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Abstract 
 
Glioblastoma (GBM) is the most common malignant primary brain tumor in adults. Even with 
the current standard of care, including optimal surgical resection, radio- and chemotherapy, 
the median survival is limited to less than 20 months. Therefore, new therapeutic strategies 
are urgently needed. Reasons for the bad outcome are, belong others, the highly invasive 
growth and the strong immunosuppression of this tumor. 
A promising approach to treat GBM is oncolytic virotherapy. It has been shown that oncolytic 
viruses (OV) provide, aside oncolysis, immunostimulatory effects. By the release of cytokines 
and damage associated molecular pattern (DAMP) proteins from OV infected tumor cells, OVs 
are able to initiate immunogenic cell death (ICD). Subsequently, tumor specific immune cells 
may be activated and attracted, leading to an anti-tumor response even towards those GBM 
cells, that have invaded in the healthy brain and that are located far away from the original 
tumor. In preclinical trials the oncolytic adenovirus (OAV) XVir-N-31 was already found to be 
effective in the therapy of experimental GBM as it significantly prolonged the survival of GBM 
bearing mice. The aim of this project was to examine the impact of XVir-N-31 on its capacity 
to induce ICD and to determine its immunostimulatory, anti-tumoral effects both in vitro and in 
vivo using an immuno-humanized GBM mouse model.  
Besides others, one of the typical immunosuppressive features of GBM is the strong surface 
exposure of programmed cell death ligand 1 (PD-L1) on GBM cells, leading, by interaction with 
programmed cell death 1 (PD-1) expressed on immune cells, to the exhaustion of these cells. 
Therefore, the impact of an additional immune checkpoint inhibitory therapy was examined. In 
this regard, an XVir-N-31 based OVT in combination with a blockade of the PD-1/PD-L1 axis 
was conducted, either by the systemic application of Nivolumab in combination with an intra-
tumoral injection of XVir-N-31, or by the local expression of an anti-PD-L1 neutralizing antibody 
that is coded by the XVir-N-31 derivate XVir-N-31-anti-PD-L1. For this, the functionality of XVir-
N-31-anti-PD-L1 was confirmed in vitro.  
In contrast to the wild type-like adenovirus dl309, which possesses higher cytotoxicity, XVir-N-
31 and XVir-N-31-anti-PD-L1 induce ICD in vitro and in vivo as determined by the release of 
DAMPs and proinflammatory proteins. In vivo, a single intratumoral injection of XVir-N-31 
increased the amount of tumor infiltrating T lymphocytes and natural killer cells even more than 
dl309. Furthermore, this effect was not only restricted to virus-injected tumors but was also 
visible in untreated tumors located in the contralateral hemisphere. The additional blockade of 
the PD-1/PD-L1 interaction by either multiple systemic applications of Nivolumab or by XVir-
N-31-anti-PD-L1 further enhanced the DAMP concentration in the tumor, but also increased 
the number of tumor infiltrating lymphocytes (TILs). This was true for both, virus-injected as 
well as for contralateral located, untreated GBMs. Whereas a single, intratumoral injection of 
dl309 or XVir-N-31 led to massive tumor volume reduction of injected tumors, only the 
combination of an XVir-N-31 based OVT in combination with the blockade of the PD-1/PD-L1 
interaction showed a significant growth reduction of contralateral tumors.  
Overall, the obtained data provide strong evidence that XVir-N-31 is a promising therapeutic 
agent for a successful treatment of GBM and that its immune activating properties and the 
induction of ICD is of greater importance than its cell killing capacity. For the improvement of 
the therapy and an induction of strong abscopal effects on tumor cells that are located far away 
from the site of virus injection, an additional blockade of the PD-1/PD-L1 interaction, ideally by 
XVir-N-31-anti-PD-L1 expressed anti-PD-L1, seems to be highly beneficial.  
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Zusammenfassung 
 
Das Glioblastom (GBM) ist der beim Menschen am häufigsten auftretende und bösartigste, 
primäre Hirntumor. Selbst mit der aktuell optimalen Therapie, bestehend aus operativer 
Resektion des Tumors, Bestrahlung und Chemotherapie, liegt die durchschnittliche 
Lebenserwartung bei weniger als 20 Monaten. Die Gründe für diese schlechte Prognose sind 
u.a. das hochinvasive Wachsen dieses Tumors in das gesunde Hirngewebe hinein, sowie 
dessen immunsuppressiven Eigenschaften.  
Ein vielversprechender Ansatz um GBMs zu behandeln ist die onkolytische Virotherapie 
(OVT). Onkolytische Viren (OV) besitzen neben ihrer Fähigkeit Tumorzellen zu lysieren 
(Onkolyse) auch die Fähigkeit, das Immunsystem sowohl unspezifisch als auch gegen den 
Tumor gerichtet zu stimulieren, indem sie eine spezifische Art von Zelltod, den immunogenen 
Zelltod (ICD) induzieren. ICD ist gekennzeichnet durch die Freisetzung von Zytokinen und 
immunogenen Proteinen, den Damage-associated molecular patterns (DAMP). In Folge 
können Immunzellen angelockt und aktiviert werden, die dann Tumorzellen attackieren und 
abtöten. Diese Immunzellen können dabei nicht nur den Tumor, in den das OV injiziert wurde, 
sondern auch invasiv wachsende GBM-Zellen oder Metastasen, die sich weit weg vom 
Haupttumor befinden, angreifen. Aus Vorarbeiten war bekannt, dass das in dieser Studie 
verwendete onkolytische Adenovirus (OAV) XVir-N-31 effektiv GBM Zellen lysiert und dass die 
intratumorale Injektion von XVir-N-31 das Überleben GBM-tragender Mäuse signifikant 
verlängert. Das Ziel dieses Projekts war, die Effekte von XVir-N-31 auf seine Fähigkeit zur 
Induktion des ICD sowie hinsichtlich einer Aktivierung der tumorspezifischen Immunabwehr 
bei der Behandlung von GBM zu identifizieren. Die Untersuchungen erfolgte in vitro in 
Zellkulturen als auch in vivo unter Verwendung eines immun-humanisierten GBM Maus-
Modells.  
Neben vielen anderen Eigenschaften, die zur Immunsuppression beitragen, exprimieren GBM-
Zellen oft das Protein programmed cell death ligand 1 (PD-L1) auf ihrer Oberfläche. PD-L1 
kann an programmed cell death 1 (PD-1) binden, welches auf Immunzellen exprimiert ist. 
Diese Interaktion führt zur Inaktivierung (Exhaustion) der Immunzellen und verhindert dadurch 
eine aktive Immunzellantwort. Basierend auf diesen Kenntnissen wurde in der vorliegenden 
Studie die XVir-N-31-basierte OVT mit einer Blockade der PD-1/PD-L1 Interaktion kombiniert. 
Hierzu wurden GBM-tragende Mäuse, zusätzlich zur intratumoralen Injektion von XVir-N-31, 
Nivolumab appliziert. Alternativ wurde für die intratumorale Injektion XVir-N-31-anti-PD-L1 
verwendet, welches für einen PD-L1 neutralisierenden Antikörper (anti-PD-L1) kodiert. Die 
Funktionalität von anti-PD-L1 wurde in vitro bestätigt. 
Im Gegensatz zu dem Wildtyp-ähnlichen Adenovirus dl309, das Zellen effektiv lysiert, 
induzieren XVir-N-31 und XVir-N-31-anti-PD-L1 sowohl in vitro als auch in vivo ICD. In vivo 
resultierte eine einzelne, intratumorale Injektion von XVir-N-31 in einer, im Verglich zu dl309, 
signifikant erhöhten Infiltration von T Lymphozyten und natürlichen Killerzellen in das 
Tumorareal. Diese Beobachtung war nicht nur auf den Tumor beschränkt, in den das Virus 
injiziert wurde, sondern ebenfalls in unbehandelten, in der kontralateralen Hirnhemisphäre 
lokalisierten GMBs sichtbar. Die Kombination der XVir-N-31-basierten OVT mit einer Blockade 
der PD-1/PD-L1 Interaktion, entweder durch systemische Applikation von Nivolumab oder 
durch intratumorale Injektion von XVir-N-31-anti-PD-L1, resultierte in einer Erhöhung der 
Konzentration an DAMPs im Tumorareal und einer erhöhten Zahl tumor-infiltrierender 
Lymphozyten (TILs) in virus-injizierten als auch in kontralateral lokalisierten, unbehandelten 
GBMs. Während eine einzige intratumorale Injektion von dl309 oder XVir-N-31 zu einer 
massiven Reduktion des Tumorvolumens in virus-injizierten GBMs führte, war eine solche 
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Reduktion in kontralateral lokalisierten GBMs nur dann sichtbar, wenn zusätzlich zur OVT die 
Interaktion von PD-1/PD-L1 gehemmt wurde.  
Zusammenfassend legen die von uns erhobenen Daten nahe, dass XVir-N-31 ein 
vielversprechendes Agens zur Behandlung des GBMs ist. Dabei wurde gezeigt, dass die 
Induktion von ICD und die anti-tumoralen, immun-aktivierenden Eigenschaften von XVir-N-31 
wichtiger sind als seine Fähigkeit durch Onkolyse Tumorzellen direkt abzutöten. Um die XVir-
N-31 basierte OVT des GBMs weiter zu optimieren und therapeutische Effekte auch in jenen 
GBM Zellen zu erzielen, die weit in das gesunde Hirngewebe infiltriert und somit weit vom 
Originaltumor lokalisiert sind, scheint die Blockade der PD-1/PD-L1 Interaktion als zusätzliche 
Immun-Checkpoint Inhibitionstherapie äußerst vielversprechend. Idealerweise sollte dieses 
durch eine intratumorale Injektion von XVir-N-31-anti-PD-L1 erfolgen, da dann der 
neutralisierende PD-L1 Antikörper nur lokal im Tumorberiech exprimiert wird. Derart können 
bekannte Nebenwirkungen (severe adverse effects) von Immun-Checkpoint-Inhibitor-
basierten Therapieansätzen möglicherweise vermieden werden. 
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1. Introduction 
 

1.1 Glioblastoma 

Glioblastomas (GBM) are the most common primary brain tumors in adults accounting for over 
80% of all malignant primary cerebral cancers (Ostrom, Gittleman et al. 2014). Although 
incidences can vary and did increase over the last decades (Dobes, Khurana et al. 2011, 
Leece, Xu et al. 2017), GBM is with less than 10 per 100000 person worldwide (Iacob and 
Dinca 2009) and approximately 3.22 per 100000 person in the U.S.A. (Wen, Weller et al. 2020) 
a relatively rare disease. It predominates in elderly patients (over 55 years of age) and in males 
with a sex ration of 1.5 : 1 (Ohgaki and Kleihues 2013, Louis, Perry et al. 2016, Sung, Ferlay 
et al. 2021). After diagnostics the prognosis is very poor, with a 5-year survival rate of 
approximately 5.1% (Ostrom, Gittleman et al. 2014) and a median survival of approximately 
10 months (Zhu, Du et al. 2017). Besides age and sex, only ionizing radiation exposure to the 
head and neck as well as certain genetic factors are known risk factors (Ostrom, Fahmideh et 
al. 2019). Of note, certain atopic diseases as allergies or asthma as well as early life exposure 
to infections are associated with a decreased risk of glioblastoma (Ostrom, Fahmideh et al. 
2019). While GBM patients usually do not have a family history of cancer (only 5% of all 
gliomas are familial) (Ranger, Patel et al. 2014), there are 11 specific single nucleotide 
polymorphisms (SNPs) known to be associated with increased risk for glioblastoma, including 
alterations in epidermal growth factor receptor (EGFR) (7p11.2), telomerase reverse 
transcriptase (TERT) (5p15.33) and cyclin-dependent kinase inhibitor 2B (CDKN2B) (9p21.3) 
(Melin, Barnholtz-Sloan et al. 2017). While the biological significance of these polymorphisms 
is not fully understood yet and they seem to account only for a small proportion of all cases, 
continued improvements in the analysis of potential risk factors for GBM will be essential for 
future diagnostics.  

Typical characteristics of GBM are the locally destructive and highly invasive growth, enhanced 
microvascular proliferation and necrosis (D’Alessio, Proietti et al. 2019), resistance to 
apoptosis (Burster, Traut et al. 2021), as well as an extremely high immunosuppression 
(Nduom, Weller et al. 2015). Additionally, a subpopulation of cells, so called glioma stem like 
cells (GSC), are highly resistant to therapy and the foundation of recurrence after therapy (Yi, 
Hsieh et al. 2016). 

 

1.1.1 Classification and molecular pathogenesis 

Tumors of the central nervous system (CNS) have traditionally been classified by the World 
Health Organization (WHO) into different subtypes and severity grades, ranging from 1 to 4 
according to their histology, mutation and dignity (Louis, Perry et al. 2021). GBM, belonging to 
the class of “Gliomas, Glioneuronal Tumors, and Neuronal Tumors” and the family of adult-
type diffuse gliomas, corresponds with its high mortality and poor prognosis to the most 
malignant grade 4 CNS tumors (Louis, Perry et al. 2021). Overall, GBM classification is 
extremely difficult and heterogeneous and under constant change. Previously GBM 
classification was divided by the mutation status of isocitrate dehydrogenase (IDH), with 
IDH1/2 wildtype status called primary and IDH1/2 mutated GBM called secondary GBM. 
Secondary GBM was thought to originate from lower-grade gliomas and was overall found in 
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discussion, since the side effects at high dosages over an extended period of time could 
worsen the patients outcome (Cenciarini, Valentino et al. 2019). Additionally to that and to 
further improve the patient’s quality of life, including reduced sleep disturbance and fatigue, 
psychostimulants or acetylcholinesterase inhibitors might be given (Tucha, Smely et al. 2000). 
A high risk for GBM patients is also venous thromboembolism (VTE), indicating the usage of 
anticoagulants as beneficial. Nevertheless, frequently occurring haemorrhages following tumor 
resection as well as no significant improvement in overall survival (OS) leave doubts to the 
beneficial features (Le Rhun, Genbrugge et al. 2018, Muster and Gary 2020). 

The treatment of the underlying cause for GBM has been the same since Stupp et al. showed 
in 2005 the beneficial use of the alkylating cytostatic drug temozolomide (TMZ) together with 
radiotherapy. Since then, standard therapy for primary GBM consists of maximal safe surgical 
resection, followed by radiotherapy and chemotherapy with TMZ. 

With the help of 5-aminolevulinic acid (5-ALA), a typical compound used for photodynamic 
detection and surgery of cancer, a gross total resection of the tumor mass is performed 
(Ellingson, Abrey et al. 2018). Besides the intracranial reduction of the tumor volume, the taken 
biopsies are also used for histological analysis and tumor grading, as well as for genotyping. 
Special regard is thereby traditionally taken to IDH1/2 mutation status and the methylation 
status of the promotor region of O6-methylguanine-DNA methyltransferase (MGMT), the so far 
only predictive biomarker for GBM (Eigenbrod, Trabold et al. 2014). Epigenetic silencing of 
MGMT due to enhanced promoter methylation is associated with a strong response to TMZ 
and thereby an improved outcome (Hegi, Diserens et al. 2005).  

After resection, patients receive a combination of radiotherapy with concomitant TMZ 
treatment. Radiotherapy usually consists of a total of 60 Gray, given in 30 doses of 2 Gray 
over 6 weeks (Stupp, Mason et al. 2005). In patients with a certain medical history and in 
patients over 65 years of age a reduced dose of 40 Gray in 15 fractions can be applied since 
these patients show a higher vulnerability to toxic side effects and an overall impeded 
prognosis (Roa, Brasher et al. 2004). Concurrently, patients receive daily oral applications of 
TMZ (75 mg/m2) over the course of these 6 weeks, followed by 6 cycles of maintenance TMZ 
over the next 6 months (150-200 mg/m2 on days 1-5 every 28 days) (Stupp, Mason et al. 2005). 
Combined treatment of radiotherapy with TMZ application increased the median survival (MS) 
from 12,1 months (radiotherapy alone) to 14,6 months (radiotherapy plus TMZ) and the two-
year survival from 10.4 % (radiotherapy alone) to 26.5 % (radiotherapy plus TMZ) while adding 
only minimal additional toxicity to the patient (Stupp, Mason et al. 2005). Recently, the addition 
of tumor treating fields (TTF) - low-intensity, electric fields applied to the scalp to impede cancer 
cell division and given during maintenance temozolomide - did further improve the median OS 
(mOS) to 20,9 months (Stupp, Taillibert et al. 2017). However, despite this multimodal best 
available therapy, the prognosis for patients remains poor and the recurrence rate is with over 
90 % and a median recurrence time of 7 months extremely high and frequent (Stupp, Hegi et 
al. 2009). It was even shown that some of the current treatment options might have 
immunosuppressive effects, thereby hampering the optimal treatment for recurrent GBM 
(Chiocca, Yu et al. 2019, McGranahan, Therkelsen et al. 2019).  

For recurrent GBM there is so far no standard therapy. Repeated resection and rechallenging 
with radio-chemotherapy might be applied depending on the individual patient’s situation, 
otherwise best palliative supportive care is given (Tan, Ashley et al. 2020). Additional 
therapeutic approaches are under heavy investigation. Treatment with nitrosourea, such as 
carmustine or lomustine, as well as bevacizumab, an antibody targeting the vascular 
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endothelial growth factor (VEGF), a pro-angiogenic factor involved in tumor progression, or 
TTF were analysed, but failed to show statistically significant benefits in recurrent GBM 
(Nabors, Portnow et al. 2020). With an OS of 4-6 months, even after treatment, the prognosis 
remains extremely fatal. Therefore, new therapeutic strategies are urgently needed. A new 
approach is the specific targeted therapy, where new drugs or antibodies specifically target 
alterations of signalling pathways commonly dysregulated in GBM (Taylor, Brzozowski et al. 
2019). Furthermore, several new methods as radiolabeled drugs, antiangiogenic agents, and 
gene therapy are in focus of research (Omuro and DeAngelis 2013). Another very promising 
approach to treat GBM might be immunotherapy. However, the typical characteristics of GBM 
(see 1.1) including immunosuppression and the poor understanding of the tumor 
microenvironment (Razavi, Lee et al. 2016) as well as its intracranial location, which prevents 
the tumor from the penetration of most conventionally applied drugs via the blood brain barrier 
(BBB) (Filley, Henriquez et al. 2017) are still major hurdles for the success of novel 
immunotherapies. Therefore, an enhanced understanding of the immune biology in the brain 
and especially in GBM is of fundamental importance. 

 

1.1.3 The immune system in GBM 

The CNS, and more specifically the brain, was long thought to be an “immune privileged” organ 
that is not in direct contact with the body’s immune system due to an intact BBB. This highly 
selective physical barrier, consisting of endothelial cells tightly connected through tight 
junctions and bolstered by astrocytes and pericytes, usually prevents the infiltration of large 
hydrophilic molecules and cells into the CNS (Bauer, Krizbai et al. 2014). This dogma changed, 
when Louveau et. al. proved in 2015 the existence of a functional lymphatic system in the 
brain, which is connected to the cervical lymph nodes and through which immune cells can 
access the brain parenchyma (Louveau, Smirnov et al. 2015). Nevertheless, in quiescent state, 
without infection or neoplasms, microglia cells, which account for approximately 10 % of all 
CNS cells, build the major primary resident immune cell fraction in the brain (Salter and 
Stevens 2017, Hutter, Theruvath et al. 2019). This changes under pathological stimuli, such 
as tumor growth. Thereby, interferon-inducible chemokines induce physiological changes to 
the blood vessels and lead to a selective permeability of the BBB allowing the recruitment and 
the invasion of peripheral immune cells, such as T cells, dendritic cells (DC), natural killer (NK) 
cells or macrophages, into the brain (Domingues, González-Tablas et al. 2016). Specifically 
GBM, with its highly immunosuppressive characteristics but also its high heterogeneity and 
specific microenvironment display a very complex relationship to immune surveillance. There 
are major differences of immune evasion mechanisms in all of the different subpopulations and 
subclasses of GBM and even intratumorally dependent on the relative location to blood vessels 
(Pombo Antunes, Scheyltjens et al. 2020). Nevertheless, certain mechanisms occur very 
frequent and are therefore discussed here in more detail. Typically, GBM immunosuppression 
is characterized by secretion of immunosuppressive cytokines, tissue hypoxia, downregulation 
of major histocompatibility complex (MHC) molecules and upregulation of immune checkpoint 
molecules, inhibition of T effector cell activation and proliferation and concurrent activation of 
regulatory T cells (Treg) as well as repolarisation of macrophages and attraction and activation 
of myeloid-derived suppressor cells (MDSC) (see Figure 1). These mechanisms foster 
recurrence and are correlated with a poor prognosis for the patients (Gieryng, Pszczolkowska 
et al. 2017, Pereira, Barros et al. 2018). 
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Taken all this together, the activation of the immune system, either by depletion of Tregs in the 
TME or by overall stimulation of enhanced infiltration of activated immune cells might be a very 
promising approach for effective GBM management. The latter possibility would also benefit 
an increased infiltration of activated NK cells and B cells, which are usually only rarely found 
in the TME (Hussain, Yang et al. 2006, Poli, Wang et al. 2013). 

 

1.1.4 The PD-1/PD-L1 axis 

Programmed cell death 1 (PD-1; CD279), a transmembrane co-receptor, belongs to the family 
of immunoglobulins and is expressed predominantly by activated T lymphocytes as well as by 
pro B cells, myeloid cells and NK cells (Francisco, Sage et al. 2010). Activation of PD-1 occurs 
upon its interaction with its ligands PD-L1 or PD-L2, which are under normal conditions 
expressed by parenchymal cells, antigen presenting cells (APCs) and B lymphocytes (Flies 
and Chen 2007). As only recently awarded with the Nobel Prize in Physiology or Medicine to 
Tasuko Honjo, its interaction leads to negative regulation of T cells by inhibitory signals (Figure 
2) (Ishida, Agata et al. 1992). TCR stimulation with concurrent PD-1/PD-L1 engagement leads 
to tyrosine phosphorylation on the intracellular part of the PD-1 molecule on high affinity sites 
of SH2 domain-containing phosphatase (SHP-1 and SHP-2) and a subsequent decreased T 

Figure 2. Schematic illustration of the PD-1/PD-L1 axis in the anti-tumor immune response. A. Activated CTL 
binds via its TCR and the co-stimulatory molecule CD8 to the MHC I molecule on the tumor cell surface. The 
interaction of PD-1 (T cell) with PD-L1 (tumor cell) leads to an inhibitory signal to the T cell and concurrent T cell 
exhaustion and no immune response. B. Blockade of the PD-1/PD-L1 interaction by neutralizing antibodies leads 
to no T cell exhaustion, and an efficient T cell mediated tumor cell killing. (Created with BioRender.com) 
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the development of efficient immunotherapies is to broaden the understanding of the 
underlying mechanisms and to overcome the strong immunosuppression without harming the 
normal body’s tissue and generating strong adverse side effects (Sharma, Hu-Lieskovan et al. 
2017). Successful immunotherapy was already proven in several different solid tumor entities 
(Pham, Roth et al. 2018). In GBM, an immunologically cold tumor with extremely high 
immunosuppression by several mechanisms (see 1.1.3), the reactivation of the immune 
system might play a significant role for a successful treatment (Jackson, Choi et al. 2019). 
Besides immunosuppression, it should also be considered that the intracranial location of 
GBM, with the selective permeability of the BBB, can lead to limited access of the 
immunotherapeutics. Although there are many hurdles and even some results tend to be 
suboptimal (Filley, Henriquez et al. 2017, Tan, Ashley et al. 2020), several preclinical as well 
as clinical studies investigate the influence of different immunotherapies. Ongoing research in 
immunotherapy include: (i) therapeutic vaccines, (ii) adoptive cell therapies, (iii) immune 
checkpoint inhibitors (ICI) and (iv) oncolytic viruses (Huang, Li et al. 2021). Besides 
monotherapies, multidimensional combination therapies might also benefit an effective 
treatment regime (Bausart, Préat et al. 2022). 

 

1.2.1 Therapeutic vaccines 
The idea behind anti-tumor vaccination is to induce an effective anti-tumor immune response 
by the directed exposure to either tumor- specific or tumor-associated antigens in combination 
with adjuvants directly in vivo or by the stimulation of DC ex vivo. For the vaccination either 
specific peptides, whole tumor lysates or nucleic acids are used. While single peptide 
vaccinations against tumor-specific antigens (as Rindopepimut against EGFRvIII) have not 
reached clinical significant benefits in a phase III study (Malkki 2016), probably due to the low 
mutational burden and the immune evasion of GBM, the tackling of multiple homogenously 
expressed targets, as TAAs, or combinational therapies have shown encouraging results and 
are under further investigation (Ahluwalia, Reardon et al. 2018). Besides that, DC-based 
vaccines, generated by exposing dendritic cells extracted from the blood of GBM patients to 
specific peptides or whole tumor lysates, were also found to be extremely effective in phase 
I/II trials, with 33% of patients with glioblastoma having a mOS of 48 months and 27% even 
having a mOS of 72 months (Dunn-Pirio and Vlahovic 2017). Nevertheless, hurdles of 
vaccines, namely extremely high costs, long preparation time of individual antigens from 
patients, limited access to DCs from the blood of patients and the possible induction of 
autoimmune reactions also to healthy tissue, have to be considered upon treatment (Polyzoidis 
and Ashkan 2014, Huber, Dammeijer et al. 2018, Peng, Mo et al. 2019). 

 

1.2.2 Adoptive cell therapies 

Adoptive cell therapy consists of the treatment with chimeric antigen receptor (CAR) T cells or 
also NK cells. Therefore, T cells are isolated from the patient, mostly lentivirally transduced 
and thereby modified to express a chimeric T cell receptor, consisting of the antigen-
recognition region of an immunoglobulin (Ig) specific for a TAA and the cytoplasmic domains 
of a T cell receptor. These cells are then transferred back into the patient to eradicate tumor 
cells (Salinas, Durgin et al. 2020). Being not dependent on MHC molecule recognition, which 
are often downregulated on tumor cells, CAR T cell therapy was found to be effective in B cell 
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against PD-1 (namely Pembrolizumab and Nivolumab) showed significant benefits in clinical 
trials and are approved for the treatment of non-small cell lung cancer (NSCLC), melanoma 
and other tumors (Ansell, Lesokhin et al. 2015, Ferris, Blumenschein et al. 2016, Bellmunt, De 
Wit et al. 2017). Nevertheless, for GBM the effect of anti-PD-1/PD-L1 treatment shows only 
limited success so far. While in preclinical studies combination therapy of PD-1 blockade and 
radiotherapy increased medium survival significantly (Zeng, See et al. 2013) and combination 
with DC vaccines led to long-term survival in animal models (Antonios, Soto et al. 2016), larger 
clinical trials show more reluctant results. Although good tolerably and promising results were 
found in humans in early clinical trials (Omuro, Vlahovic et al. 2018, Cloughesy, Mochizuki et 
al. 2019), a large phase III clinical study, CheckMate-143, showed no increased mOS in 
recurrent GBM after treatment with Nivolumab compared to treatment with anti-VEGF antibody 
Bevacizumab (Reardon, Brandes et al. 2020). With a lesser overall response rate of Nivolumab 
(8 %) compared to Bevacizumab (23 %), it should nevertheless be mentioned, that for those 
patients that did respond to treatment, those responses were more effective for Nivolumab 
(11,1 months vs. 5,3 months Bev), leaving hope for a subpopulation of GBM patients. 
Additionally, the humanized PD-L1 neutralizing antibody Durvalumab showed in a phase II 
study promising results in combination with radiation and Bevacizumab, with an impressive 
long-term OS of 86 weeks in one patient (Reardon, Kaley et al. 2017). While monotherapy with 
ICIs targeting PD-1/PD-L1 might only have limited success due to the diverse immune evasion 
strategies of GBM, combination with other therapeutic options as radiotherapy, CAR T cell 
therapy or especially oncolytic virotherapy might bring several benefits. 

 

1.2.4 Oncolytic virotherapy 

Oncolytic viruses (OV) are either wild-type or genetically modified viruses which selectively 
replicate in and therefore lyse cancer cells while leaving non-neoplastic cells unharmed. Via 
the tumor cell lysis viral particles as well as pathogen-associated molecular pattern (PAMP), 
damage-associated molecular pattern (DAMP), pro-inflammatory cytokines and chemokines 
and TAAs are released, thereby triggering inflammation and an effective immune response to 
the viral particles but also to the tumor cells (Figure 3) (Russell, Peng et al. 2012, Hardcastle, 
Mills et al. 2017). Because the immune response is also directed against the viral particles 
themselves and to prevent viral clearance before reaching the tumor cells, OV are often applied 
directly intratumorally or post-surgically into the resection cavity. The following activation of an 
adaptive immune response, with increased infiltration of immune cells in the tumor area and 
induced immunogenic cell death (ICD) can alter the TME, “heating up” the “cold” tumor and is 
therefore considered an immunotherapy (Larocca and Warner 2018). Additionally, the 
activated immune cells can target invaded cancer cells far away from the main tumor side, 
which are not directly affected by viral lysis. While already noted in the early 1900s that viral 
infections can lead to tumor remission, Alice Moore pioneered the idea in 1952 that viruses 
could be actively used to treat cancer (Choi, O’Leary et al. 2016). After several clinical trials, 
the first and so far only OVs approved were in 2005 the genetically modified adenovirus H101 
for the treatment of head and neck squamous cell carcinoma in China (Garber 2006) and in 
the western world in 2015 the genetically modified herpes simplex virus T-Vec for the treatment 
of advanced melanoma (Rehman, Silk et al. 2016). Today, multiple different virus species, 
including DNA and RNA viruses, are under investigation as platforms for oncolytic virotherapy 
(OVT) also in glioma, including adenovirus, herpes simplex virus (HSV), vaccinia virus, 
measles virus, poliovirus and reovirus (Chaurasiya, Fong et al. 2021). After several very 
promising results in preclinical models (Rius-Rocabert, García-Romero et al. 2020), many 
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different OVs are already in clinical trials. For example, DNX-2401 (Ad5-Delta-24-RGD), a 
modified replication-competent adenovirus, led in a phase I study in patients with recurrent 
GBM to an at least 3 year long-term survival in 20 % of all cases, with significantly reduced 
tumor volume, no toxicity and only minor side effects and showed even enhanced CTL and Th 
cell infiltration in the tumor area (Lang, Conrad et al. 2018). Currently, a combination therapy 
of DNX-2401 with pembrolizumab is investigated in a phase II trial for recurrent GBM patients, 
where first interim results showed 100 % 9-months survival rate for the first 7 patients (Gea 
2018). Also, other phase I/II trials with different OVs showed promising results in OS, although 
often only a subset of patients seem to benefit from the treatment (Markert, Liechty et al. 2009, 
Kicielinski, Chiocca et al. 2014, Geletneky, Hajda et al. 2017). Although some phase III trials 
failed to show significant benefits (Cloughesy, Brenner et al. 2020), the findings that OVT also 
improves anti-PD-1 immunotherapy suggests an advantageous effect for the combination with 
other immunotherapies and makes it an interesting strategy of treatment (Ribas, Dummer et 
al. 2017).  

Figure 3. Induction of antitumor immunity by oncolytic viruses. Selective infection of tumor cells with oncolytic 
viruses (here, oncolytic adenovirus – OAV) leads to lysis of these cells but also to the release of immunogenic 
PAMPs, TAAs, proinflammatory cytokines as well as DAMPs. These molecules cause local and systemic immune 
responses by the attraction and activation of innate (e.g. NK cells) and adaptive immune cells. Antigen presenting 
cells (APC) process and present immunogenic peptides to T cells, thereby activating a strong Th1 and CTL immune 
response. Attracted immune cells infiltrate the tumor area and benefit further immunogenic cell death (ICD). 
Oncolysis and ICD lead to the reduction of the tumor volume with subsequent release of new virus and DAMPs. 
IL-2, Interleukin 2. Created with BioRender.com 
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The intermediate genes are activated only after viral DNA replication has started. Both 
proteins, IX and IVa2, although later on located in the capsid and serving structural purposes, 
act also as transcription factors of the MLP and play a role in DNA packaging (Berk 1986, Lutz, 
Rosa-Calatrava et al. 1997, Zhang and Imperiale 2003). 

After the activation of the MLP via the intermediate proteins, all 5 late proteins are expressed. 
L2-L5 are only transcribed after replication of the viral DNA is completed and encode for the 
capsid proteins (L3 = hexon; L5 = fibre protein). After successful expression the viral capsid 
can be assembled and the new virion is released from the dying cell (Braithwaite and Russell 
2001). 

The whole adenovirus life cycle takes thereby approximately 24-36 h. E1A mRNAs are already 
detectable as soon as 30 min after infection, with an induction of all early genes within 8 h. 
Activation of the MLP and therefore transcription of the structural proteins is seen within 10 h 
after infection, followed by assembly and virion release (Giberson, Davidson et al. 2012). 

 

 

Figure 4. Structure and genome organization of an adenovirus. A. Graphical representation of an adenoviral 
structure, including its capsid, minor and core proteins (adapted from https://viralzone.expasy.org; 
Adenoviridae). B. Schematic adenovirus genome map, including early genes E1-E4 and late genes L1-L5. 
Additionally to wild type adenovirus genes (given in white), also the genetic modifications of the oncolytic 
adenovirus XVir-N-31 (red) as well as its offspring XVir-N-31-anti-PD-L1 are shown here (yellow; harbours the 
same modifications as XVir-N-31 in the E1A, E1B and L5 regions, but is only E319K deleted in the E3 region). ITR, 
inverted terminal repeat. 
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1.3.3 The YB-1 dependent oncolytic adenovirus XVir-N-31 

The YB-1 dependent OAV XVir-N-31, a modified HAdV species C subtype 5 previously termed 
Ad-Delo3-RGD, was first described in 2009 by Rognoni et. al. and features several gene 
deletions as well as one insertion (see Fig. 4 B), making the virus highly infectious, cancer cell 
specific and even more immunogenic (Rognoni, Widmaier et al. 2009). A deletion of 10 bp in 
the CR3 domain of the E1A gene leads to no functional expression of the E1A13S protein. 
Since this protein is the main transactivator of the viral early gene expression via the E2-early 
promoter, viral replication depends on the activation via the E2-late promoter bearing three 
YB-1 binding sites. Due to the missing E1A13S, no E1B55k expression occurs, which results 
in the lack of E1B55k/E4orf6 complex formation and subsequently no YB-1 translocation from 
the cytosol to the nucleus. Therefore, E2-late promotion and with this the whole viral replication 
is dependent on already pre-existing nuclear YB-1, which was found to be highly upregulated 
in cancers and especially in recurrent GBM but not in normal brain tissue (Figure 5) (Holm, 
Bergmann et al. 2002, Holm, Lage et al. 2004, Czolk, Schwarz et al. 2019). Due to this, XVir-
N-31 selectively replicates in and lyses tumor cells, but leaves non-neoplastic cells unaffected. 
Additionally, the E1B19k gene of XVir-N-31 is partially deleted, allowing the increased 
induction of immunogenic cell death, and a deletion of 2681 bp in the E3 region leads to 
enhanced immune responses to the tumor cell. While also E1A13S was proven to have 
immunosuppressive functions, for example by antagonizing the cGas-Sting pathway 
(Anghelina, Lam et al. 2016), proteins of the E3 region are known for their function as 
immunomodulatory proteins by interfering with the MHC I antigen presentation pathway 
(Oliveira and Bouvier 2019). Besides, the latter, big deletion allows the integration of additional 
transgene expression like an anti-PD-L1 antibody (XVir-N-31-anti-PD-L1), further improving 
the immunostimulatory characteristics (Lichtenegger, 2018)(Lichtenegger, Koll et al. 2019). 
Finally, XVir-N-31 contains an insertion for an integrin-binding RGD motive in the knob fibre 
domain for a CAR-independent cell infection (Rognoni, Widmaier et al. 2009).  

 
Figure 5. Replication process of Ad-WT and XVir-N-31. A. Replication of Ad-WT depends on the functional 
integrity and presence of the E1A proteins (especially E1A13S). E1A13S leads to E2 gene activation via E2F binding 
on the E2 early and via translocated YB-1 binding on the E2 late promoter. B. In XVir-N-31 E1A13S is partially 
deleted and not functional, leading to no E2F release from pRB and no activation of the E2 early promoter. 
Subsequently no E1B55K expression occurs and no E1B55k/E4orf6 complex can translocate YB-1 to the nucleus. 
Replication depends only on E2 late promoter activation via pre-existing nuclear YB-1 (nYB-1), which is given in 
cancer, but not in non-neoplastic cells. NM, nuclear membrane; E1A = E1A13S. 
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1998 that increased HSP70 release of tumor cells upon cell death led to increased 
immunogenicity and enhanced eradication of the tumor. Furthermore, it was shown that 
increased expression of HSP70 after chemotherapy correlated with a stronger immune 
response and DC activation (Melcher, Todryk et al. 1998, Cirone, Di Renzo et al. 2012). 

Another very important molecule implicated in ICD is calreticulin. Under normal conditions, 
CRT is a protein mainly located in the endoplasmic reticulum (ER) with several different 
functions. It is responsible for the Ca2+ homeostasis, the loading of cellular antigens on MHC I 
molecules and involved in correct protein folding (Kielbik, Szulc-Kielbik et al. 2021). Upon 
cellular stress leading to ICD or apoptosis, CRT is re-localized to the cell surface and acts 
there as a co-stimulatory “eat-me” signal to different immune cells, especially to APCs as 
macrophages, thereby activating the innate as well as the adaptive immune system. The 
upregulation on the cell surface of cancer cells due to different anti-cancer therapies was also 
shown in several entities (Radogna and Diederich 2018, Fucikova, Spisek et al. 2021).  

YB-1 belongs to the highly conserved superfamily of cold-shock domain proteins and is 
involved in several different processes in the cell dependent on its localization. In the 
cytoplasm, where YB-1 is usually located largely unmodified in healthy cells, it acts as a 
regulator for mRNA translation, splicing and localization and serves as a packaging protein for 
mRNPs. Upon phosphorylation and/or acetylation it translocates to the nucleus, where it 
functions as a transcription factor, regulates the upregulation of oncogenes and is involved in 
DNA repair. It is also involved in the activation of multi-drug resistance 1 (MDR1) gene 
transcription as well as in the expression of other detoxification factors, leading to the 
resistance of these cells to chemotherapy. Enhanced expression of nuclear YB-1 was found 
in fast proliferating cells and several different cancers, especially also in cancer stem cells 
(CSC) like GSCs (Kuwano, Uchiumi et al. 2003, Eliseeva, Kim et al. 2011, Czolk, Schwarz et 
al. 2019). Besides these cellular functions, extracellular YB-1 was shown to be an 
immunogenic factor, that can form as an inflammatory mediator and was identified as a TAA 
in neuroblastoma, that is capable of eliciting a potent T cell immune response against the tumor 
(Zheng, Jing et al. 2009, Hanssen, Alidousty et al. 2013). 

 

1.4 Aims and objectives 

OVT is a promising approach to treat GBM and was proven to be effective in different 
preclinical models (Fueyo, Gomez-Manzano et al. 2000, Geoerger, Grill et al. 2002). Besides 
direct oncolysis, the strong immunostimulatory effects of OVs with an induction of a long-lasting 
immune response are important for the successful treatment (Zamarin, Holmgaard et al. 2014, 
Andtbacka, Kaufman et al. 2015). Nevertheless, a fundamental understanding of the virus-
mediated processes leading to a potent anti-tumor immune response is still missing.  

The YB-1 dependent OAV XVir-N-31 has been proven to be effective against GBM cells in 
vitro and in vivo (Holzmüller, Mantwill et al. 2011, Mantwill, Naumann et al. 2013). Additionally, 
it showed strong immunostimulatory effects in the treatment of bladder cancer (Lichtenegger, 
Koll et al. 2019). Its derivate, XVir-N-31-anti-PD-L1, was so far never analyzed for its 
immunogenic effects. XVir-N-31-anti-PD-L1 harbours the same modifications as XVir-N-31 in 
the E1A, E1B and L5 regions but is only deleted in the E319K gene in the E3 region, instead 
of the deletion of the whole region. Therefore, it encodes for a PD-L1 blocking single chain 
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antibody, inserted in that region. The aim of this thesis was to elucidate the impact of XVir-N-
31 and XVir-N-31-anti-PD-L1 in the treatment of GBM, with a special focus on its 
immunostimulatory effects in vitro and in vivo. Furthermore, these effects were compared to 
the treatment of GBM with a wild type adenovirus-like virus.  

To analyze the effects of the viruses in vitro, typical molecules related to ICD were analysed 
after viral infection of GBM cells by ELISA and flow cytometry. Furthermore, the induction of a 
proinflammatory boost after viral infection was evaluated in virus-infected GBM/HLA A/B 
matched PBMC cocultures via ELISA. 

The immunostimulatory effects of the viruses were analyzed in vivo in an immuno-humanized 
GBM mouse model. The benefits of a local anti-PD-L1 expression after XVir-N-31-anti-PD-L1 
treatment were furthermore compared to treatment with XVir-N-31 plus multiple concurrent 
systemic applications of Nivolumab. The expression of the DAMPs HMGB1 and HSP70 and 
the infiltration of different immune cell subsets in the tumor area were investigated by 
immunofluorescence staining. Viral spreading was examined by fluorescence staining of the 
viral hexon protein. Finally, tumor growth after treatment was analyzed by H&E staining. All 
analyses were performed in tumors directly injected with virus and in tumors far away from the 
injection side, to investigate possible abscopal effects. 
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2. Material and methods 

 

2.1 Material 
 

2.1.1 Viruses 
 

Virus Titer (IFU/µl) Source Cat. No. 

XVir-N-31 1x108 P.S. Holm (TU Munich) 

preparation by M. Klawitter 

- 

XVir-N-31-anti-PD-L1 2x109 P.S. Holm (TU Munich) 

preparation by M. Klawitter 

- 

dl309 1x108 P.S. Holm (TU Munich) - 

Ad-NULL 1x108 SignaGen Laboratories, 

Frederick, MA, USA 

SL100705 

 

 

2.1.2 Cells 
 

Cells Supplier Cat. No. 

HEK293 Microbix (Mississauga, Kanada) - 

Human PBMCs Buffy Coats Institute for Transfusion Medicine 

(University Hospital Tübingen, Germany) 

- 

U87MG ATCC (Manassas, U.S.A.) CRL-2611 

LN-229 ATCC (Manassas, U.S.A.) HTB-14 

 

 

2.1.3 Chemicals, agents and reagents 
 

Material Supplier 

0,1% hematoxylin solution Sigma-Aldrich (Darmstadt, Germany) 

2-Mecaptoethanol Sigma-Aldrich (Darmstadt, Germany) 

100% Ethanol Sigma-Aldrich (Darmstadt, Germany) 

Accutase solution Sigma-Aldrich (Darmstadt, Germany) 

Acetic acid 100 % Merck (Darmstadt, Germany) 
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ACK Lysing Buffer Thermo Scientific, (Waltham, MA, U.S.A.) 

Acrylamide/Bis Solution 37.5:1 Serva Electrophoresis (Heidelberg, 

Germany) 

Ammonium persulfate (APS) Thermo Scientific, (Waltham, MA, U.S.A.) 

Bovine serum albumin (BSA)  Sigma-Aldrich (Darmstadt, Germany) 

Bromophenol blue  Serva Electrophoresis (Heidelberg, 

Germany) 

Cesium chloride (CsCl) Sigma-Aldrich (Darmstadt, Germany) 

Clarity Western ECL Substrate Bio-Rad Laboratories (Feldkirchen, 

Germany) 

Dimethyl sulfoxide (DMSO)  Carl Roth (Karlsruhe, Germany) 

Dulbecco´s Modified Eagle´s Medium 

(DMEM) 

Sigma-Aldrich (Darmstadt, Germany) 

Eosin Y Sigma-Aldrich (Darmstadt, Germany) 

Ethylenediaminetetraacetic acid (EDTA, 

0.5M)  

Sigma-Aldrich (Darmstadt, Germany) 

Fetal calf serum (FCS) Sigma-Aldrich (Darmstadt, Germany) 

Ficoll-Paque PLUS GE Healthcare (Chalfont St Giles, UK) 

Glucose  Sigma-Aldrich (Darmstadt, Germany) 

Glycerol Sigma-Aldrich (Darmstadt, Germany) 

Glycerin Carl Roth (Karlsruhe, Germany) 

Hydrochloric acid fuming 37 % Carl Roth (Karlsruhe, Germany) 

Hydrogen chloride (HCl)  Merck (Darmstadt, Germany) 

Hydrogen peroxide VWR lifescience (Darmstadt, Germany) 

Interleukin-2 (Rh IL-2) Immuno Tools (Friesoythe, Germany) 

Isofluran CP CP-pharma (Burgdorf, Germany) 

Isopropanol  Sigma-Aldrich (Darmstadt, Germany) 

L-Glutamine SAFC/ Sigma-Aldrich (Darmstadt, 

Germany) 

Magnesium chloride (MgCl2)  Sigma-Aldrich (Darmstadt, Germany) 

Methanol  Honeywell (Charlotte, NC, U.S.A.) 

MTT stock solution Merck (Darmstadt, Germany) 

Non-essential amino acids (NEA) Sigma-Aldrich (Darmstadt, Germany) 

NP-40 Thermo Scientific, (Waltham, MA, U.S.A.) 

Penicilin/Streptomycin (P/S; 10.000 U/mL 

penicillin, 10 mg/mL streptomycin) 

Sigma-Aldrich (Darmstadt, Germany) 



 

25 
 

Paraformaldehyde (PFA) powder Sigma-Aldrich (Darmstadt, Germany) 

Permount mounting media Thermo Scientific, (Waltham, MA, U.S.A.) 

Phosphate buffered saline (PBS, 1x, 10x) VWR lifescience (Darmstadt, Germany) 

Potassium chloride (KCl)  Merck (Darmstadt, Germany) 

Potassium hydrogen carbonate (KHCO3) Sigma-Aldrich (Darmstadt, Germany) 

Potassium dihydrogen phosphate (KH2PO4) Carl Roth (Karlsruhe, Germany) 

Protease Arrest, 1x GBiosciences (St. Louis, MO, U.S.A.) 

RPMI Medium 1640 Thermo Scientific, (Waltham, MA, U.S.A.) 

Skimmed milk powder  Carl Roth (Karlsruhe, Germany) 

Sodium chloride (NaCl)  Merck (Darmstadt, Germany) 

Sodium hydroxide (NaOH) VWR lifescience (Darmstadt, Germany) 

Sodium dodecyl sulfate (SDS)  Carl Roth (Karlsruhe, Germany) 

Spectra Multicolor Protein Ladder Thermo Scientific, (Waltham, MA, U.S.A.) 

Sucrose Sigma-Aldrich (Darmstadt, Germany) 

Tetramethylethylenediamine (TEMED)  Carl Roth (Karlsruhe, Germany) 

Tissue Tek O.C.T. compound Thermo Scientific, (Waltham, MA, U.S.A.) 

Trichloroacetic acid (TCA)  Sigma-Aldrich (Darmstadt, Germany) 

Tris-HCl Carl Roth (Karlsruhe, Germany) 

Trizma base Carl Roth (Karlsruhe, Germany) 

Triton X-100  Sigma-Aldrich (Darmstadt, Germany) 

Trypan blue (0.5%)  Biochrom/Merck-Millipore (Darmstadt, 

Germany) 

Trypsin/EDTA  Thermo Scientific, (Waltham, MA, U.S.A.) 

Tween-20  Carl Roth (Karlsruhe, Germany) 

Vectashield antifade mounting media 

containing DAPI 

Biolegend/Biozol (Eching, Germany) 

Xylene Sigma-Aldrich (Darmstadt, Germany) 

 

 

2.1.4 Mediums, buffers and solutions 
 

Buffer Composition 

Cell culture media (HEK293 cells, glioma 

cells) 

DMEM, 10 % FCS, 1 % P/S 

Cell culture media (PBMCs) RPMI 1640, 10 % FCS, 1 % P/S, 1 % NEA 
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MTT Cell Proliferation Kit Merck (Darmstadt, Germany) CT02 

MycoAlert mycoplasm detection Kit Lonza (Basel, Switzerland) LT07-118 

PD-1/PD-L1 Blockade Assay Kit Promega (Walldorf, Germany) J1250 

 

 

2.1.7 Disposables 
 

Name Supplier 

A-PAP Pen slide marker Daido Sangyo Co. (Kawasaki, Japan) 

Cell culture plates (96-well, 24-well, 12-well, 

6-well, 10cm, 15cm) flat bottom 

Greiner Bio-One (Frickenhausen, Germany) 

Cell culture plates (96-well) round bottom Cellstar/Sigma-Aldrich (Darmstadt, 

Germany) 

Cell culture plate white (96 well) flat bottom Thermo Scientific, (Waltham, MA, U.S.A.) 

Cell culture flask 25 mm3, 75mm3, 175mm3 Greiner Bio-One (Frickenhausen, Germany) 

Cell lifter Sigma-Aldrich (Darmstadt, Germany) 

Centricon Plus Centrifugal filter 

Concentrators 

Merck-Millipore (Darmstadt, Germany) 

Combitips advanced 0,5 ml Eppendorf (Hamburg, Germany) 

Disposable bags Brand (Hamburg, Germany) 

Gauze balls, sterile Fuhrmann (Much, Germany) 

Glass coverslips 25 x 50 mm R. Langenbrinck (Emmendingen, Germany) 

Gloves Gentle Skin sensitive; M, L Arnova (Salzkotten, Germany) 

Histoacryl tissue glue Braun (Kronberg im Taunus, Germany) 

Medical applicator Heinz Herenz Hamburg (Hamburg, 

Germany) 

Microlance 3  BD Biosciences (Heidelberg, Germany) 

Microplate, 96-well, Microlon®, high binding Greiner Bio-One (Frickenhausen, Germany) 

Microtome blade, steel VWR lifescience (Darmstadt, Germany) 

Pasteur Capillary Pipettes 150 mm; 230 mm WU Mainz (Mainz, Germany) 

Pasteur Plast pipets 2,5 ml Ratiolab (Dreieich, Germany) 

Parafilm M Sigma-Aldrich (Darmstadt, Germany) 

PD tips 1,25 ml Thermo Scientific, (Waltham, MA, U.S.A.) 

Perma-hand Silk, stitches Ethicon (New Jersey, U.S.A.) 

Petri Dishes Carl Roth (Karlsruhe, Germany) 
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Pipet tips 20 µl, 200 µl, 1000 µl Greiner Bio-One (Frickenhausen, Germany) 

PVDF0.45 transfer membrane Serva (Heidelberg, Germany) 

Raucodrape OR Drape System R. Langenbrinck (Emmendingen, Germany) 

Reaction Tube 0,5 ml, 1,5 ml, 2 ml Greiner Bio-One (Frickenhausen, Germany) 

Sample vial 7 ml Kartell (Noviglio, Italy) 

Serological Pipettes (5 ml, 10 ml, 25 ml, 50 

ml) 

Greiner Bio-One (Frickenhausen, Germany) 

Slide-A-Lyzer™ Dialysis Cassette Thermo Scientific, (Waltham, MA, U.S.A.) 

Surgical Blades, steel VWR lifescience (Darmstadt, Germany) 

SuperFrost Plus microscope slides R. Langenbrinck (Emmendingen, Germany) 

Syringes (1 ml, 2 ml, 5 ml, 10 ml, 20 ml) Braun (Kronberg im Taunus, Germany) 

Syringe filter Aerodisk 0,2 µm Pall Corporation (New York, U.S.A.) 

Tube 5 ml 75x12 mm Flow cytometry SARSTEDT (Newton, U.S.A.) 

Tube 15 ml, 120 x 17 mm, PP, sterile SARSTEDT (Newton, U.S.A.) 

Tube 50 ml, 114 x 28 mm, PP, sterile SARSTEDT (Newton, U.S.A.) 

Whatman 3MM-CHR GE Healthcare (Chalfont St Giles, UK) 

 

 

2.1.8 Devices 
 

Name Supplier 

Accu-jet Pipettboy Brand (Wertheim, Germany) 

Autoclave VX-150 Systec (Linden, Germany) 

Axiovert 200M fluorescent microscope Zeiss (Wetzlar, Germany) 

Axiovert 200M confocal microscope Zeiss (Wetzlar, Germany) 

Biofuge pico Heraeus (Hanau, Germany) 

Centrifuge 5417 R Eppendorf (Hamburg, Germany) 

Centrifuge wX + Ultra Series Thermo Scientific, (Waltham, MA, U.S.A.) 

Chemidoc MP Imaging System Bio-Rad Laboratories (Feldkirchen, Germany) 

Cryomicrotome CM3050S Leica Mikrosystems GmbH (Wetzlar, 

Germany) 

Digital Heatblock VWR lifescience (Darmstadt, Germany) 

Digital Clock Timer Cole-Parmer (St. Neots, UK) 

DMi8 flourescent microscope Leica Mikrosystems GmbH (Wetzlar, 

Germany) 
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Drill, for operation Foredom (Bethel, CT, U.S.A.) 

Eclipse TS100 microscope Nikon (Tokio, Japan) 

Finnpipette Mulipipette 50-300 µl Labsystems (Vantaa, Finnland) 

Freezer (-20°C) Liebherr (Kirchdorf an der Iller, Germany) 

Syringe 10 µl glass Hamilton (Nevada, U.S.A.) 

Heating Block QBT Grant (Saint Joseph, U.S.A.) 

Heating warm pad ConductScience (Skokie, U.S.A.) 

HeraSafe steril bench Heraeus (Hanau, Germany) 

HeraFreeze Freezer (-80°C) Heraeus (Hanau, Germany) 

Ice donor machine Ziegra Eismaschinen (Isernhagen, Germany) 

Incubator CO2 Sanyo (Osaka, Japan) 

Lenovo ThinkPad, PC Lenovo (Quarry Bay, Hongkong) 

LSM 710, confocal microscope Zeiss (Wetzlar, Germany) 

MACSQuant Analyser 10 Flow 

Cytometer 

Miltenyi Biotec (Bergisch-Gladbach, Germany) 

Megafuge 1.0 R Heraeus (Hanau, Germany) 

Microwave exquisit Amica (Wronki, Poland) 

Mini-Protean Tetra System Bio-Rad Laboratories (Feldkirchen, Germany) 

MS 1 Minishaker IKA Works (Staufen, Germany) 

MR 3000 Magnetic stirrer Heidolph (Schwabach, Germany) 

Mr. Frosty freezing container Sigma-Aldrich (Darmstadt, Germany) 

Multifuge 3 S-R Heraeus (Hanau, Germany) 

Multiskan Ex absorbance reader Thermo Electron, (Langenselbold, Germany) 

NanoDrop ND-1000 Specrophotometer PeqLab (Erlangen, Germany) 

pH meter Schott (Mainz, Germany) 

Pipetman Pipet 10 µl, 50 µl, 200 µl, 1 ml Gilson (Middleton, U.S.A.) 

Pipetus Pipettboy Hirschmann Laborgeräte (Eberstadt, Germany) 

Power Pac basic Bio-Rad Laboratories (Feldkirchen, Germany) 

SteREO lamp Zeiss (Wetzlar, Germany) 

Stereotactic device, mouse ConductScience (Skokie, U.S.A.) 

Stripettor Plus Pipettboy Corning (Corning, U.S.A.) 

Thermomixer comfort Eppendorf (Hamburg, Germany) 

TriStar2 S LB 942 Multimode Reader Berthold Technologies (Bad Wildbad, 

Germany) 

VIP plus, ultra low freezer (-150°C) Sanyo (Osaka, Japan) 

Vortex Genie 2 Scientific Industries (Bohemia, U.S.A.) 
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Waterbath WB 12 Medingen (Dresden, Germany) 

 

 

2.1.9 Programs and Software 
 

Program Supplier 

Adobe Illustrator Adobe Inc. (San Jose, U.S.A.) 

Biorender Online Tool Free on www.biorender.com 

FlowJo, Version 10 FlowJo, LLC (Ashland, OR, U.S.A.) 

GraphPad Prism, Version 7 GraphPad Software, Inc. (CA, U.S.A.) 

ImageJ Freely available 

ImageLab 5.1 Software Bio-Rad Laboratories (Feldkirchen, Germany) 

Inkscape Freely available under GNU General Public 

License 

MACSQuantify Software 2.11 Miltenyi Biotec (Bergisch-Gladbach, Germany) 

Microsoft Office Microsoft (Redmond, U.S.A.) 

Quantity One Bio-Rad Laboratories (Feldkirchen, Germany) 

Zen lite (blue edition) 3.0  Zeiss (Wetzlar, Germany) 
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2.2 Methods 
 

2.2.1 Cells and cell cultures 

HEK293 cells were provided by Microbix. Human GBM cell lines LN-229 and U87MG were 
provided by N. Tribolet and have been described in detail before (Ishii, Maier et al. 1999). 
Phenotyping of LN-229 and U87MG cells was performed routinely at the Institute for 
Immunopathology (University Hospital Tübingen, Germany), while both cell lines showed an 
HLA A*02:01, B*13:02, *27:05; C*06:02, *01:02; DRB1*07:01, *11:03; DQB1*02:02, *03:01 
phenotype. If not described differently, all cells were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10 % fetal calf serum (FCS) and 1 % Penicillin-
Streptomycin (P/S). Human HLA A/B matched peripheral blood mononuclear cells (PBMC) 
were isolated from buffy coats as described in 2.2.1.2 and obtained from the Institute for 
Transfusion Medicine (University Hospital Tübingen, Germany). The use of PBMCs was 
covered by the ethics votum 972/201BO2 from the ethics committee of the University of 
Tübingen. All donors have given written consent that their cells can be used for research. If 
not mentioned otherwise, human PBMCs were cultured in RPMI Medium 1640 supplemented 
with 10 % FCS, 1 % non-essential amino acids and 1 % P/S. If not mentioned otherwise, all 
cells were cultured and incubated at 37°C in a humidified atmosphere containing 5 % CO2 and 
were regularly tested to be free of mycoplasm with a MycoAlert mycoplasm detection kit. 

 

2.2.1.1 Freezing and thawing of cells 

Cells were frozen slowly (approximately 1°C/min in a Mr. Frosty freezing container) in freezing 
medium (the respective, cooled medium containing 5-10 % Dimethylsufloxid (DMSO)). For 
short term storage, all cells were frozen and kept at -80°C, for longer storage cells were 
transferred to -145°C. Human PBMCs were stored at -145°C. For thawing, cells were rapidly 
and under constant shaking defrosted in a 37°C water bath and diluted in 37°C warm growth 
media. On the day after the thawing, all media were always changed. 

 

2.2.1.2 Purification of human PBMCs from blood 

Blood samples were collected as buffy coats. The blood was distributed carefully under sterile 
conditions into 50 ml Falcon tubes on top of 15 ml Ficoll-PaqueTM PLUS solution and then 
centrifuged for 20 min at 20°C with 2000 rpm (acc. 1; breaking 1). PBMCs were concentrated 
in a ring layer on top of the Ficoll solution but below the plasma. Collected PBMCs were 
washed three times with PBS, with 2 mM EDTA and centrifuged for 5 min at 1200 rpm. After 
the subsequent centrifugation step 3 ml ACK buffer were added to the cell pellet to remove red 
blood cells. Following 5 min of incubation under constant shaking, the suspension was washed, 
centrifuged and cells were counted. After a last centrifugation step, the cells were taken up in 
the appropriate amount of freezing medium (5x107 cells per ml) and frozen as described before 
for later usage. 
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2.2.8.1 Histology and immunofluorescent staining 

Whole mouse brains were fixed overnight in 4% PFA and in the following dehydrated with 20 
% and 30 % sucrose solutions for two days each. After embedding the tumor containing parts 
of the brain in Tissue-Tek O.C.T., samples were cryosectioned for further histological analysis 
using a Leica Cryomicrotome CM3050S at 10 µm thick sections and stored on glass slides 
until usage at -20°C. For immunofluorescent staining, slides were washed and warmed up for 
10 min in PBS, pretreated for antigen retrieval by boiling in Tris-EDTA buffer pH 9 for 15 min, 
washed with TBS-T and treated with 3 % H2O2 in methanol for 10 min to block endogenous 
peroxidase activity. After another three washing steps, slides were blocked with 3 % animal 
serum of the respective secondary antibody in TBS-T for 1 h and finally stained overnight with 
the following primary antibodies: anti-human nuclei (1:50), anti-human CD45, CD3, CD4, CD8, 
FoxP3, CD56, CD134, hexon, HMGB1, or HSP70 (all 1:100 in TBS-T). The next day, after 
three washing steps the slides were incubated with fluorochrome conjugated secondary 
antibodies (AF488 or AF680; 1:1000 in TBS-T) for two hours and after final washing steps 
mounted with Vectashield mounting media containing DAPI or Permount mounting media. 
Images were taken using a Zeiss LSM 710 confocal microscope with different magnifications 
and analysed with the ZEN 3.0 software. Tumor infiltrating lymphocytes were counted using 
ImageJ software. 

 

2.2.8.2 Hematoxylin and Eosin (H&E) staining and tumor volumetry analysis 

Slides of mouse brain tissue were generated and stored as described in chapter 2.2.8.1. For 
H&E staining, slides were warmed up for 10 min with PBS, stained for 10 min with 0,1 % 
hematoxylin solution, washed for 7 min under running tab water until the pH shift was visible 
and stained subsequently for 90 seconds with eosin Y solution. Afterwards, the slides were 
washed under running tab water until no streaking was seen. Following dehydration, using 
alcohol dilution series (70 %, 95 %, 100 % EtOH for 1 min each) and xylene (100 %, 1 min), 
the slides were mounted with Permount mounting media and images were taken using a Leica 
DMi8 microscope. To determine the tumor volume, the start and the end of the tumors were 
determined and the area of the hematoxylin positive tumor was measured throughout the 
whole tumor every 100 µm using ImageJ. The surface area multiplied with the thickness of 
each section (100 µm – until the next section) gave the partial volume and the sum of all partial 
volumes approximated the volume of the whole tumor. All these measurements were 
performed independently for tumors of the ipsilateral as well as of the contralateral hemisphere. 

 

 

2.2.9 Statistical analysis 

All in vitro experiments were performed at least thrice if not mentioned otherwise. For all in 
vivo experiments, the group and sample size are indicated in each figure legend, with a 
maximum of 8 animals per group. To assume a gaussian distribution, all data received from in 
vitro experiments passed a normality test (Shapiro-Wilk and the Tukeys multiple comparison 
test). Further statistical analyses were done with one-way ANOVA or two-tailed Student’s t-
test using GraphPad Prism 7.0 software. The results are represented as mean ± standard error 
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of the mean (SEM). p-values of < 0.05 are considered as statistically significant (ns: not 
significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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3. Results 
 
 

3.1 Lytic activity of XVir-N-31 and XVir-N-31-anti-PD-L1 in GBM 

The lytic activity and the effectivity of XVir-N-31 has been shown already in several different 
cancer entities, including GBM (Mantwill, Naumann et al. 2013, Czolk, Schwarz et al. 2019, 
Hindupur, Schmid et al. 2020). However, comparison of its lytic efficacy to Ad-WT in 
combination with the characterization of XVir-N-31-anti-PD-L1 was never performed in GBM 
cells before. As seen in Figure 6A, both U87MG and LN-229 GBM cell lines showed typical 
lytic morphology 48 h after infection with 50 MOI of both OAVs XVir-N-31 and XVir-N-31-anti-
PD-L1, as well as with the wild type adenovirus-like virus (from here on always referred to as 
dl309, for exact characterization see 2.2.2) compared to untreated control. To analyze and 
quantify the lytic potential of these viruses, U87MG and LN-229 cells were infected with 
increasing MOI and viability was analyzed 48 h after infection by MTT assay. As a control the 
replication deficient adenovirus Ad-NULL was included in the experiments (Figure 6B). As 
expected, dl309 showed an extremely strong lytic activity in both cell lines, being slightly more 

Figure 6. Properties of OAVs XVir-N-31 and XVir-N-31-anti-PD-L1. A. LN-229 or U87MG cells were infected with 
50 MOI of dl309, XVir-N-31, XVir-N-31-anti-PD-L1 or were left untreated (control). Pictures were taken 48 h after 
infection. B. LN-229 or U87MG cells were infected with increasing MOI of the indicated viruses. Cell lysis was 
determined 48 h after infection by MTT assay (XVir-PD-L1: XVir-N-31-anti-PD-L1; n = 3; SEM; ns: not significant; 
* p < 0.05, ** p < 0.01, *** p < 0.001). 
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used in this assay that displays the blockade of the PD-1/PD-L1 interaction by enhanced 
luminescence (Figure 7B). While the positive control with a commercially available anti-PD-L1 
antibody showed a strong blockade of PD-1/PD-L1 binding, supernatants of untreated cells or 
cells infected with XVir-N-31 did not increase background luminescence compared to PBS 
negative controls. On the contrary, supernatants from cells infected with XVir-N-31-anti-PD-L1 
led to a significant increase of luminescence, showing that the secreted anti-PD-L1 antibody 
is also functionally active and capable to block the interaction of PD-1 and PD-L1. 

 

 

3.3 Immunogenic effects of XVir-N-31 and XVir-N-31-anti-PD-L1 in GBM in 
vitro 

The immunogenic properties of XVir-N-31 have already been analyzed in a bladder cancer 
model (Lichtenegger, Koll et al. 2019), but have never been addressed in GBM. Additionally, 
XVir-N-31-anti-PD-L1, a derivate of XVir-N-31, has never been properly characterized due to 
its immunogenic effects in GBM or even other entities. Therefore, certain immunostimulatory 

Figure 8. PD-L1 status of glioma cells as determined by FACS analysis. U87MG and LN-229 cells were detected 
as living, single cells by flow cytometry via the forward (FSC) and side scatter (SSC) and were analyzed on their 
PD-L1 cell surface expression (red: PD-L1; grey: isotype control). 
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effects typical for ICD and additional immune responses were analyzed after infection of two 
different GBM cell lines with XVir-N-31 and XVir-N-31-anti-PD-L1 and were compared to dl309. 
Since anti-PD-L1 secreted from XVir-N-31-anti-PD-L1 infected cells will only show an effect on 
cells expressing PD-L1 on their cell surface, the used cell lines, U87MG and LN-229, were in 
a first step examined on PD-L1 expression by flow cytometry (Figure 8). When focusing on the 
isolated, viable cells, cultured LN-229 cells show barely any PD-L1 expression (in red; grey as 
the isotype control), whereas U87MG cells express PD-L1 strongly on their cell surface, 
making these cells an interesting target to determine the immunostimulatory effects of XVir-N-
31-anti-PD-L1. 

 

 

3.3.1 XVir-N-31 and XVir-N-31-anti-PD-L1 induce immunogenic cell death in GBM 
cells  

Unlike wild type adenoviruses, OVs used for OVT induce ICD in tumor cells and an anti-tumoral 
immune response, thereby probably increasing their therapeutic effects (for detail see 1.3.4). 
One typical feature of ICD is the release of DAMPs. Consequently, the release of the DAMPs 
HSP70 and HMGB1 as well as the release of the immunogenic protein YB-1 was examined 
upon viral infection in two different cell lines via ELISA (Figure 9A, performed under my direct 
supervision by Jasmin Buch; Figure 9C). Additionally, cell surface expression of CRT, which 
is typically upregulated in ICD and serves as an “eat me” signal to immune cells, was analysed 
by flow cytometry (Figure 9B, D). To ensure an equal lysis and a comparable relative DAMP 
release, glioma cells were infected with the appropriate viruses and, depending on the virus, 
were harvested at those time points the cultures showed 50 % oncolysis. In U87MG and LN-
229 cells, dl309 infection led to a minor release of HMGB1 and YB-1, whereas no HSP70 
release was detected. On the contrary, compared to dl309, infection of the cells with either 
XVir-N-31 or XVir-N-31-anti-PD-L1 resulted in a significantly stronger release of all three 
molecules in both cell lines (Figure 9A, C). Interestingly, in LN-229 cells, compared to cells 
infected with XVir-N-31, XVir-N-31-anti-PD-L1 induced a significantly stronger release of 
HSP70 and YB-1. For the cell surface expression of CRT (in red; grey as the isotype control), 
dl309 infection resulted in hardly any (Figure 9B) or only a very moderate increase (Figure 9D) 
compared to uninfected cells. In both cell lines, CRT expression was increased after infection 
with XVir-N-31 and even stronger upregulated by XVir-N-31-anti-PD-L1. Taken all together, 
XVir-N-31 and XVir-N-31-anti-PD-L1 seem to be potent inducers of ICD in GBM and therefore 
also potent inducers of an effective anti-tumor immune response.  
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3.4 Immuno-stimulatory and therapeutic effects of XVir-N-31 and XVir-N-
31-anti-PD-L1 in vivo 

Following the promising data obtained in vitro, we were interested in investigating the impact 
of an OVT using XVir-N-31 and XVir-N-31-anti-PD-L1 also in vivo using an orthotopic mouse 
GBM model. Since the murine one only partially reflects the human immune system, but mainly 
because subtype 5 adenoviruses (dl309 and XVir-N-31 or XVir-N-31-anti-PD-L1) do not 
replicate in murine cells, a syngeneic mouse model was not feasible for our purposes. 
Therefore, we decided to establish a glioma model with human glioma cells in immuno-
deficient mice that allow the growth of human tumors as well as an engraftment with human 
PBMCs. This model is described in the following chapter. 

 

 

3.4.1 The immuno-humanized “pseudo-syngeneic” glioma mouse model 

In the following experiments NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, that do not develop 
either functional T cells or NK cells, were used (for detail, see 2.2.8). In these mice a human 
immune system can be established by an intravenous injection of human PBMCs. A 
disadvantage of this model is the development of GvHD over time, which might influence 
immune responses evoked by OVT, but which also makes survival analysis impossible. The 
timepoint of GvHD onset becomes visible by a massive, sudden burst of CD45+ cells in the 
murine blood. In former animal experiments of our group, we observed this burst at the earliest 
80 days after PBMC injection (Suppl. Figure 1A, unpublished data by Yana Parfyonova) which 
was slightly later than described by Ehx et al. (Ehx, Somja et al. 2018). Other signs typical for 
GvHD, as weight loss or scrubby fur, were not detected over this period of time (Suppl. Figure 
1B; and data not shown). Nevertheless, to avoid analyzing effects related to GvHD, we decided 
to finalize all animal experiments to a considerably earlier timepoint. 

As depicted in Figure 11, either U87MG or LN-229 glioma cells were implanted in both striata 
of the mice’s brains. Ten days later a humanized immune system was established in these 
mice by an intravenous injection of - to the GBM cells HLA A/B matched - human PBMCs. Four 
days after engraftment the tumor in the right striatum was treated, leaving the contralaterally 
located tumor unaffected. This allows to analyze the impact of oncolysis plus OVT-mediated 
immune responses in the ipsilateral located tumors (right hemisphere) as well as of abscopal 
effects in the untreated, contralaterally located tumors (left hemisphere). In this study the 
contralateral tumor should mimic those GBM cells that in patients have been invaded into the 
healthy brain and that are located far away from the original tumor and therefore from the side 
of virus injection. The ipsilateral tumors were treated by either single intratumoral injections of 
PBS (sham cohort), dl309, XVir-N-31 or XVir-N-31-anti-PD-L1. Two additional cohorts (after 
either intratumoral PBS or XVir-N-31 injection) received subsequently repeated systemic 
applications of Nivolumab to demonstrate the effects of an (additional concomitant) immune 
checkpoint inhibition. Over the following course, the murine blood was analyzed several times 
by flow cytometry on the presence and quantity of human immune cells (data not shown). To 
avoid to analyze immune effects associated with the onset of GvHD, and since the median 
survival of U87MG or LN-229 bearing mice is approximately 40 days (Roth, Isenmann et al. 
1999, Armento, Ilina et al. 2017), all mice were sacrificed 35 days after treatment, which was 
also the time point the first mouse developed neurological symptoms associated with an 
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advanced tumor growth. The brains were fixed and tumor containing tissues were analyzed on 
immune cell infiltration, DAMPs and tumor growth. 

 

 

3.4.2 In GBM bearing mice Nivolumab monotherapy provides no beneficial 
effects 

Brains harvested from sacrificed mice harboring tumors were analyzed on tumor growth by 
H&E staining and on immune cell infiltration (using a human CD45 specific antibody) as well 
as on the induction of ICD by staining for HSP70 and HMGB1. First and to prove that the 
examined effects were located in the tumor area and not in the healthy brain adjacent to the 
tumor, nuclear staining with DAPI that, by a dense package of nuclei, indicates the tumor area, 
was also confirmed using an antibody specific for human nuclei. As demonstrated in Figure 12 
for the group of XVir-N-31 treated mice (refer to Figure 11), in the tumor area the nuclei of 
U87MG glioma cells as well as those of human CD45+ cells were clearly detectable by staining 
for human nuclei as well as by DAPI, whereas in the healthy mouse tissue adjacent to the 
tumor only nuclei of human CD45+ immune cells were detected (red staining for human nuclei 
and green staining for human CD45). This allows us to clearly identify the tumor area and to 
distinguish it from the healthy adjacent brain. 

 

 

 

Figure 11. Immuno-humanized mouse GBM model. Treatment scheme. For details, see 2.2.8 
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In GBM patients the concomitant treatment with Nivolumab additional to standard therapy was 
already shown to be not effective (Reardon, Brandes et al. 2020). To confirm this and to 
investigate the impact of Nivolumab in our animal model, a preliminary experiment was 
performed in an immuno-humanized mouse cohort harboring U87MG glioma. These mice 
received systemic applications of Nivolumab whereas two additional control cohorts were 
intratumorally injected with either XVir-N-31 or PBS (for treatment scheme refer to Figure 11). 
ICD in the tumor area was determined by staining for HSP70 and HMGB1. After Nivolumab 
monotherapy no HSP70 staining was found and only weak HMGB1 staining was observed 
(Figure 13A, B; stainings were performed by Jakob Rüttinger under my direct supervision). 
Besides that, immune cell infiltration in the tumor areas was determined by fluorescence 
staining. While XVir-N-31 treated mice showed significantly more human CD45+ immune cell 
infiltration in ipsilateral virus-injected as well as in contralateral untreated tumors, like PBS also 
Nivolumab monotherapy failed to increase the number of human CD45+ TILs (Figure 13C). 
Consistently with the minor induction of ICD and the low number of TILs by Nivolumab, in the 
Nivolumab cohort of mice large tumors of the same size as in the sham cohort were detected, 
whilst in XVir-N-31 treated animals the tumor size was significantly smaller, at least that of 
ipsilateral tumors (Figure 13D). Taken together, at least in the mouse model used in this study 
the systemic application of Nivolumab as a monotherapy does not have a significant influence 
on the induction of ICD and on lymphocyte infiltration into the tumor area. 

 

 

Figure 12. Representative fluorescence staining of human cells in the mouse brain. After implantation of 
U87MG tumors into the striata of NSG mice, PBMC engraftment and intratumoral injection of XVir-N-31, human 
CD45+ immune cells (green) were detected predominantly in the tumor area (indicated by human nuclei staining 
(red) and human CD45 (green); ipsilateral tumors are shown). Only very few human nuclei positive cells were 
detected in the adjacent healthy brain, and in this area human nuclei staining co-localized with the hCD45 
staining. The number of hCD45+ cells in the healthy brain was not further analyzed (representative pictures 
depicted from the XVir-N-31 group of animals). 



 

50 
 

 

 

 

Figure 13. Nivolumab monotherapy has no therapeutic effect in an immuno-humanized glioma mouse model. 
U87MG bearing mice received four intraperitoneal injections of Nivolumab (200µg/injection) as indicated in the 
methods part and in Figure 11. Immunofluorescence staining for HSP70 (A), and HMGB1 (B), representative 
pictures are shown.  Number of human CD45+ TILs in ipsi- and contralateral tumors (C) as well as the tumor 
volume (D) were measured (n= 8 mice in the Nivolumab group, n= 4 mice in control groups, SEM; **** p<0.0001). 



 

51 
 

3.4.3 XVir-N-31 and XVir-N-31-anti-PD-L1 based OVT induce DAMPs in vivo 

On the one hand Nivolumab monotherapy resulted in a very low presence of DAMPs in the 
tumor area, suggesting an insufficient induction of ICD. On the other hand, it was shown before 
by several other groups and for different OVs like vesicular stomatitis virus (VSV) or herpes 
simplex virus (HSV), that OVs mainly induce ICD rather than immunogenic silent apoptosis 
(Takasu, Masui et al. 2016, Melzer, Lopez-Martinez et al. 2017). Since our in vitro results 
demonstrated that XVir-N-31 induced ICD, we were further interested whether this is the case 
also in vivo. To evaluate if there is only locally restricted ICD in virus-injected tumors or whether 
signs of ICD will be observed also in contralateral tumors located far away from the virus 
injection side, we performed the experimental setup and treatment regime presented in Figure 
11, using mice harboring ipsilateral virus- or sham-injected and contralateral untreated PD-L1-
expressing U87MG glioma.  

After harvesting the brains 35 days after treatment, we stained the tumors of all cohorts for the 
presence of the DAMPs HMGB1 (Figure 14) and HSP70 (Figure 15; stainings performed by 
Jakob Rüttinger under my direct supervision). No HMGB1 was found in tumors of sham treated 
controls (Figure 14A), not even after enlightment of the original photographs (Figure 14B). 
Interestingly, although HMGB1 release was found in vitro after the infection with dl309, this 
was not the case in the dl309 treated cohort of mice both in ipsilateral injected as well as in 
contralateral tumors. On the contrary, in all cohorts of mice that received an intratumoral 
injection with XVir-N-31 or XVir-N-31-anti-PD-L1, HMGB1 staining was visible and was even 
enhanced in those cohorts that received an additional ICI (XVir-N-31 + Nivolumab and XVir-
N-31-anti-PD-L1). Remarkably, the positive staining for HMGB1 in these cohorts of mice was 
not restricted to injected, but was also found in contralateral tumors. Comparable results were 
found for HSP70 (Figure 15A), although only weaker staining was detected. Nevertheless, 
especially after enlightment of the original photographs (Figure 15B), HSP70 staining was 
observed not only in all XVir-N-31 or XVir-N-31-anti-PD-L1 injected but also in contralateral 
tumors. Together, this indicates both OAVs induced the expression of HMGB1 and HSP70 not 
only locally in virus-injected tumors, but also in the contralateral tumors that are located far 
away from the injection site, while dl309 does not. Additionally, the amount of detectable 
DAMPs was elevated by the combination of OVT with the blockade of the PD-1/PD-L1 axis. 
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Figure 14. Induction of HMGB1 by XVir-N-31 and XVir-N-31-anti-PD-L1 in vivo. A. Detection of HMGB1 (green) 
in ipsilateral virus-injected and contralateral non-treated U87MG tumors in immuno-humanized NSG mice 35 
days after a single intratumoral injection of either PBS (sham), 3 x 108 IFU of either dl309, of XVir-N-31 alone or 
in combination with multiple intraperitoneal injections of Nivolumab, or of XVir-N-31-anti-PD-L1 (n = 8 mice per 
group; representative pictures are shown). The staining of human nuclei (red) indicates the tumor area. B. 
Enlightment of HMGB1 staining as indicated in A. 
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Figure 15. Induction of HSP70 by XVir-N-31 and XVir-N-31-anti-PD-L1 in vivo. A. Detection of HSP70 (green) in 
ipsilateral virus-injected and contralateral non-treated U87MG tumors in immuno-humanized NSG mice 35 days 
after a single intratumoral injection of either PBS (sham), 3 x 108 IFU of either dl309, of XVir-N-31 alone or in 
combination with multiple intraperitoneal injections of Nivolumab, or of XVir-N-31-anti-PD-L1 (n = 8 mice per 
group; representative pictures are shown). B. Enlightment of HSP70 staining as indicated in A. 
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3.4.4 Determination of virus replication in ipsi- and contralateral tumors 

An elevated level of DAMPs was not exclusively found in virus-injected tumors, but also in 
contralateral untreated tumors. Viral replication is restricted only to the injected tumor area and 
can’t occur in the adjacent tissue around. Nevertheless, a spreading of infectious virus particles 
over the brain during virus injection, or later on from infected tumor cells around the injection 
site via the cerebrospinal fluid, might occur. This spreading might subsequently lead to virus 
replication also in contralateral tumors which then might induce the above described observed 
immunostimulatory, abscopal effects in these non-virus-injected tumors. To examine this, both 
ipsi- and contralateral U87MG tumors were analyzed on the presence of adenovirus particles 
by staining for the adenoviral hexon protein. While in the sham treated cohort of mice no hexon 
was found in any tumor area (ipsi- and contralateral), all virus-injected cohorts clearly showed 
hexon staining in virus-injected (ipsilateral) tumors at day 35, the time point we finalized the 
experiment (Figure 16). In contrast, in contralaterally located, untreated tumors, no hexon 
staining was observed, neither in the dl309, XVir-N-31 nor XVir-N-31-anti-PD-L1 injected 
cohorts of mice.  

 

Figure 16. Hexon staining of ipsilateral virus-injected and contralateral untreated tumors. Detection of the 
adenoviral hexon protein (green) in ipsilateral virus-injected and contralateral non-treated U87MG tumors in 
immuno-humanized NSG mice 35 days after a single intratumoral injection of either PBS (sham), 3 x 108 IFU of 
either dl309, of XVir-N-31 alone or in combination with multiple intraperitoneal injections of Nivolumab, or of 
XVir-N-31-anti-PD-L1 (n = 8 mice per group; representative pictures are shown). The staining of human nuclei 
(red) indicates the tumor area. 
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