidenced in multiple 

sclerosis (MS) research, microglia undergo several changes upon HERV-W ENV 

stimulation, such as increased proliferation and the induction of a proinflammatory 

phenotype contributing to axonal damage (Kremer et al. 2019). Against this backdrop, it 

was critical to investigate potential HERV-W ENV-induced microglial phenotype changes 

in the human glioma TME in order to clarify its impact on gliomagenesis. Traditionally, 

microglia were categorized into an M1 and an M2 phenotype, with M2 microglia being 

associated with poor survival and aggressive glioblastoma (Sørensen et al. 2018). This 

rather artificial classification of microglia has recently attracted more and more criticism 

and is now considered insufficient to represent the great diversity of microglial phenotypes 

(Cassetta and Pollard 2018; Paolicelli et al. 2022). In this context, this study found that 

HERV-W ENV induces a proinflammatory gene expression profile in microglia/ 

glioblastoma coculture experiments (Fig. 14) as evidenced by the induction of the 

proinflammatory genes IL-6, TNFa, C3, and TGF-ß. TGF-ß, in turn, induces glioblastoma 

cell mesenchymal transition by activating the TNFa/NFκB signaling pathway, promoting 

glioma progression (Chao et al. 2021; Yan et al. 2022). In addition, and as described 

above, TNFa supports the creation of a tumor-supportive environment and induces 

angiogenesis (Șovrea et al. 2022). Regarding the latter aspect, the vascularization of 

glioblastoma is crucial for tumor progression and is further promoted by the expression of 

VEGF and ANG2 (Ahir et al. 2020), both of which were found to be significantly 

upregulated in microglia stimulated with HERV-W ENV. Moreover, HERV-W ENV 

stimulation also resulted in an upregulation of the expression of other growth factors, such 

as epidermal growth factor (EGF) and insulin-like growth factor 1 (IGF-1). These growth 

factors are considered to affect the cellular metabolism of neoplastic cells and promote 

malignancy (Liu et al. 2024; Tsuchihashi et al. 2016). Furthermore, HERV-W ENV 

stimulation induced the microglial expression of C3, which is a key component of the 

complement system and, therefore, a relevant factor for the effectiveness of the innate 

immune system (Ricklin et al. 2016). It is associated with more aggressive tumor behavior 

in general but has not yet been investigated systematically regarding glioma (Zhu et al. 
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2021). The expression of IL-10, which is, per se, an anti-inflammatory protein, was also 

found to be upregulated upon HERV-W ENV stimulation. However, in the context of 

glioma, TAMs secrete Il-10 to promote glioma cell proliferation (Qi et al. 2016). Notably, 

anti-inflammatory proteins, in general, may suppress the patient's immune response and 

can, therefore, contribute to glioma progression (Huettner et al. 1995). Additionally, 

Serping-1, a serine protease inhibitor gene that physiologically inhibits the complex 

system cascade (Gorelik et al. 2017), was upregulated upon HERV-W ENV stimulation, 

but its expression in glioblastoma is still elusive. Additionally, Lipocalin-2 (LCN2) is also a 

key marker for neuroinflammation and leads to the activation of neurotoxic microglia (Kim 

et al. 2023). However, regarding glioma, the overexpression of this gene in neoplastic 

cells is associated with reduced migration, invasion, and proliferation (Hsieh et al. 2021).  

 

Another gene whose expression tended to be upregulated upon HERV-W ENV stimulation 

was triggering receptor expressed on myeloid cell 2 gene (TREM2). TREM2 is a myeloid 

cell-specific signaling molecule mostly associated with neurogenerative disorders such as 

Alzheimer’s disease, which physiologically controls essential functions of microglia such 

as phagocytosis (Ulland et al. 2017). In glioma, the expression of TREM2 is associated 

with poor prognosis and promotes tumor angiogenesis (Chen et al. 2023; Yu et al. 2022). 

Upon HERV-W ENV stimulation, microglia also tend to downregulate their sphingosine-1-

phosphate receptor (S1PR) gene expression. This might contribute to a more favorable 

patient outcome (Arseni et al. 2023) as pathways activated by S1PR are considered to 

play an oncogenic role in various human malignancies (Mahajan-Thakur et al. 2017). The 

cellular processes modulated by the activation of this receptor lead to more aggressive 

tumor behavior and represent a therapeutic target (Mahajan-Thakur et al. 2017; Wang et 

al. 2019). In addition, HERV-W ENV led to an increase of the expression of fibroblast 

growth factor 2 (FGF-2), which plays a crucial role in the self-renewal of various stem cell 

types by regulating signaling pathways maintaining tissue homeostasis (Jimenez-Pascual 

et al. 2020). Consequently, FGF-2 upregulation is linked to increased proliferation of 

astrocytes and glioma cells (Joy et al. 1997), and targeting this factor could enhance 

glioblastoma therapy (Jimenez-Pascual et al. 2020). The same applies to MerTK, a type 

I Receptor Tyrosine Kinase (RTK), whose inhibition has shown therapeutic benefits in 

preclinical mouse models (Wu et al. 2018).	 MerTK, crucial for signal transduction, 
functions homeostatically in normal cells and pathophysiologically in both tumor-
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associated macrophages and malignant cells (Lahey et al. 2022). Its overexpression 

promotes tissue invasion (Wang et al. 2013) and is associated with tumor recurrence (Wu 

et al. 2018). Lastly, even though S100A10 showed a scattered gene expression 

modulation upon HERV-W ENV stimulation, its expression is per se linked to malignant 

pathological subtypes and poorer prognosis, as well as to immunosuppressive immune 

cell infiltration. This makes S100A10 a promising biomarker and potential target for the 

diagnosis, treatment, and prognostic evaluation of gliomas (Ma et al. 2022).  
 

In summary, the HERV-W ENV-mediated gene expression profile of microglia in coculture 

with glioblastoma cells appears to be similar to the one previously described in microglia 

monoculture. As already elucidated, in glioblastoma, the local resident immune cells are 

known to express genes associated with glioma progression and aggressiveness. In this 

context, both proinflammatory and anti-inflammatory genes are upregulated, which, at first 

glance, seems to be contradictory. However, in reality, these genes act synergistically as 

the pro-inflammatory cytokines lead to faster and more aggressive tumor progression 

while the anti-inflammatory cytokines lead to immunosuppression, which also supports 

tumor progression. In this study, it was found that HERV-W ENV leads to a modulation of 

the gene expression of both tumor cells and immune cells of the TME. However, since 

only the average expression values were calculated in this study, HERV-W ENV may very 

well exert differential effects on different microglial subpopulations in vivo, including the 

alteration of their overall ratio. Further experiments are therefore required to investigate 

the specific effects of HERV-W ENV on different microglial populations and to identify 

which populations in the TME express HERV-W ENV at all. To investigate this in more 

detail, microglia could first be polarized toward either an M1 or M2 phenotype before being 

separately stimulated with HERV-W ENV. Additionally, it remains unclear whether HERV-

W ENV is actively expressed by cells within the TME or if its presence is merely 

coincidental, with other mechanisms or cells driving its reactivation. 

 

4.3. Does HERV-W ENV modulate glioblastoma treatment? 

Glioblastomas are usually treated by surgical removal of the tumor tissue followed by a 

combination of chemotherapy with temozolomide (TMZ) and radiotherapy (Weller et al. 

2021). In this context, the results presented in this study suggest that HERV-W ENV may 
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affect the response of glioblastoma cells to TMZ therapy (Fig. 13). This is based on the 

observation that in most cell lines exposed to TMZ overall cellular viability was found to 

decrease further upon contact with HERV-W ENV – notably without reaching statistical 

significance. However, the interpretation of these results is hampered by the restrictions 

of the in vitro setting, which is difficult to translate to clinical reality. In this regard, due to 

the in vitro instability of microglia, only one 3/5-day treatment cycle with TMZ could be 

simulated while, clinically, TMZ is applied for 5 days over several cycles and combined 

with radiotherapy as pointed out above (Stupp et al. 2005). As a result, more experiments 

are required, as there is the possibility that direct microglial cell contact is decisive for 

HERV-W ENV-mediated effects. This aspect could be investigated in more detail by 

blocking cell-cell interaction with antibodies or small molecule inhibitors targeting 

integrins, cadherins, or other adhesion molecules to disrupt direct contact in the 

glioblastoma/microglia coculture. Therefore, further research is needed to investigate to 

what extent HERV-W ENV-stimulated glioblastoma cells may alter their gene expression 

following prolonged TMZ exposition. Furthermore, the probably greatest challenge in 

glioblastoma therapy consists in the treatment of TMZ-resistant and recurrent 

glioblastoma (Osuka and Van Meir 2017), which was not analyzed in this thesis. Another 

aspect future research should address is the effect of TMZ on HERV-W ENV-stimulated 

microglia as the microglial secretome was shown to modulate chemotherapy response. 

Whether HERV-W ENV-stimulated microglia may have a survival advantage over controls 

under TMZ exposition and whether this could lead to a lower response to therapy remains 

currently unknown. 

 

With regard to emerging treatment options, immunotherapy of malignancies is 

increasingly considered a therapeutic strategy that may have a significant impact on 

patient survival (Pardoll 2012). However, in glioblastoma, recent studies show that tumors 

are immunologically “cold” and therefore rarely respond to immunotherapy. Accordingly, 

immune checkpoint inhibitors showed no improved survival (Lim et al. 2022), which is 

likely to result from the immunosuppressive properties of the TME (Jackson et al. 2019). 

In this regard, researchers have suggested overcoming the “cold” TME with 

immunocytokines (Look et al. 2023; Weiss et al. 2020) or combining multiple therapy 

strategies (Weller et al. 2024). It is therefore tempting to speculate that HERV-W ENV 

could modulate the response of glioblastoma to immunotherapy by increasing the 
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expression of proinflammatory genes in the tumor and microglial cells of the TME – a 

question that certainly merits future research. 

 

In summary, HERV-W ENV may slightly increase temozolomide’s effectiveness by 

modulating the TME. Further studies should, therefore, investigate the extent to which this 

may lead to a better response to the standard therapy regimen or modern 

immunotherapeutic agents. 

 

4.4. Limitations of glioblastoma cell line culture 

Tumor cell lines are regularly used to model and investigate tumor cell behavior in vitro. 

To ensure validity, we selected a panel of four different cell lines that displayed differences 

in gene expression, protein secretion, and cell behavior upon HERV-W ENV stimulation. 

Notably, the selection of experimental glioblastoma cell lines, in general, constitutes a 

challenge in glioma/glioblastoma research. There is a wide range of commercially 

available glioma cell lines, including A172, T98, LN229, SNB19, U87, U251, TS543, 

SF188, SNB-19, U373, and U251. These cell lines consist of clonal cell populations, which 

do not represent the intratumoral heterogeneity observed in patient tumors. Additionally, 

patient-derived lines are commonly used to decrease the risk of genetically modified cells 

that may result from frequent and prolonged cultivation and propagation. In general, the 

choice of cell line should primarily be based on its biological relevance and similarity to 

the original tissue. However, the field is currently facing somewhat of a reproducibility 

crisis in this regard. For example, Allen et al. reported that the widely used U87 cell line 

no longer matches the cells from which it was originally derived nearly 50 years ago, 

having been established from a Swedish female but now exhibiting a Y chromosome 

(Allen et al. 2016). Similarly, the U-251 cell line has been identified to be identical with the 

U-373 cell line - probably due to contamination in the past, with multiple subclones 

exhibiting variations in both genotype and phenotype (Torsvik et al. 2014). This aspect is 

further complicated by the well-documented heterogeneity of GBM cell lines, which exhibit 

significant variations in their characteristics, as also reflected in this study. To date, no 

study has directly compared A172, LN229, T98, and U87 cells in terms of their omics 

profiles and functional behavior.  Furthermore, the differences between glioblastoma cell 

lines raise the question of how translatable our findings are to human tumors, given the 
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diverse responses of the investigated cell lines to HERV-W ENV. The same concern 

applies to future studies exploring the effects of HERV-W ENV in mouse tumor models. 

This issue is highly significant in glioblastoma research, where many preclinical studies 

have shown promising results, yet the translation into clinical trials has frequently failed 

as early as Phase I.  

 

4.5. Future perspectives 

Glioblastomas feature a highly proliferative and dynamic network of different cell types in 

variable cellular states. In this study, the effect of HERV-W ENV on human glioma cells 

and rat microglia was investigated with a clear focus on the short-term effects of this 

protein. In contrast, its long-term impact could not be studied due to technical reasons 

associated with the fragile nature of microglial cells in vitro. However, this aspect is of 

relevance as this study, with its relatively short stimulation periods, already pointed to 

complex temporal reaction patterns. In addition, and even more importantly, the previous 

study by Reiche and colleagues found HERV-W ENV in glioblastoma tissue where it is 

highly likely to exert long-term effects on the surrounding cell populations. Notably, since 

Reiche and colleagues and this study are the first to investigate HERV-W ENV in 

glioblastoma, nothing is known about the temporospatial dynamics of this protein in the 

brain parenchyma – including its exact cellular origin. Future ex vivo studies could, 

therefore, be useful in investigating how and where exactly HERV-W ENV is expressed 

in/imported into the tumor and how long this expression is sustained. In this regard, future 

in vitro studies should also investigate the potential differences between an endogenous 

expression of HERV-W ENV in glioblastoma cell lines versus an exogenous stimulation 

as performed in this study. This could be achieved by either inducing an endogenous 

expression of the ENV protein in glioblastoma cells via transfection/transduction or by 

using a genetically modified animal model expressing the HERV-W ENV protein (Gruchot 

et al. 2023). In such an animal model, genetically modified glioblastoma cells could be 

injected into the brain, providing insights into how HERV-W ENV-negative tumor cells 

behave in a HERV-W ENV-positive TME. In addition, the above-mentioned long-term 

effects on all resident CNS cells could be easily investigated. Moreover, such data could 

then be compared to results from other research groups that investigated the expression 

of other HERVs in gliomas. In this context, full-length HERV-K expression was found in 
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both patient tissue samples and glioma cell lines, but the absence of detectable splice 

products initially suggested that HERV-K did not contribute to glioma malignancy (Kessler 

et al. 2014). However, recently, the subtype HML-2 of HERV-K was detected in patients 

with malignant gliomas in both cerebrospinal fluid and tumor tissue and was identified to 

be associated with a cancer stem cell phenotype (Shah et al. 2023). Epigenetic regulation 

seems to drive the differential expression of this subtype, with high expression leading to 

reduced overall patient survival (Shah et al. 2022). However, regarding HERV-W, 

experiments of the research group investigated the regulation of many other genes such 

as GSC markers like Nestin or SOX2, which showed no regulation (Reiche et al. 2024). 

In principle, as HERV-W and HERV-K both seem to modify glioblastoma tissue, this 

suggests that there is a high likelihood that several other HERVs are also expressed in 

gliomas. Consequently, it is also plausible that additional splice products of HERV-W 

could be detected in human gliomas. In addition, it would be interesting to investigate 

whether HERV-W ENV can be measured in the peripheral blood or cerebrospinal fluid 

(CSF) of glioblastoma patients and whether higher levels correlate with bigger tumor 

volumes. However, due to the fact that, as pointed out further above, HERV-W ENV is 

associated with many neurological diseases, the specificity of peripherally measured 

HERV-W ENV is probably rather low.  

 

Notably, studying the co-prevalence of diseases associated with HERV-W ENV is of both 

epidemiological significance and scientific interest. In this regard, only a few studies have 

so far examined the clinical course of MS patients with glioma (Sahm et al. 2023). Overall, 

MS does not affect the risk of developing gliomas, but when present concurrently, it is 

linked to a poorer prognosis in IDH-mutant glioma patients (Sahm et al. 2023). In such 

patients, it would be interesting to study and compare the expression of HERV-W ENV in 

the tumor versus in MS lesions, blood, and CSF in order to gain a better insight into the 

distribution of HERV-W ENV expression.  

 

Furthermore, the question arises how exactly HERV-W ENV correlates with the prognosis 

of brain tumors. As illustrated by the research group's results (Reiche et al. 2024), HERV-

W ENV is expressed in gliomas regardless of their WHO grade, and so far, there is no 

data on different survival rates that should be investigated in future studies. 
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Finally, given the considerable changes in the classification of gliomas in recent years, 

this study is limited to investigating cell lines derived from patients in the last century. 

Accordingly, as mentioned above, future studies should further validate these findings 

using patient-derived tumor cells. Moreover, regarding cell origin, this study used neonatal 

primary rat microglia, which may differ in their properties and behavior from adult human 

microglia. However, in multiple sclerosis research, in vitro results using neonatal primary 

rat microglia have been shown to be transferable to adult human microglia (Weyers 2024).  
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5. Conclusion 
The treatment of glioblastomas remains a significant challenge in today's medical care. 

Despite the discovery of numerous new mechanisms and treatment approaches in recent 

years, the standard treatment regimen has remained unchanged in the past two decades 

while prognosis is still abysmal. This highlights the urgent need for new therapeutic 

options. In this regard, the research group identified HERV-W ENV as a potential new 

target protein in glioblastoma (Reiche et al. 2024). This is of particular interest, as the 

neutralization of HERV-W ENV using the monoclonal antibody temelimab has already 

demonstrated safety in clinical trials for multiple sclerosis. In summary, this dissertation 

demonstrates that HERV-W ENV modulates molecular and cellular parameters in 

neoplastic glioblastoma cells and cells of the TME. While limitations persist, particularly 

regarding the timing, localization, duration, and mechanisms of HERV-W ENV expression 

in the tumor tissue, this study reveals that this retroviral protein induces a proinflammatory 

shift in gene and protein expression of glioblastoma cells. This, in turn, modulates key 

functional parameters such as proliferation, migration, and invasion, promoting an overall 

more aggressive neoplastic phenotype. Microglia function as mediators of these effects 

through both direct and indirect cell-cell interaction, although the precise mechanisms 

remain currently unclear. Furthermore, HERV-W ENV contributes to a proinflammatory 

TME by altering the gene expression of microglia, the predominant cell subtype within the 

glioblastoma TME. Moreover, this thesis suggests a potentially increased response to 

temozolomide treatment following HERV-W ENV stimulation,	 although - likely due to 
technical limitations - consistent effects were not observed. Future research will have to 

clarify whether HERV-W ENV neutralization with temelimab can be applied therapeutically 

in the treatment of GBM – which would be a first-in-class and entirely novel approach. 
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