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Abstract

Treatment-refractory tumors such as pancreatic ductal adenocarcinoma (PDAC) or head and
neck squamous cell carcinoma (HNSCC) remain a major challenge in medical oncology and
translational cancer research. Modern radiotherapy techniques are able to achieve maximal
tumor damage while trying to limit off-target toxicity. Nevertheless, refractory tumors
often show radioresistance. To achieve superior anti-tumor efficacy, this study investigates
radiotherapy combined with virotherapy using oncolytic vaccine strain measles virus (MeV).
Oncolytic MeVs feature an excellent safety profile and have shown first signs of anti-tumor
efficacy in clinical trials. No cross-resistances of MeV with current therapeutic agents have
been detected. They infect malignant cells as well as spread within tumors, leading to oncolysis
of cancerous cells and induction of an immune response. Thus, MeV represents a promising
modality for combination treatments. I hypothesize that the combination of radiotherapy
and oncolytic MeV in a radiovirotherapy (RVTx) synergizes in terms of tumoricidal effects
and induces a sustained anti-tumor immune response. I tested different dose regimens of
radiation as well as oncolytic MeV in a panel of human HNSCC and PDAC cell lines in vitro.
I assessed cell viability after RVTx treatment and could confirm synergism of RVTx in both
tumor entities for specific treatment conditions. Further, I investigated possible mechanisms
of action, focusing on the induction of immunogenic cell death (ICD), markers known for DNA
damage and viral RNA sensing as well as downstream effects of innate immune activation.
The combination treatment induced higher levels of the ICD markers high mobility group box
1 (HMGB1) and calreticulin (CALR) compared to each monotherapy. Further, interferon
signaling was induced in RVTx, driven by virotherapy. I established an immunocompetent
murine HNSCC model that is susceptible to MeV infection. In an in vivo pilot study using
this model, I detected increased tumor infiltration of CD8+ T cells as well as virus-driven
immunoreactivity in co-cultures of splenocytes and tumor cells after RVTx treatment. In two
human ex vivo PDAC tumor models, I analyzed the therapeutic efficacy of RVTx. I could show
viral spread in 3D spheroids. Further, RVTx induced virus-driven ICD and interferon-β release
in patient-derived PDAC cultures. This study identified synergistic therapeutic regimens
and provides the proof-of-concept for the induction of an anti-tumor immune response by
RVTx. Insights into mechanisms of anti-tumor efficacy were gained in relevant preclinical
models. Therefore, this project constitutes important steps towards the development and
clinical translation of a state-of-the-art combination treatment modality to achieve sustained
improvements for the therapy of refractory tumors.
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Zusammenfassung

Therapie-refraktäre Tumore wie das Pankreaskarzinom (PDAC) oder Kopf-Hals-Tumore
(HNSCC) stellen nach wie vor eine große Herausforderung für die medizinische Onkolo-
gie und die translationale Krebsforschung dar. Moderne Techniken der Strahlentherapie
können den Tumor maximal schädigen und gleichzeitig die Off-Target-Toxizität begrenzen.
Dennoch zeigen refraktäre Tumore häufig eine Strahlenresistenz. Um eine bessere Anti-
Tumor-Wirksamkeit zu erzielen, wird in dieser Studie Strahlentherapie mit Virotherapie unter
Verwendung onkolytischer Masernviren des Impfstammes (MeV) kombiniert. Onkolytische
MeV weisen ein ausgezeichnetes Sicherheitsprofil auf und haben in ersten klinischen Studien
eine Anti-Tumor-Wirksamkeit gezeigt. Es wurden keine Kreuzresistenzen mit anderen Ther-
apiemodalitäten festgestellt. MeV können maligne Zellen infizieren und sich in Tumoren
ausbreiten, was zur Onkolyse der Tumorzellen und Aktivierung einer Immunantwort führt.
MeV stellen somit eine vielversprechende Modalität für Kombinationsbehandlungen dar.
Dieser Studie liegt die Hypothese zugrunde, dass die Kombination von Strahlentherapie
und onkolytischen MeV in einer Radiovirotherapie (RVTx) synergistisch wirkt in Bezug auf
tumorizide Effekte und eine anhaltende Anti-Tumor-Immunantwort induziert. In einer Reihe
humaner HNSCC- und PDAC-Zelllinien habe ich verschiedene Dosierungen von Bestrahlung
und onkolytischen MeV in vitro getestet. Ich bestimmte die Viabilität der Zellen nach
Kombinationsbehandlung und konnte synergistische Effekte von RVTx in beiden Tumoren-
titäten für bestimmte Behandlungsschemata bestätigen. Darüber hinaus untersuchte ich
mögliche Wirkmechanismen mit Schwerpunkt auf der Induktion von immunogenem Zelltod
(ICD), Markern für die Erkennung von DNA-Schäden oder viraler RNA sowie Aktivierung
des angeborenen Immunsystems. Die Kombinationsbehandlung induzierte die ICD-Marker
HMGB1 und Calreticulin stärker als die Monotherapien. Ausgehend von der Virotherapie
wurde eine Interferonsekretion nach RVTx aktiviert. Ich etablierte ein immunkompetentes
murines HNSCC-Modell, das für eine MeV-Infektion empfänglich ist. Unter Verwendung dieses
Modells in einer in vivo-Pilotstudie konnte ich eine erhöhte Infiltration von CD8+ T-Zellen
im Tumor sowie eine virusgetriggerte Immunreaktivität in Ko-Kulturen von Splenozyten und
Tumorzellen nach RVTx-Behandlung nachweisen. In zwei humanen ex vivo PDAC-Modellen
analysierte ich die Wirksamkeit von RVTx. Ich konnte die Virusausbreitung in 3D-Sphäroiden
nachweisen. Desweiteren induzierte RVTx durch die MeV-Infektion die Freisetzung von
ICD-Markern sowie eine Interferon-β-Sekretion in Patienten-abgeleiteten PDAC-Kulturen. In
dieser Studie wurden synergistische Therapieschemata identifiziert und der Konzeptnachweis
für die Induktion einer Anti-Tumor-Immunantwort durch RVTx erbracht. Einblicke in die
Mechanismen der Anti-Tumor-Wirksamkeit in relevanten präklinischen Modellen wurden
erzielt. Daher stellt dieses Projekt einen wichtigen Schritt zur Entwicklung und klinischen
Umsetzung einer hochmodernen Kombinationsbehandlung dar, mit der sich die Therapie
refraktärer Tumore nachhaltig verbessern lässt.

vii





Contents

Abstract v

Zusammenfassung vii

1 Introduction 1

1.1 The ongoing challenge of cancer as a global disease . . . . . . . . . . . . . . 1
1.1.1 Pancreatic ductal adenocarcinoma . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Head and neck squamous cell carcinoma . . . . . . . . . . . . . . . . 3

1.2 The immune system in the context of cancer . . . . . . . . . . . . . . . . . . 4
1.2.1 Interferon-beta mediated innate immune signaling . . . . . . . . . . . 4
1.2.2 Immunogenic cell death . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 Principles of adaptive immune responses . . . . . . . . . . . . . . . . 8

1.3 Ionizing radiation in the context of cancer therapy . . . . . . . . . . . . . . . 9
1.4 Measles virus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.1 Structure and biology of measles virus . . . . . . . . . . . . . . . . . 11
1.4.2 Oncolytic measles virus . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Role of virotherapy in oncology . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.6 Combined radiovirotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Aim of the Study 19

3 Materials and Methods 21

3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.1 Chemicals, buffers and growth media . . . . . . . . . . . . . . . . . . 21
3.1.2 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.3 Recombinant viruses . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.4 Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.5 Oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.1.6 Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.1 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.2 Molecular biology methods . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.3 Irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.4 Recombinant measles virus . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.5 Experimental treatment schedule for radiovirotherapy . . . . . . . . . 34
3.2.6 Cell viability assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.7 Fluorescence microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.8 Calculation of synergy . . . . . . . . . . . . . . . . . . . . . . . . . . 36

ix



Contents

3.2.9 Characterization of induced mechanisms of action . . . . . . . . . . . 36
3.2.10 Generation of murine tumor models . . . . . . . . . . . . . . . . . . . 40
3.2.11 In vivo experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.12 Characterization of murine tumor models . . . . . . . . . . . . . . . . 44
3.2.13 Immune profiling of murine tumors and spleens . . . . . . . . . . . . 45
3.2.14 Ex vivo experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.15 Statistical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4 Results 49

4.1 Evaluation of combination regimens . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.1 Sensitivity of candidate cell lines to monotherapies . . . . . . . . . . 49
4.1.2 Irradiation of MeV particles . . . . . . . . . . . . . . . . . . . . . . . 51
4.1.3 Viral replication in irradiated tumor cells . . . . . . . . . . . . . . . . 52

4.2 Dosing and scheduling of radiovirotherapy in vitro . . . . . . . . . . . . . . . 53
4.2.1 Analysis of cell viability after radiovirotherapy . . . . . . . . . . . . . 54
4.2.2 Evaluation and validation of synergy . . . . . . . . . . . . . . . . . . 55
4.2.3 Determination of in vitro treatment conditions . . . . . . . . . . . . . 59

4.3 Detection of immunogenic cell death markers . . . . . . . . . . . . . . . . . . 61
4.3.1 Release of HMGB1 and ATP . . . . . . . . . . . . . . . . . . . . . . 61
4.3.2 Surface-exposed calreticulin . . . . . . . . . . . . . . . . . . . . . . . 62

4.4 Detection of markers for innate immune signaling . . . . . . . . . . . . . . . 65
4.4.1 Detection of markers for DNA damage and viral sensing . . . . . . . 66
4.4.2 Expression and release of interferon-beta . . . . . . . . . . . . . . . . 67

4.5 Generation of murine tumor models . . . . . . . . . . . . . . . . . . . . . . . 69
4.5.1 Selection and in vitro characterization . . . . . . . . . . . . . . . . . 69
4.5.2 In vivo tumor growth and model characterization . . . . . . . . . . . 71

4.6 Evaluation of radiovirotherapy in vivo . . . . . . . . . . . . . . . . . . . . . 76
4.6.1 Efficacy of monotherapies . . . . . . . . . . . . . . . . . . . . . . . . 76
4.6.2 Efficacy of combined radiovirotherapy . . . . . . . . . . . . . . . . . . 78
4.6.3 Analysis of immune induction and infiltration . . . . . . . . . . . . . 79

4.7 Analysis of radiovirotherapy ex vivo . . . . . . . . . . . . . . . . . . . . . . . 85
4.7.1 Radiovirotherapy in a 3D PDAC spheroid model . . . . . . . . . . . . 85
4.7.2 Radiovirotherapy treatment of patient-derived PDAC cultures . . . . 86
4.7.3 Induction of ICD and innate immune signaling in PDAC cultures . . 88

5 Discussion 91

5.1 Perspectives of radiovirotherapy . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2 Synergistic effects of radiovirotherapy . . . . . . . . . . . . . . . . . . . . . . 92
5.3 Activation of anti-tumor immune responses . . . . . . . . . . . . . . . . . . . 95

5.3.1 Induction of immunogenic cell death . . . . . . . . . . . . . . . . . . 95
5.3.2 Activation of innate immune signaling pathways . . . . . . . . . . . . 97

5.4 Anti-tumor efficacy of radiovirotherapy in vivo . . . . . . . . . . . . . . . . . 100
5.5 Suitability of preclinical models . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.6 Translational potential of radiovirotherapy . . . . . . . . . . . . . . . . . . . 105
5.7 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Abbreviations 109

x



Contents

Appendix 115

Bibliography 155

List of Figures 187

List of Tables 189

Publications 191

Congress Contributions 193

Acknowledgments 195

Thesis Declaration 197

xi





1 Introduction

1.1 The ongoing challenge of cancer as a global disease

Although intensive research has been in progress for more than a century, cancer is still one of

the leading causes of death worldwide alongside cardiovascular diseases [1, 2]. It is expected

that the global cancer burden will rise until 2040 by up to 47% compared to the year 2020 [3].

Research investigations concerning diagnosis and treatment as well as great efforts in cancer

prevention have led to improved prognosis for some patients. Although tumor entities such as

breast or prostate cancer are among the most common cancer types worldwide, mortality

rates are comparably low [4, 5, 6, 7]. Standard treatment options against cancer known as

the ‘pillars of cancer therapy’ – chemotherapy, surgery and radiotherapy – have recently been

complemented by immunotherapy. By using several approaches such as immune checkpoint

blockade (ICB), personalized anti-cancer vaccines or chimeric antigen receptor (CAR) T cells,

immunotherapy has become an additional pillar of cancer therapy [8]. In effect, immunotherapy

has been a breakthrough and provided great benefits for some cancer patients. However, an

unmet high medical need remains for treatment of advanced or refractory tumor entities.

Among these, pancreatic ductal adenocarcinoma (PDAC) and head and neck squamous

cell carcinoma (HNSCC) are often difficult to treat with established therapies and thus are

associated with poor patient prognosis and survival rates [6, 9].

1.1.1 Pancreatic ductal adenocarcinoma

Among different pancreatic malignancies, 90% are exocrine tumors with the majority rep-

resenting adenocarcinomas of the pancreatic duct. PDAC tumors arise from epithelial cells

lining the pancreatic duct and harbor driver mutations in the KRAS oncogene in the majority

of cases [10, 11]. There are several known risk factors among which are tobacco consumption,

obesity, chronic pancreatitis and specific germline mutations [12]. With a worldwide incidence

of approx. 496,000 and mortality of approx. 466,000 in the year 2020, PDAC is the third

leading cause of cancer-related death in men and women combined [5, 6]. The overall median

survival time from diagnosis is 10 – 12 months with a 5 year survival rate of only 11% [6,

12].
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1 Introduction

Reasons for this poor clinical outcome include the time of diagnosis, as early-stage disease

is often missed due to the absence of early symptoms and lack of diagnostic procedures for

early detection [12, 13]. When diagnosed, 80% of PDAC patients present with advanced,

non-resectable stages of disease and 50% already having developed distant metastasis [14].

Only 20% of cancer patients can undergo surgical resection accompanied by adjuvant or

neoadjuvant chemotherapy, which represents the only potentially curative therapy so far

[15]. In advanced-stage, non-resectable pancreatic cancer, patients are treated palliatively.

The standard therapy at this stage is chemotherapy with gemcitabine in combination with

albumin-bound paclitaxel or FOLFIRINOX, a combination of folinic acid, 5-fluorouracil,

irinotecan and oxaliplatin [14, 15, 16]. Neoadjuvant chemotherapy together with radiotherapy

can result in secondary resectability of advanced-staged tumors and increased overall survival

[14, 17]. However, PDAC is a great burden for patients due to the high degree of therapy

resistance especially to chemo- and radiotherapy, resulting in tumor progression in the course

of treatment [12, 15, 18]. Although several genes, such as KRAS, CDKN2A, TP53 or SMAD4,

are mutated in PDAC with high frequencies, there is no approved therapeutic approach

available targeting these most common mutations in PDAC [15]. Sotorasib, a drug targeting

KRAS p.G12C mutations is currently tested in a phase I/II study against different solid tumors

including PDAC (NCT03600883) [19, 20]. Novel approaches such as targeted therapies or

immunotherapy including immune checkpoint blockade are investigated intensively. Different

inhibitors of the mitogen-activated protein kinase (MAPK) signaling pathway targeting

MAPK kinase (MEK) or extracellular signal-regulated kinase (ERK) have shown promising

preclinical results [21, 22, 23]. Further, erlotinib, a tyrosine kinase inhibitor specific for

epidermal growth factor receptor (EGFR), in combination with gemcitabine, is used clinically

[24]. Unfortunately, the majority of these compounds did not succeed in clinical trials so

far or are still in preclinical stage. Immunotherapy, especially ICB using antibodies against

cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed death protein 1 (PD-1)

and its ligand PD-L1, has changed treatment paradigms and prognosis in certain tumor

entities, such as non-small-cell lung cancer and melanoma [25]. However, PDAC remains

largely refractory to these therapeutics as early phase clinical trials of ICB therapy reported

safety, but only limited efficacy in PDAC patients [25, 26, 27]. Hence, a broad application of

ICB in PDAC remains questionable to date [12, 15].

The difficulty of targeting PDAC efficiently is most likely due to its immunosuppressive nature

as well as its complexity on genetic, epigenetic and metabolic level [27, 28]. Therefore, there

is a high medical need for understanding the mechanisms that lead to insufficient therapeutic

responses, improving efficacy as well as finding new druggable targets and therapeutic

interventions for PDAC.
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1.1 The ongoing challenge of cancer as a global disease

1.1.2 Head and neck squamous cell carcinoma

Squamous cell carcinomas of the head and neck (HNSCC) were the 6th most common type

of cancer worldwide with 878,000 new cases and 444,000 deaths reported in 2020 [3, 5].

HNSCC originates from the mucosal epithelium of several sites: oral cavity, nasopharynx,

oropharynx, hypopharynx and larynx [29]. These types of cancers are often associated with

tobacco consumption, alcohol abuse or infection with human papillomavirus (HPV). HNSCC

is typically categorized into HPV-negative and -positive tumors with main differences found in

gene expression as well as mutational and immune profiles. Especially oropharyngeal squamous

cell carcinoma is associated with prior HPV infection in more than 70% of cases. Moreover,

there is a rising incidence of HPV-associated HNSCC tumors worldwide [29, 30, 31]. The

typical biomarkers for HPV-positive HNSCC are expression of the viral oncogenes E6 and E7,

which are the main drivers for oncogenic transformation of the host cell, as well as upregulation

of p16INK4A caused indirectly by viral E7 protein [29, 32, 33].

Many HNSCC patients are diagnosed at late stages of the disease and suffer from impairment

of fundamental functions such as eating or speaking. Regardless of the HPV status, current

standard of care is radiochemotherapy using the radiosensitizer cisplatin given concurrently

with radiotherapy at an overall dose of approx. 70 Gy in daily fractions of 2 Gy [34, 35,

36]. According to results of a randomized phase III study in 2006, the FDA approved

cetuximab, a monoclonal antibody targeted against EGFR, in combination with radiotherapy

as another treatment option for locoregionally advanced HNSCC (NCT00004227) [19, 37].

However, the RTOG 1016 trial as well as the De-ESCALaTE-HPV study implied that

this combination might only be suitable for patients that cannot be treated with cisplatin.

Cetuximab in combination with radiotherapy was inferior to radiochemotherapy using cisplatin

regarding both progression-free and overall survival of patients with HPV-driven oropharyngeal

HNSCC (NCT01302834, NCT01874171) [19, 38, 39]. Furthermore, the HPV status has been

correlated with radiosensitivity: Several studies have shown that patients with HPV-induced

p16 expression respond better to radiotherapy, indicating the prognostic value of the HPV

status for HNSCC treatment outcome (e.g. NCT00047008) [19, 40, 41, 42, 43]. In light

of the varying treatment response of HNSCC, the emerging immunotherapies have enabled

therapy responses regardless of the HPV status [36]. Several clinical trials investigating the

effect of immune checkpoint inhibitors nivolumab and pembrolizumab have shown efficacy

in second-line treatment of chemotherapy-resistant tumors (NCT02105636, NCT02252042)

[19, 44, 45, 46]. Further, the KEYNOTE-048 trial showed prolonged overall survival after

pembrolizumab given as monotherapy or in combination with chemotherapy (NCT02358031)

[19, 47]. This trial resulted in FDA approval of both immune checkpoint inhibitors for

treatment of cisplatin-refractory HNSCC.

Although recent advances have shown promising results in HNSCC treatment, the overall

3



1 Introduction

response rate of recurrent or metastatic HNSCC to current therapeutic options remains

infrequent. A median overall survival of about 10 months after initial therapy highlights

the requirement of further investigations to improve the current therapeutic landscape of

refractory HNSCC [48, 49].

1.2 The immune system in the context of cancer

A functional multicellular organism, like the human body, relies on protective measures against

exogenous as well as endogenous threats. This protection against infectious agents or toxins

and their resulting damage as well as the protection against intrinsic threats from irregular

or dying cells is mediated by the immune system [50]. This highly complex and tightly

regulated network involves a plethora of cell types and molecules to maintain homeostasis

and body defense to prevent harm to the whole organism [50, 51]. Generally, the immune

system is categorized into innate and adaptive responses that can be distinguished by their

specificity to antigens and characteristic response kinetics [51]. As already stated by Hanahan

and Weinberg in 2011, the development of cancer is tightly related to certain mechanisms

of immune evasion that are characteristic for tumor cells. These mechanisms need to be

overcome by tumor treatment in order to mediate immune activation and enable an immune

response specifically directed against the tumor [52]. In the following, I focus on processes of

innate and adaptive immune signaling that activate and regulate tumor-targeted responses

that are addressed in this study.

1.2.1 Interferon-beta mediated innate immune signaling

The innate immune system is the first line of defense against pathogens. Characteristics

of innate immunity are fast responses after recognition of pathogen-associated molecular

patterns (PAMPs) and danger-associated molecular patterns (DAMPs), molecular signatures

of pathogens or host cell damage, respectively [51]. Various signaling pathways associated

with innate immune responses lead to transcription of type I interferon (IFN), mostly

IFN-β, followed by cytokine secretion. Foreign or cell-intrinsic damage-associated molecules

presented on the cell surface are recognized by dendritic cells (DCs) or other antigen-presenting

cells (APCs) via pattern recognition receptors (PRRs). Together with IFN-β secretion, this

leads to activation and maturation of these cells and further induction of adaptive immune

responses [50, 51].

Two signaling pathways that are further addressed in this study are depicted in Figure 1.1.

The induction of double-strand breaks by ionizing radiation (see 1.3 below) leads to release

of deoxyribonucleic acid (DNA) fragments into the cytosol. There, it is sensed by the DNA

4



1.2 The immune system in the context of cancer

damage sensor cyclic GMP-AMP synthase (cGAS) which in turn will activate a signaling

cascade leading to IFN-β secretion [53]. Secondly, infection of cells with viruses harboring a

ribonucleic acid (RNA) genome, e.g. measles virus, leads to presence of viral single-stranded

RNA in the cytosol. This is sensed by the virus sensor retinoic acid-inducible gene I (RIG-I)

that will drive another signaling cascade leading to IFN-β secretion [54]. Further details of

both pathways are explained in the following.

Figure 1.1: DNA damage and virus sensing activate innate immune signaling.
Ionizing radiation induces DNA damage by double-strand breaks. DNA fragments are
transported to the cytosol and sensed by cGAS. This activates a signaling cascade including
stimulator of interferon genes (STING) that will lead to expression of IFN-β followed by
cytokine release. Upon binding of an RNA virus, e.g. measles virus, to surface receptors on
the host cell, the viral RNA genome is internalized for replication and sensed by RIG-I. This
protein activates another signaling cascade which will also lead to expression of the IFNB1
gene and release of IFN-β. The image was created with BioRender.com.

1.2.1.1 The cGAS-STING signaling pathway

The cGAS-STING pathway is well known as the major pathway for sensing double-stranded

DNA in the cytosol [55, 56]. The main role of the cytosolic DNA sensor cGAS is surveillance

of the cytosol for DNA fragments that can be derived from pathogens such as bacteria or DNA

viruses. Further, these fragments can also be of cellular origin after DNA damage, e.g. from

ionizing radiation, therefore mimicking viral infection (Figure 1.1) [55, 57]. Upon activation

after DNA binding, cGAS synthesizes cyclic guanosine monophosphate–adenosine monophos-

phate (cGAMP) from adenosine triphosphate (ATP) and guanosine triphosphate (GTP) [58].

5



1 Introduction

The cGAMP molecule serves as ligand for activating STING that is predominantly localized

at the endoplasmic reticulum (ER) [53, 55]. STING in turn activates the transcription factors

interferon regulatory factor 3 (IRF-3) and nuclear factor κB (NF-κB) which induce expression

of type I IFNs, especially IFN-β [57, 59, 60]. Once the cytokine is produced and secreted,

IFN-β will be detected by DCs. In the following, DCs will mature and present tumor antigens

more efficiently. This then induces adaptive immune responses.

1.2.1.2 The RIG-I signaling pathway

The most prominent PAMPs of viral infections are viral genome sequences and replication

intermediates that are present in the cytosol of the host cell for viral replication. Viruses from

the family of Paramyxoviridae, including measles virus, and others such as Flaviviridae or

Rhabdoviridae harbor an RNA genome. The RNA helicase RIG-I specifically senses cytosolic

RNA derived from such viruses [61, 62]. Once activated, RIG-I induces a downstream signaling

cascade including the important adapter protein mitochondrial antiviral signaling (MAVS) that

again leads to activation of the transcription factors IRF-3 and NF-κB that will translocate

into the nucleus and activate IFNB1 gene expression as well as cytokine release [54, 55].

Together with the presentation of viral antigens, this will activate a host anti-viral immune

response [63].

1.2.2 Immunogenic cell death

Besides the direct recognition of foreign particles and substances within a cell as described by

the above mentioned immune sensing pathways, Matzinger proposed in 1994 the so-called

‘danger theory’. It states that the immune system is able to distinguish between harmless

and dangerous endogenous signals [64, 65]. Injured, stressed or dying cells expose and release

different molecules, known as DAMPs or ‘alarmins’, that serve as signal for activating the

innate immune system [65, 66, 67]. DAMPs are intracellular molecules with defined functions

within the nucleus or cytosol of cells. Upon damage or stress, they are exposed or secreted

via non-classical molecular pathways and thereby function as immunostimulants [66, 68].

This process is called immunogenic cell death (ICD). The activation of the immune system

is mediated by DCs and other APCs. Released or exposed ICD markers bind to PRRs on

the cell surface and induce recruitment as well as maturation of DCs. Then, they promote

cross-presentation activity of the latter, hence, leading to downstream initiation of an immune

response [66, 69, 70].

To this point, more than 16 different molecules have been identified as markers of ICD [70,

71]. This designation, however, is not reserved to a specific type of cellular component. Quite

a broad range of substances are defined as ICD markers: nucleic acids or nucleotides such as
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DNA or RNA from viral or cellular origin, different cytokines such as C-X-C motif chemokine

ligand 10 (CXCL-10) or chaperones of the ER such as heat shock protein (HSP) 70 or 90

as well as components of bacterial origin such as flagellins or lipopolysaccharides [65, 70,

71]. The most prominent and well-investigated DAMPs serving as ICD markers are released

ATP, secreted high mobility group box 1 (HMGB1) and surface-exposed calreticulin (CALR)

shown in Figure 1.2 [72, 73].

Figure 1.2: Markers of immunogenic cell death. The introduction of damage to a
cell, e.g. by ionizing radiation or viral infection, leads to release and exposure of several
intracellular components, also known as DAMPs. In the course of ICD, these components
such as extracellular ATP, released HMGB1 or surface-exposed CALR bind to PRRs on DCs
and other APCs and therefore function as inducers of innate immune responses. ATP —
adenosine triphosphate; HMGB1 — high mobility group box 1; CALR — calreticulin; PRRs

— pattern recognition receptors. The image was created with BioRender.com.

CALR is usually located in the lumen of the ER. It is a soluble protein that serves as a

regulator of Ca2+ homeostasis and as ER chaperone [72, 74]. After exposure to stress and

induction of ICD, cells undergo apoptosis [72, 73]. In the early phase of apoptotic cell death

after exposure to ICD inducing agents, CALR translocates from the perinuclear ER to the

cell surface (see Figure 1.2) [73]. There, it binds to ERp57, another ER chaperone, which is

relocalized to the cell surface as well [75]. This CALR-ERp57 complex then serves as an ‘eat

me’ signal promoting phagocytosis by DCs, followed by cross-presentation of tumor antigens

and secretion of type I IFNs [76, 77, 78]. Further, this process induced by CALR translocation

can result in a tumor-specific cytotoxic T cell response.

ATP is well-known as the most important energy source of cells. During the blebbing

phase of apoptotic cell degradation, cells secrete ATP via autophagy [73, 79]. Extracellular

ATP then serves as chemoattractant or ‘find me’ signal for immature DCs [80]. It triggers

purinergic P2X7 receptors on the surface of DCs, leading to maturation of the latter by
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activation of the inflammasome NACHT, LRR and PYD domains-containing protein 3 with

apoptosis-associated speck-like protein containing caspase recruiting domain (NALP3-ASC)

and secretion of interleukin (IL) 1β [73, 81]. This supports subsequent activation of adaptive

immunity.

Usually located in the nucleus, HMGB1 serves as a non-histone chromatin binding protein that

is constitutively expressed by eukaryotic cells [72]. It has different functions and plays a role in

nucleosome stabilization, DNA repair, recombination and transcription [82, 83]. In late stages

of apoptosis, HMGB1 is released from the nucleus and accumulates in the extracellular space

[84]. By binding to toll-like receptor 4 (TLR-4) on DCs, HMGB1 triggers the TLR-4-myeloid

differentiation primary response 88 (MyD88) pathway that mediates tumor antigen processing

[73, 85]. Therefore, it plays an important role in activation and antigen presentation of DCs

to T cells leading to adaptive immune activation [70, 85, 86].

1.2.3 Principles of adaptive immune responses

The above mentioned markers of innate immune sensing and ICD do not harbor cytotoxic

functions themselves. They require the downstream activation of immune responses for e.g.

pathogen or tumor cell clearance. After priming and maturation of DCs by different pathways

of innate immune signaling, they can induce the cascade of adaptive immune responses,

especially the activation of T cells [51].

T cells are of the lymphocyte lineage of haematopoietic stem cells and the majority can

be divided according to the expression of the T cell receptor (TCR) accessory molecules

into CD4+ and CD8+ cells [50]. By an interplay of antigen presentation, co-stimulation and

expression of inflammatory cytokines such as IFN-β or IL-2, DCs and other APCs prime

naïve T cells and therefore activate the differentiation into their specific T cell subtype [87].

CD4+ T cells are also known as T helper (TH) cells, as their main function is to assist and

regulate the immune response. TH1 cells are involved in cell-mediated immune responses and

elimination of intracellular pathogens. They secrete activating cytokines like IL-2, IFN-γ and

tumor necrosis factor α (TNF-α). TH2 cells play a role in the elimination of extracellular

parasites, bacteria as well as fungi and rather control antibody responses [50, 51, 88]. Another

subset of CD4+ T cells are regulatory T cells (Treg cells) that have a major immunosuppressive

function for regulating T cell-mediated immune responses [89]. A characteristic feature of

Treg cells is expression of the transcription factor forkhead box p3 (Foxp3) [90]. In mediating a

feedback-loop for regulating T cell activation, Treg cells suppress proliferation, differentiation

and effector function of a variety of immune cells including T cells, DCs or natural killer (NK)

cells and release immunosuppressive cytokines such as IL-10 and transforming growth factor

β (TGF-β) [51, 91]. The main effectors of the T cell compartment are CD8+ T cells, also
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called cytotoxic T cells. Once activated, CD8+ T cells secrete IFN-γ for further enhancement

of cytotoxicity. They kill target cells in an antigen-specific manner by transferring cytotoxic

enzymes such as granzymes into target cells via perforin and secrete molecules that will bind

to death receptors of the target cell to eventually mediate apoptosis [50, 51]. In the tumor

setting, once this point of tumor cell killing is reached, the entire process begins anew as

APCs will internalize and present tumor antigens on their cell surface to activate another

round of T cell-mediated immune response. This sequence of processes for tumor cell killing

is also known as the cancer-immunity cycle [92].

1.3 Ionizing radiation in the context of cancer therapy

The principle behind using ionizing radiation for cancer therapy is the radiation-mediated

transfer of energy, also known as linear energy transfer (LET), to cells and tissues [93,

94]. Most common sources for radiation beams are X-rays, γ-rays or charged particles. If

radiotherapy is applied systemically, radioactive substances such as iodine are used [93]. The

overall effectiveness of radiotherapy depends on LET, the total dose applied together with

the number of fractionations as well as the radiosensitivity of target cells and tissues. It is

limited by radiation-induced off-target organ toxicity [95].

Generally, the effects of ionizing radiation are classified as direct, indirect or secondary effects.

Direct effects are mainly direct cell killing by DNA damage in form of single or double-strand

breaks, cross-linking or damage of nucleobases. Indirect effects of radiation also produce DNA

damage. Here, the radiolysis of cellular H2O and other molecules lead to generation of free

radicals such as reactive oxygen species (ROS) which in turn react with the DNA and cause

single or double-strand breaks [93, 96]. Further, ionizing radiation also causes damage to

other cellular molecules such as enzymes or membrane components and interferes with the

cell cycle. Due to DNA damage, cells arrest in G1 phase of the cell cycle and accumulate

p53 and p16. This leads to cellular senescence and impaired cell proliferation [97, 98]. In

terms of cellular response to effects of ionizing radiation, there are two general responses

at play: mechanisms aiming at repairing the induced DNA damage or processes leading to

apoptosis. In cancer cells, repair mechanisms are often impaired or act more slowly than in

normal, healthy cells. Further, the fast doubling rate of cancer cells causes higher sensitivity

to radiation compared to healthy cells and leads to higher vulnerability to possible damage

[93, 99].

The secondary effects of ionizing radiation include processes leading to the induction of

an anti-tumor immune response. Irradiation of tumor tissue promotes T cell priming by

cross-presentation of tumor antigens and leads to reduction of tumor mass by CD8+ T cell-

mediated cell killing [100, 101, 102]. Further, radiotherapy is also able to activate intratumoral
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production of IFN-β followed by innate immune signaling [53, 63, 103]. This leads to enhanced

cross-priming activity of DCs attracting T cells to the tumor site [104]. By local inflammatory

reactions after irradiation, a reprogramming of the tumor microenvironment (TME) further

enables immune responses by release of tumor antigens and DAMPs [105, 106]. Among these

are markers of ICD, most prominently represented by extracellular ATP, release of HMGB1

and surface-exposed CALR (see 1.2.2) [70, 107].

Radiotherapy mainly has effects on a localized target by focusing the radiation beam on a

specific tumor site. However, it has shown in rare cases systemic, abscopal effects. Hence,

radiotherapy can supposedly induce anti-tumor effects outside of the primary treatment field

[108]. The abscopal effect has been reported in several preclinical studies and case reports

as delayed therapeutic effects on unirradiated metastatic sites of melanoma, lymphoma,

lung adenocarcinoma, hepatocellular carcinoma or Merkel cell carcinoma [109, 110]. It

was also observed in one case of metastatic HNSCC after treatment with radiotherapy in

combination with ICB using an antibody against PD-1 [111]. Preclinical investigations have

shown, that the induction of a systemic anti-tumor immune response is the driving force

of the radiation-induced abscopal effect [112]. The activation of the immune system led

to migration of T lymphocytes to distant tumor sites mediating tumor cell killing there

[109].

With this broad spectrum of biological effects, radiotherapy is in the repertoire of standard

treatment for many tumor entities. It is among the four pillars of cancer therapy and more

than 50% of patients receive radiotherapy as part of their individual treatment plan [8, 113].

It plays an important role in managing non-resectable or recurrent tumors. Radiotherapy is

used in most patients as a treatment with curative intent but is also part of palliative care

[93, 114]. In 85% of cases, radiotherapy is applied as external beam radiotherapy (EBRT)

and is accompanied by various imaging techniques such as computer tomography for exact

positioning of the photon radiation beam on the tumor target [94]. For circumventing radiation

damage to sensitive normal tissue, intensity modulated radiotherapy (IMRT) uses several

radiation beams that will hit the targeted tumor mass from several directions with varying

radiation intensity. In this way, high radiation doses can be delivered to the tumor by sparing

surrounding tissue as much as possible [94, 115]. Besides conventional photon radiation,

charged particles such as protons or heavy ions have great potential in radiotherapy. By

delivering the majority of energy at the end of their range in the so-called ‘Bragg peak’,

charged particles provide the opportunity to deliver maximum energy at the intended target

site with minimal effect on surrounding tissue [114, 116, 117]. However, costs for purchase

and maintenance of suitable machines for conducting particle therapy are about 100 times

higher than conventional linear accelerators for photon beam radiotherapy. The availability

of particle therapy is therefore limited [94].
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Major obstacles for successful tumor treatment with radiotherapy are mechanisms of radioresis-

tance in tumor cells [118]. The hypoxic environment of many tumors prevents the generation

of ROS after ionizing radiation [119]. If ROS are still produced, endogenous antioxidant

mechanisms such as superoxide dismutases can prevent radiation-induced oxidative stress by

converting free oxygen radicals into non-reactive O2 [120, 121]. Furthermore, the databases

of Oncomine and the Cancer Genome Atlas Program have shown that most tumor types

have upregulated expression of several genes that are involved in DNA repair mechanisms.

Mutations in these specific genes that are common for 10 – 20% of tumors lead to resistance

of the tumor to DNA damage and apoptosis [118, 122].

Besides intrinsic mechanisms of radioresistance, many patients struggle with severe side effects

of radiotherapy. It is reported that approx. 50% of HNSCC patients experience problems

with speaking or swallowing during treatment and even after 10 years, the majority of these

patients are still compromised by side effects of radiotherapy [123, 124]. For PDAC currently,

radiotherapy is in most cases only an option in the context of palliative treatment due to

the high degree of radioresistance and advanced stage of most of the diagnosed tumors. A

further obstacle for PDAC is its location within the body surrounded by many radiosensitive

organs and tissues [15]. Therefore, further development of this therapy and combinatorial

approaches with other treatment modalities are necessary to improve the clinical potential of

radiation for cancer therapy.

1.4 Measles virus

1.4.1 Structure and biology of measles virus

Measles virus belongs to the family of Paramyxoviridae within the Morbillivirus genus. Viral

particles have a size of approx. 100 – 300 nm and contain a single-stranded, non-segmented,

negative sense RNA genome with a length of 15,894 nt [125, 126]. The genome encodes six

structural and two non-structural proteins flanked by non-coding leader and trailer sequences

that contain regulatory elements for transcription and replication (Figure 1.3) [127, 128].

The nucleocapsid enclosing the viral RNA is formed by the nucleoprotein (N) with the

large protein (L) and phosphoprotein (P) associated. Further, these proteins also build the

RNA-dependent RNA-polymerase complex, also called the ribonucleoprotein (RNP) complex.

This is necessary for viral replication within the host cell. The viral envelope is composed of

a lipid bilayer derived from of the host cell membrane lined by the matrix protein (M). On

the outside, hemagglutinin (H) and fusion (F) proteins are incorporated into the envelope

which are essential factors for host cell entry [125, 127, 129].
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Figure 1.3: Schematic representation of measles virus particle and genome. A
measles virus particle contains an RNA genome encapsulated by nucleocapsid (N) that is
associated with large protein (L) and phosphoprotein (P). Together, they build the RNP
complex. This structure is surrounded by a viral envelope of host cell membrane and matrix
protein (M) with hemagglutinin (H) and fusion proteins (F) on the surface. All structural
and non-structural viral proteins are encoded in the negative sense RNA genome with
regulatory elements at the 3’ (leader, ld) and 5’ (trailer, tr) end. The image was created with
BioRender.com.

The genomic sequence of P also contains the genetic information for the two non-structural

proteins, V and C (Figure 1.3). An alternative open reading frame (ORF) encodes C. By

addition of a non-templated guanosine nucleobase, a frame shift in the sequence leads to

transcription of the V protein encoding sequence. Both proteins have an important role in

viral replication as well as virulence and modification of the anti-viral response by influencing

interferon signaling of the host cell [130, 131, 132, 133, 134].

The human body represents the host for wildtype and vaccine strain measles virus. Non-

human primates can also be infected by measles virus, but the overall population size is

too small for a sustained transmission of the virus [135]. The entry receptors for wildtype

measles virus are signaling lymphocyte-activation molecule family member 1 (SLAMF1), also

called CD150, and poliovirus receptor-like 4 (PVRL-4), also known as nectin-4. The former

is expressed on lymphocytes and APCs such as DCs, macrophages as well as monocytes,

the latter is a component of adhenens junctions of epithelial cells, especially alveolar cells

[136, 137, 138]. Receptor distribution is a major determinant for the pathogenesis, whereas

the route of infection is via the respiratory system [135]. There, the H protein of the viral

particles binds to host entry receptors and interacts with F to mediate attachment and fusion

with the host cell membrane for viral entry [139, 140]. The RNP complex replicates and

transcribes the viral genome in the cytosol [125, 141]. All components of viral particles are

produced and transported to the cell membrane. The newly translated H and F proteins are

expressed on the outer host cell membrane, new virions are assembled and bud off the host
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cell to potentially infect other cells. Remaining H and F proteins on the cell surface mediate

fusion with neighboring cells to form the characteristic cytopathic effect of multi-nucleated

cells, called syncytia. With ongoing cell fusion upon infection the membrane tension of

syncytia rises until they burst. This entails further release of viral particles and thereby

fosters infection and spread [142, 143, 144].

With an average incubation time of 10 – 14 days after initial infection via the respiratory

system, acute measles disease shows a characteristic maculopapular rash accompanied by

further symptoms such as fever, conjunctivitis, coryza, cough and bluish-white Koplik spots on

the oral mucosa [125, 145, 146]. In some cases, complications of varying severity arise during

disease progression such as otitis media, diarrhoea and laryngotracheobronchitis but also

pneumonia or encephalitis [146]. Subacute sclerosing panencephalitis, a neurodegenerative

disorder, can arise even 7 – 10 years after infection [147].

Since the development of measles vaccines in the 1960’s, the incidence of measles infections

dropped to approx. 7.5 million from initially 30 million cases per year and the number of

deaths decreased from 2 million to approx. 100,000 deaths per year [135, 148]. The eradication

of measles worldwide has not been reached yet due to limited comprehensive vaccine coverage

and vaccination campaigns. The first vaccine against measles virus was developed in the

1950’s. Enders and Peebles were succesful in propagating measles virus from a boy named

David Edmonston in tissue cultures [149]. This approach produced a live-attenuated virus

with reduced virulence that still infected and replicated in human cells but without losing its

immunogenicity important for the capacity as a vaccine. In 1963, the first measles vaccine,

Edmonston B, was licensed for vaccination purposes. Further measles vaccine viruses, Moraten

and Schwarz, originating from the Edmonston lineage were passaged on chicken embryonic

fibroblasts (CEFs) and are still in use for vaccination today [150, 151]. Due to its stable

genome without re-appearance of pathogenicity and efficient induction of life-long humoral

immunity, the measles vaccine is considered as one of the safest and most efficacious vaccines

worldwide and has been given to billions of people over many decades preventing from disease

outbreak and severe side effects [125, 152].

For cell entry, the attenuated vaccine strain measles virus (MeV) mainly uses another receptor:

the CD46 molecule [137, 153]. It is also known as a co-factor for the serine protease complement

factor 1 and is therefore part of the complement system [154, 155]. Further, CD46 is

ubiquitously expressed on the surface of most human nucleated cells and is overexpressed

in tumor cells of several entities [143, 156]. Thereby, it plays a crucial role in preventing

complement-mediated tumor cell lysis [157, 158]. Although this is unfavorable for destruction

via the complement system, it is of great advantage for viral infection of tumor cells, pointing

towards a natural oncotropism of vaccine strain MeV [159].
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1.4.2 Oncolytic measles virus

The idea of using measles virus as an anti-cancer agent arose in the last century after

several case reports indicating oncolytic activity, i.e. the capability to lyse tumor cells.

The most famous case report of a young African boy suffering from Burkitt’s lymphoma

was documented by Bluming and Ziegler in 1971. The physicians reported complete tumor

regression associated with a concurrent measles infection [160]. Other cases reported the same

phenomenon in leukemia or Hodgkin’s disease [161, 162, 163]. These first insights pointed

towards a possible role of measles virus as an oncolytic agent and were the starting point for

decades of research developing anti-cancer virotherapy using oncolytic measles virus [164, 165,

166].

The use of measles virus as oncolytic agent requires a high level of safety. Therefore, measles

vaccine strain viruses (MeV) are used for the development of a virus-based therapy [167].

Commonly used for vaccination purposes, MeV provides an excellent safety profile and high

immunogenicity without genotoxicity. The stable genome and available reverse genetics

system provide possibilities for virus engineering and retargeting [166, 168, 169]. However, the

increased safety of using a vaccine virus also implies pre-existing antiviral immunity in many

patients. Furthermore, as MeV is a human-specific virus, the choice of preclinical models

without modification is limited. The investigations of MeV efficacy in vivo therefore require

the engineering of murine models that are susceptible to viral infection as MeV would not

enter murine cells per se [170, 171].

Infectivity and tumoricidal efficacy of MeV in several tumor entities was shown in many

preclinical studies [166, 167]. In the following, several interesting aspects of MeV retargeting,

post-entry targeting as well as the induction of anti-tumor immune responses by MeV are

put into focus. Specific engineering of the MeV H protein enables retargeting of viral

entry, thereby increasing the specificity of viral infection of tumor cells. Nakamura and

colleagues described a pseudoreceptor system that allows the rescue and propagation of fully

retargeted MeV to antigens overexpressed on tumor cells and demonstrated specific receptor-

mediated anti-tumor activity in vitro as well as in vivo [172]. This pseudoreceptor system

enabled the development of MeV retargeted to CD20, prostate stem cell antigen (PSCA) or

EGFR that are frequently overexpressed on lymphoma cells, PDAC or HNSCC. Further,

the sequence of a prodrug convertase was inserted in the MeV genome such as purine

nucleoside phosphorylase (PNP) derived from Escherichia coli or cytosine deaminase/uracil

phosphoribosyltransferase (CD/UPRT) that converts 5-fluorocytosine into 5-fluorouracil, a

common chemotherapeutic used against many tumor entities including HNSCC. This enabled

the development of a combination therapy with chemotherapeutics such as fludarabine or

5-fluorouracil. These chemovirotherapy combinations showed specific infection of tumor cells

by MeV with enhanced killing of infected as well as bystander cells in vitro and increased
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efficacy, tumor growth delay, temporary or complete tumor regression and prolonged survival

in xenograft models [173, 174, 175, 176]. Further, post-entry targeting was achieved as another

possibility for successful modification of MeV tropism and increasing safety. The insertion of

microRNA target sequences into the MeV genome enabled specific viral infection of tumor

cells, as the expression of the corresponding microRNAs is lost during tumorigenesis which

can be exploited further. Viral infection of and spread in normal tissue was suppressed, as

healthy cells express the specific microRNA to a high extent [177]. Following this post-entry

targeting strategy, MeVs were generated for specific infection of glioblastoma, hepatocellular

carcinoma and PDAC cells without reduced oncolytic efficacy in vitro [178, 179, 180]. In

corresponding xenograft tumor models, microRNA-sensitive MeV showed tumor growth delay

and prolonged survival comparable to unmodified MeV. Investigations in primary human

brain tumor explants showed restricted replication and spread of microRNA-sensitive MeV in

normal brain tissue [178].

To investigate the possible increase of the anti-tumor efficacy of MeV by inserting im-

munostimulatory transgenes, several studies were conducted in preclinical models of colon

adenocarcinoma and melanoma. Treatment with MeV encoding the immunostimulatory

cytokine granulocyte-macrophage colony stimulating factor (GM-CSF) led to delayed tumor

progression, prolonged survival as well as induction of an adaptive immune response in an

immunocompetent murine colon adenocarcinoma model [181]. Moreover, virotherapy using

the GM-CSF-encoding virus induced an enhanced cell-mediated immune response that was

specific against tumor as well as virus. The idea of combining ICB with oncolytic MeV led to

the generation of MeV vectors encoding antibodies against CTLA-4, PD-1 or PD-L1 [182, 183].

Investigations in immunocompetent murine melanoma models showed oncolytic efficacy as

well as delayed tumor progression, increased levels of tumor-infiltrating lymphocytes (TILs),

prolonged median overall survival and even complete tumor remission with IFN-γ recall

responses after tumor rechallenge. Additionally, the established MeV vectors showed tumor

cell lysis in patient-derived melanoma tissue. For further development of immunovirotherapy,

Veinalde et al. and Backhaus et al. generated MeV vectors encoding IL-12 fusion protein

and an IL-15 superagonist to mediate enhancement of immune responses by T and NK cells

[184, 185]. Investigations in murine melanoma and colon adenocarcinoma models showed

increased immune cell infiltration and activation as well as upregulation of effector cytokines

after treatment with MeV encoding immunomodulators compared to control MeV. Another

strategy to recruit T cells to the tumor site and induce anti-tumor immune responses is the

use of bispecific T cell engagers (BiTEs), molecules that enable T cell recruitment to the

tumor site by simultaneously targeting CD3 as well as a tumor-specific surface antigen. MeVs

that encode BiTEs targeting solid tumors such as melanoma or colon adenocarcinoma led to

increased T cell infiltration and induction of an anti-tumor immune response in immunocom-

pentent, syngeneic mouse tumor models. Further, in combination with transferred peripheral
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blood mononuclear cells (PBMCs), treatment with MeV encoding BiTEs led to prolonged

survival in patient-derived xenografts of colorectal cancer [186].

To achieve the induction of an anti-tumor immune response via innate immunity, Li and

colleagues generated an attenuated MeV encoding IFN-β and conducted investigations in

preclinical models of human mesothelioma [187]. The treatment with MeV encoding IFN-β

was associated with increased infiltration of innate immune cell repertoires in the TME.

The study showed delayed tumor growth and prolonged survival in several mesothelioma

tumor models after intratumoral injections of MeV encoding IFN-β. Moreover, ICD plays an

important role in the cancer immunity cycle for induction of an anti-tumor immune response

mediated by MeV [188]. The induction of ICD by MeV was first observed by Donnelly et al.

in 2013. Investigations in human melanoma models showed the release of type I IFNs as well

as the ICD marker HMGB1 after treatment with oncolytic MeV [189]. Further, Chen and

colleagues showed ICD induction after MeV infection of hepatocellular carcinoma cells by

translocation of CALR as well as significantly increased release of ATP and HMGB1 from

MeV infected tumor cells [190].

1.5 Role of virotherapy in oncology

Many different viruses are tested currently as oncolytic agents for clinical application. Some

of these have humans as their natural host and some are genetically engineered. Non-human

oncolytic viruses are e.g. of rodent origin [191, 192]. The first oncolytic virus (OV) to achieve

limited marketing approval was the genetically modified adenovirus H101 (Oncorine) in

China in 2005. It was approved for the treatment of HNSCC [164, 193]. In 2015, talimogene

laherparepvec (T-VEC) also known as Imlygic®, a herpes simplex virus (HSV) encoding

GM-CSF, was approved by the U.S. Food and Drug Administration (FDA) as well as the

European Medicines Agency (EMA) for the treatment of non-resectable metastatic melanoma

[194]. The type I HSV G47∆ (Delytact®), was the first oncolytic virotherapy for brain cancer,

especially residual or recurrent glioblastoma, and received limited approval in Japan in 2021

[195, 196].

The first clinical trial that was conducted using oncolytic MeV was led by Heinzerling and

colleagues in 2005 [197]. The group injected replication competent MeV of the Edmonston

Zagreb strain intratumorally into patients with cutaneous T cell lymphoma. The treatment

was well-tolerated and paved the way for further clinical studies. Most of the following trials

used MeVs encoding carcinoembryonic antigen (CEA) or the human thyroidal sodium-iodine

symporter (NIS). CEA represents a common tumor marker and, when encoded by the virus,

can be used to monitor MeV replication and deduce viral load from serum levels of CEA

[198]. The NIS protein fulfills a dual role in cancer therapy. After application of radioactive
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123I or 131I, NIS mediates the accumulation of these isotopes in infected tumor cells and

provides another possibility for imaging viral gene expression as a surrogate parameter for

replication [199]. Further, 131I can act therapeutically leading to tumor regression after

having been concentrated in infected tumor cells via NIS. All in all, 19 phase I or II clinical

trials have been conducted so far using oncolytic MeV in various tumor entities such as

ovarian cancer, myeloma, tumors of the lung or the gastrointestinal tract as well as HNSCC

[167].

The presence of an abscopal effect after oncolytic virotherapy has been reported only occasion-

ally in clinical as well as preclinical studies. A phase II clinical trial reported abscopal effects in

malignant melanoma after injecting T-VEC into primary lesions [200]. However, the systemic

effect seemed to be limited and would require further therapeutic interventions in combination

with T-VEC [201]. In a preclinical study, Havunen and colleagues detected abscopal effects

in vivo after treating tumor-bearing hamsters with a cytokine-armed adenovirus [202]. After

injecting the virus into one tumor lesion the group could detected increased populations of

TILs in injected as well as non-injected tumor sites.

The advantages of OVs are not only based on their lytic capacity. They can also act as vehicles

for delivery and expression of several transgenes in the tumor as well as the surrounding TME

in order to enhance anti-tumor efficacy and trigger immune responses against tumor antigens

[165, 191]. Therefore, they show a high potential as tumoricidal agents for combination with

immunotherapy, chemotherapy or radiotherapy in novel approaches of tumor treatment [192,

203, 204].

1.6 Combined radiovirotherapy

Combination treatments are an increasing focus of pre-clinical investigations in vitro and in

vivo as well as in clinical trials. For non-resectable PDAC, the combination of radiotherapy

with chemotherapy has already become part of the standard of care [14, 15, 16]. The

combination of radiotherapy with immunotherapy using ICB has been tested intensively in

the past years in several tumor types including HNSCC [205, 206, 207]. ICB inhibits negative

regulatory elements that control immune tolerance. The combination of ICB and radiation

follows the idea to use the immune activating capacity of radiotherapy to facilitate response

of the tumor to immunotherapy [208]. Thereby, an immunologically ‘cold’ tumor can be

turned immunologically ‘hot’ and primed for immunotherapy. The same idea is investigated

in combinations of OVs with immunotherapeutic agents [209]. In the clinical setting of

oncolytic virotherapy, about one-third of roughly 100 clinical trials so far tested or are

currently testing OVs in combination with other therapeutic regimens. The use of ICB ranks

at third place behind chemotherapy and radiotherapy [210]. A famous example of combined
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immunovirotherapy is the combination of T-VEC with pembrolizumab, a monoclonal antibody

against PD-1. This combination treatment showed strong clinical responses in advanced

malignant melanoma [211]. Oncolytic MeV in combination with gemcitabine was investigated

by May and colleagues. In a preclinical study, this chemovirotherapy showed strong cell

killing of PDAC tumor cells [212]. Interestingly, this effect was achieved using subtherapeutic

concentrations of gemcitabine as well as low doses of MeV.

The combination of OVs and radiation has come into focus of preclinical as well as clinical

studies. Both therapeutic agents harbor the potential to boost the efficacy of the other: radia-

tion may enhance OV therapy by increasing viral spread and replication. Vice versa, OVs may

support radiotherapy by sensitizing the target tissue to radiation [213]. Dai and colleagues

showed that oncolytic vaccinia virus in combination with radiotherapy has a synergistic

cytotoxic effect with significant increase of apoptosis compared to monotherapy in preclinical

PDAC tumor models [214]. Analyses in xenograft tumor models revealed that the combination

led to significant tumor growth delay. The combination of the oncolytic parvovirus H1-PV in

combination with radiotherapy showed several beneficial effects in glioma cells [215]. Irradia-

tion prior to H1-PV infection led to increased sensitivity to virus infection and enabled killing

not only of radiosensitive but also radioresistant cells [216].

Studies exploring a combination of radiation and oncolytic MeV as radiovirotherapy (RVTx)

have been conducted for approx. 15 years. Liu and colleagues showed additive or even

synergistic anti-tumor effects by increased cell killing after combined RVTx in glioblastoma

and prostate cancer cells in vitro [217, 218]. Experiments in xenograft models of these tumor

entities showed significantly prolonged survival compared to monotherapy or control and

even tumor regression after combination therapy. In models for HNSCC and colorectal

cancer, the combination of MeV encoding NIS and EBRT together with the radiosensitizing

agent SAR-020106, a checkpoint kinase 1 inhibitor, showed synergistic effects in terms of

cytotoxicitiy in vitro [219]. In vivo experiments in human colorectal xenografts showed

anti-tumor efficacy of the combination therapy. Triple combinations of MeV, radiotherapy and

chemotherapy were also tested recently by Rajamaran and colleagues [220]. The treatment

sequence of chemo-, viro- and radiotherapy showed synergistic effects in different glioma cell

lines. Further, the activation of a type I IFN response was detected in primary glioblastoma

cultures, indicating a treatment-induced pro-inflammatory phenotype. These previous results

of RVTx demonstrated the potential of this combination therapy for further preclinical studies

and the achievement of clinical translation.
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2 Aim of the Study

The urgency to develop safe and successful treatment strategies against cancer is perma-

nently high. Currently, combination therapies encompassing several treatment modalities

are frequently employed to develop multi-pronged approaches. The combination of radio-

therapy and virotherapy using oncolytic MeV has been studied only for a few tumor entities

so far. For refractory tumors such as HNSCC and PDAC, that often show resistance to

common treatment approaches, respective data is limited. Further, several studies have

shown the induction of innate immune signaling as well as ICD by ionizing radiation or

MeV infection, respectively. However, this has not been investigated in a combined ap-

proach yet, although both treatment modalities show potential for anti-tumor efficacy when

combined.

Based on previous findings in the field of radiation and oncolytic virotherapy, I hypothesize

that a combination of both in a radiovirotherapy (RVTx) shows synergistic tumoricidal

effects against HNSCC and PDAC models compared to both treatment modalities applied

as monotherapies. Further, I hypothesize that RVTx is able to break treatment resistance

Figure 2.1: Investigating combined radiovirotherapy (RVTx). The analysis of RVTx
comprises two parts: (I) The evaluation of optimal dosing and scheduling, including analysis
of synergistic effects and development of suitable models. (II) A molecular and functional
identification of mechanisms of action focusing on cytokine secretion, target gene expression
and immune cell characterization for analyzing innate immune signaling and ICD induction.
The image was created with BioRender.com.
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2 Aim of the Study

by inducing a sustained anti-tumor immune response. The aim of this study was therefore a

systematic analysis of RVTx in different experimental systems in vitro, in vivo and ex vivo

(see Figure 2.1). I used a variety of relevant preclincial models and described all experimental

results of this study in this chronological order.

The first part of this study addresses a systematic evaluation of both, radiation and MeV dosing.

I investigated synergy of the combination therapy on the basis of a profound cytotoxicity

analysis. Further, I developed treatment schedules of RVTx for application in cell culture

experiments as well as in animal models. The implementation of in vivo experiments also

included the development of syngeneic, heterotopic immunocompetent murine models for

HNSCC and PDAC. The focus of the second part is the molecular and functional identification

of possible mechanisms of action induced by RVTx treatment. I investigated factors of damage

sensing, innate and adaptive immune signaling as well as typical markers for ICD induction.

Applied methods included analyzing secretion of cytokines and other molecules, target gene

expression as well as surface markers and immune cell types. This comprehensive analysis will

provide insights into RVTx therapy that will enable moving this treatment strategy further

towards clinical application.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicals, buffers and growth media

Chemicals Catalog no., Manufacturer

Accutase cell detachment solution 423201, BioLegend, San Diego,

CA/USA

Agarose, molecular biology grade A9539, Sigma-Aldrich, Saint Louis,

MO/USA

Antibiotic antimycotic solution (ABAM) A5955, Sigma-Aldrich

ACK lysing buffer A10492-01, Gibco Life Technologies,

Carlsbad, CA/USA

Atipamezol hydrochloride 23554.00.00, Orion Pharma, Espoo,

Finnland

B-27® supplement 12587-010, Gibco Life Technologies

Bepanthen® eyes and nose cream 6029009.00.00, Bayer Vital GmbH,

Leverkusen, Germany

β-mercapoethanol, purity above 99% M7522, Sigma-Aldrich

Bovine serum albumin (BSA) A9418, Sigma-Aldrich

Collagenase type I 17100-17, Gibco Life Technologies

Concanavalin A C2010-25MG, Sigma-Aldrich

Dako fluorescence mounting medium S3023, Agilent, Santa Clara, CA/USA

4’,6-diamidino-2-phenylindole (DAPI) D8417, Sigma-Aldrich

Deoxynucleotide triphosphate (dNTP) mix R0192, Thermo Scientific, Waltham,

MA/USA

D-Glucose 15023, Gibco Life Technologies

Dimethyl sulfoxide (DMSO) D2438-5X, Sigma-Aldrich

Doxorubicin hydrochloride 15007, Cayman Chemical Company,

Ann Arbor, MI/USA

21



3 Materials and Methods

Chemicals Catalog no., Manufacturer

Dulbecco’s Modified Eagle’s medium (DMEM) 31966, Gibco Life Technologies

DMEM/F12, advanced 12634, Gibco Life Technologies

DMEM/F-12 31331, Gibco Life Technologies

Dulbeccos’s phosphate-buffered solution (D-PBS) 14190-144, Gibco Life Technologies

Elution buffer (EB) 19086, Qiagen, Hilden, Germany

Epidermal growth factor, human recombinant 01-107, Sigma-Aldrich

ELISA stop solution SS04, Invitrogen Life Technologies,

Waltham, MA/USA

Ethanol, purity above 99.8% 9065.1, Carl Roth, Karlsruhe, Ger-

many

EveryBlot blocking buffer 12010947, Bio-Rad Laboratories, Her-

cules, CA/USA

Fetal calf serum (FCS) P40-37500, PAN-Biotech GmbH,

Aidenbach, Germany

Fibroblast growth factor 10, recombinant human 100-26, Peprotech, Cranbury, NJ/USA

Fibroblast growth factor basic, recombinant human 233-FB, R&D Systems, Minneapolis,

MN/USA

Flumazenil Kabi M08827/01, Fresenius Kabi, Bad Hom-

burg, Germany

Fugene® HD transfection reagent E231A, Promega, Madison, WI/USA

Fusion inhibitory peptide (FIP) Z-D-Phe-Phe-Gly C9405, Sigma-Aldrich

Fusion inhibitory peptide (FIP) Z-D-Phe-Phe-Gly-

OH

40.157.680.100, Bachem AG, Buben-

dorf, Switzerland

GeneRuler™ 1 kb DNA Ladder SM0311, Thermo Scientific

GeneRuler™ 100 bp Plus DNA Ladder SM0321, Thermo Scientific

Gentamicin 15750, Gibco Life Technologies

GlutaMAX™ supplement 35050, Gibco Life Technologies

H2O, sterile, PCR grade W4502, Sigma-Aldrich

Ham’s nutrient mixture F10-F12 sh30026.01, Fisher Scientific, Pitts-

burgh, PA/USA

Heparin sodium salt H3149, Sigma-Aldrich

HEPES solution H0887, Sigma-Aldrich

Hoechst 33342 H1399, Invitrogen Life Technologies

HRP streptavidin for ELISpot 557630, BD Biosciences, San Jose,

CA/USA

Human keratinocyte growth supplement (HKGS) S-001-5, Gibco Life Technologies

22



3.1 Materials

Chemicals Catalog no., Manufacturer

Hydrocortisone H0135, Sigma-Aldrich

Insulin from bovine pancreas I6634, Sigma-Aldrich

Iscove’s Modified Dulbecco’s medium (IMDM) sh30228.02, Fisher Scientific

Isofluran CP 400806.00.00, CP-Pharma, Burgdorf,

Germany

Isopropanol, purity above 99.8% 6752.1, Carl Roth

Kanamycin solution K0129, Sigma-Aldrich

Laemmli sample buffer (4×) 1610747, Bio-Rad Laboratories

L-Glutamine 25030-081, Gibco Life Technologies

Lipofectamine 2000 11668027, Invitrogen Life Technologies

Matrigel® basement membrane matrix 356234, Corning, Corning, NY/USA

MB Taq DNA polymerase 53-1050, Minerva Biolabs, Hackensack,

NJ/USA

Medetomidin hydrochloride 401062.00.00, Zoetis Deutschland,

Berlin, Germany

Methanol, purity above 99.9% 4627.2, Carl Roth

Midazolam-ratiopharm® N52210.05-Z01, Ratiopharm, Ulm,

Germany

Minimal Essential medium Eagle (MEM) M5650, Sigma-Aldrich

Mitoxantrone hydrochloride 14842, Cayman Chemical Company

Mouse IFN-γ ELISpot Pair 551881, BD Biosciences

Nodal protein, recombinant human 3218-ND, R&D Systems

OneTaq® DNA polymerase M0480L, New England Biolabs,

Ipswich, MA/USA

OneTaq® standard reaction buffer (5×) B9022S, New England Biolabs

Opti-MEM™ 51985, Gibco Life Technologies

Oxaliplatin AG-CR1-3592, AdipoGen Life Science,

San Diego, CA/USA

Paraformaldehyde (PFA) solution, 4% 19943, Affymetrix, Santa Clara,

CA/USA

Penicillin-streptomycin (P/S) 15070, Gibco Life Technologies

Polybrene infection/transfection reagent TR-1003, Sigma-Aldrich

Power SYBR™ Green PCR master mix 4367659, Applied Biosystems,

Waltham, MA/USA

Precision Plus™ protein all blue standards 1610373, Bio-Rad Laboratories
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Chemicals Catalog no., Manufacturer

Protease Inhibitor Cocktail cOmplete™ Ultra

tablets

5892970001, Roche, Basel, Switzerland

Puromycin dihydrochloride A11138-03, Gibco Life Technologies

Purple loading dye (6×) B7024A, New England Biolabs

RIPA buffer R0278, Sigma-Aldrich

RNAlater™ RNA stabilization reagent 1017980, Qiagen

RNAprotect® cell reagent 76104, Qiagen

RNase H M0297L, New England Biolabs

RNase H reaction buffer, 10× B0297S, New England Biolabs

Roswell Park Memorial Institute (RPMI) 1640 61870, Gibco Life Technologies

ROTI®-Stock, 10× tris-buffered saline-tween

(TBST)

1061.1, Carl Roth

Rotiphorese® SDS-PAGE 3060.1, Carl Roth

Skim milk powder, blotting grade T145.2, Carl Roth

Sodium pyruvate 11360, Gibco Life Technologies

Sodium chloride injection solution, 0.9%, isotonic 2350748, B. Braun SE, Melsungen,

Germany

SYBR™ Safe DNA gel stain S33102, Thermo Scientific

TMB substrate for ELISpot 3651-10, Mabtech, Nacka Strand, Swe-

den

Trans-Blot Turbo 5× transfer buffer 10026938, Bio-Rad Laboratories

Tris-borate EDTA (TBE) buffer, 10× 15581, Invitrogen Life Technologies

Tris-buffered saline (TBS), 1×, with 1% casein 1610782, Bio-Rad Laboratories

Triton™ X-100 X100, Sigma-Aldrich

Trypan blue solution, 0.4% T8154, Sigma-Aldrich

Trypsin-ethylenediaminetetraacetic acid (EDTA)

solution, 0.05%

25300, Gibco Life Technologies

3.1.2 Cell lines

Cell line Description Source

AsAn-PaCa Human pancreatic adenocarcinoma cell line [221] A. Angelova, Heidel-

berg, Germany

BxPC-3 Human pancreatic adenocarcinoma cell line [222] ATCC, Manassas,

VA/USA
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Cell line Description Source

HNO210 Human HNSCC cell line derived from the larynx C. C. Herold-Mende,

Heidelberg, Germany

HNO410 Human HNSCC cell line derived from a hypopha-

ryngeal lymph node metastasis

C. C. Herold-Mende,

Heidelberg, Germany

mEERL95 Mouse HNSCC cell line established by in vitro

transformation of male tonsilar epithelial cells with

HPV16 E6-E7-proteins and oncogenic H-ras in a

C56BL/6JRj mouse [223]

G. Tolstonog, Lau-

sanne, Switzerland

MOC2 Mouse OSCC cell line [224] Kerafast, Boston,

MA/USA

MRC-5 Human lung fibroblast cell line [225] ATCC, Manassas,

VA/USA

Panc02 Murine pancreatic adenocarcinona cell line derived

from a C57BL/6 mouse [226]

J. Seco, Heidelberg,

Germany

PC1 Human pancreatic adenocarcinoma cell culture [227] C. Ball, Dresden, Ger-

many

PC3 Human pancreatic adenocarcinoma cell culture [227] C. Ball, Dresden, Ger-

many

PC28 Human pancreatic adenocarcinoma cell culture [227] C. Ball, Dresden, Ger-

many

PC43 Human pancreatic adenocarcinoma cell culture [227] C. Ball, Dresden, Ger-

many

PDA30364 Mouse pancreatic adenocarcinoma cell line gener-

ated from primary pancreatic tumors in a C57BL/6-

Ly5.1 mouse [228]

R. Offringa, Heidelberg,

Germany

T3M4 Human pancreatic adenocarcinoma cell line [229] Z. Raykov, Heidelberg,

Germany

Vero African green monkey kidney epithelial cell line ATCC, Manassas,

VA/USA
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3.1.3 Recombinant viruses

Name Description

MeVac ld-EGFP Measles Schwarz vaccine strain virus encoding eGFP in ATU down-

stream of leader [185]

MeVac Measles Schwarz vaccine strain virus [185]

MV-NIS Measles Edmonston B strain virus encoding the human thyrodial

sodiom iodide symporter [199]

LV-105 hCD46 BC1 Lentiviral vector encoding human CD46 using a third generation

lentiviral vector system [230]; kindly provided by J. P. W. Heidbüchel

(Heidelberg, Germany)

3.1.4 Plasmids

Name Description

pCG-L Eukaryotic expression vector encoding MeV L

protein

pCG-N Eukaryotic expression vector encoding MeV N

protein

pCG-P Eukaryotic expression vector encoding MeV P

protein

pcDI-DsRed2 Eukaryotic expression vector encoding a variant

of the Discosoma red fluorescent protein

pcMeVac ld-EGFP Eukaryotic expression vector encoding MeV

Schwarz vaccine strain antigenome encoding

eGFP in ATU downstream of leader [184]

pcMeVac Eukaryotic expression vector encoding MeV

Schwarz vaccine strain antigenome [184]

pCAG-Puro-P2A-hCD46-SMARter-NP Bacterial expression vector produced in Es-

cherichia coli DH5a strain econding pCAG pro-

moter and human CD46 gene [231, 232]

pEF1-Puro-P2A-hCD46-SMARter-NP Bacterial expression vector produced in Es-

cherichia coli DH5a strain econding pEF1 pro-

moter and human CD46 gene [231, 232]
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3.1.5 Oligonucleotides

All oligonucleotides were designed using Primer-BLAST [233]. I checked primer quality by

PCR Primer Stats [234] and UCSC In-Silico PCR [235]. They were synthesized by Eurofins

MWG Operon (Ebersberg, Germany) and stored in elution buffer (EB). For primers binding

to retinoic acid-inducible gene I (RIG-I), cyclic GMP-AMP synthase (cGAS) and stimulator of

interferon genes (STING) the genome position of the first complementary nucleotide is given

in the primer name. ‘rev’ or ‘R’ indicates primers hybridizing to the ‘+’ strand DNA/RNA;

‘for’, ‘fwd’ or ‘F’ indicates primers hybridizing to the ‘−’ strand DNA/RNA; h — human; m

— murine.

Name Sequence 5’ → 3’

h β-actin Ex6 for TCATTGCTCCTCCTGAGCGCA

h β-actin Ex6 rev CTAGAAGCATTTGCGGTGGAC

RIG_I fwd_38017 GAGCAACAGCTGAGAATGTCC

RIG_I rev_38187 ACGGGTGTTGTTTACTAGTGTTG

cGAS fwd_19 GCCAGTAGTGCTTGGTTTCC

cGAS rev_229 GGAGACTCGGTGGGATCCAT

STING fwd_13 CTCCTCCCTCCTAGGTCACA

STING rev_179 CTCAAGCCACCACGATCAAAC

h IFNβ for GACGCCGCATTGACCATCTA

h IFNβ rev CCTTAGGATTTCCACTCTGACT

h IFNAR-1b for TGTAACTGGTGGGATCTGCG

h IFNAR-1b rev TCAGATGCTTGTACGCGGAG

hCD46_qPCR_F CTCCTTCTCCGATGCCTGTG

hCD46_qPCR_R GGTATGTGCCTTTCTTCTTCCTC

m β-actin for AGAGGGAAATCGTGCGTGAC

m β-actin rev CAATAGTGATGACCTGGCCGT

m L13A for GGCTGCCGAAGATGGCGGAG

m L13A rev GCCTTCACAGCGTACGACCACC

m IFNb for AAGAGTTACACTGCCTTTGCCATC

m IFNb rev CACTGTCTGCTGGTGGAGTTCATC

m FoxP3 fw GGCCCTTCTCCAGGACAGA

m FoxP3 rev GCTGATCATGGCTGGGTTGT
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3.1.6 Antibodies

All antibodies with respective dilutions for flow cytometry (FC), western blot (WB) and

immunofluorescence (IF) analyses I used in this thesis are listed in the table below. Flu-

orochromes: APC — allophycocyanin; Cy™7 — cyanine 7; PerCP-Cy™5.5 — peridinin

chlorophyll protein complex with cyanine 5.5; PE — phycoerythrin; FITC — fluorescein

isothiocyanate.

Antibody Description Application Manufacturer

Anti-human

calreticulin-Alexa

Fluor® 647

Mouse IgG2b, clone 681234 FC 1:50 IC38981R, R&D

Systems

Anti-calreticulin Rabbit IgG, clone D3E6 IF 1:100 12238, Cell Signal-

ing Technology

Anti-rabbit IgG

(H+L)-Alexa Fluor®

594

Goat, secondary antibody IF 1:200 A11012, Invitro-

gen Life Technolo-

gies

Anti-human

CD46-APC

Mouse IgG1, clone TRA-2-10 FC 1:100 352405, BioLegend

Anti-mouse

CD3-PE

Rat IgG2b, κ, clone 17A2 FC 1:100 100205, BioLegend

Anti-mouse

CD4-APC-Cy™7

Rat IgG2b, κ, clone GK1.5 FC 1:100 100413, BioLegend

Anti-mouse

CD8a-APC

Rat IgG2a, κ, clone 53-6.7 FC 1:100 100711, BioLegend

Anti-mouse CD45.2-

PerCP-Cy™5.5

Mouse (SJL) IgG2a, κ, clone

104

FC 1:100 109827, BioLegend

Anti-mouse

CD335-FITC

Rat IgG2a, κ, clone 29A1.4 FC 1:50 137605, BioLegend

Mouse IgG1, κ,

APC

Isotype control, clone

MOPC-21

FC 1:100 400120, BioLegend

Rat IgG2b, κ, PE Isotype control, clone

RTK4530

FC 1:100 400607, BioLegend

Rat IgG2b, κ,

APC-Cy™7

Isotype control, clone A95-1 FC 1:100 552773, BD Bio-

sciences

Rat IgG2a, κ, APC Isotype control, clone

RTK2758

FC 1:100 400511, BioLegend
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Antibody Description Application Manufacturer

Mouse IgG2a, κ,

PerCP-Cy™5.5

Isotype control, clone

MOPC-173

FC 1:100 400251, BioLegend

Rat IgG2a, κ, FITC Isotype control, clone

RTK2758

FC 1:50 400505, BioLegend

Anti-mouse

CD16/CD32

(Mouse FC block)

Rat (SD) IgG2b, κ, clone

2.4G2

FC 1:100 553142, BD Bio-

sciences

Anti-human RIG-I,

C-terminus

Rabbit polyclonal WB 1:1000 06-1041, Merck

Millipore, Burling-

ton, MA/USA

Anti-human cGAS Rabbit IgG, clone D1D3G WB 1:1000 15102, Cell Signal-

ing Technology

Anti-human STING Rabbit IgG, clone D2P2F WB 1:1000 13647, Cell Signal-

ing Technology

Anti-rabbit IgG,

HRP-linked

Goat, secondary antibody WB 1:10,000 7074, Cell Signal-

ing Technology

3.2 Methods

3.2.1 Cell culture

3.2.1.1 Culturing cells

I cultured all cell lines used in this project at 37◦C in a humidified atmosphere with 5% CO2 in

Nunc™ EasYFlask™ cell culture treated flasks with filter caps (Thermo Fisher Scientific). The

human head and neck squamous cell carcinoma (HNSCC) cell lines HNO210 and HNO410 as

well as Vero cells were cultured in DMEM supplemented with 10% fetal calf serum (FCS). For

the murine pancreatic ductal adenocarcinoma (PDAC) cell line PDA30364, also referred to as

30364, I used the same growth medium with addition of 1× penicillin-streptomycin (P/S) and

1× sodium pyruvate. I cultured the human PDAC cell lines AsAn-PaCa, BxPC-3 and T3M4

as well as the murine PDAC cell line Panc02, in RPMI 1640 medium supplemented with 10%

FCS. I cultured the MRC-5 cells in MEM supplemented with 10% FCS, 1× sodium-pyruvate,

1× GlutaMAX™ and 1× P/S. I cultured the murine cell line mEERL95 in DMEM/F-12

supplemented with 5% FCS, 1× human keratinocyte growth supplement (HKGS) and 1× P/S.

As culture medium for the murine cell line MOC2, I used IMDM and Ham’s nutrient mixture

F10-F12 at a ratio of 2:1 supplemented with 5% FCS, 1× P/S, 5 mg/ml insulin from bovine
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pancreas, 400 ng/ml hydrocortisone and 5 ng/ml human recombinant epidermal growth factor.

The human PDAC cultures PC1, PC3, PC28 and PC43, I cultured in advanced DMEM/F-12

supplemented with 0.6% D-Glucose, 2 mM L-Glutamine, 12µg/ml heparin, 5 mM hepes buffer,

1× B-27® supplement, 1× P/S, fibroblast growth factors (10 ng/ml rhFGF-basic, 20 ng/ml

rhFGF-10) and 20 ng/ml rhNodal. When the cells reached 80 – 100% confluency, I split

them at a ratio of 1:5 – 1:100 depending on the growth kinetics of each cell line. For that,

I removed the medium, washed the cell layer with D-PBS and added 0.05% trypsin-EDTA

solution. After cell detachment (5 – 20 min), I added the respective cell culture medium

and split the cells at the required ratio. I performed this subcultivation procedure once

or twice per week. To determine the cell number, I mixed the cell suspension with 0.4%

trypan blue solution (ratio 1:1) and counted the cells using a Neubauer hemocytometer

(Marienfeld).

3.2.1.2 Cryopreservation, storage and thawing of cells

For cryopreservation, I centrifuged the cells at 300×g for 5 min and resuspended the cell pellet

with respective cell culture medium supplemented with 5% dimethyl sulfoxide (DMSO). I

aliquoted the cells into Nunc™ CryoTube™ vials (Thermo Fisher Scientific) at 1·106 cells per

tube. I kept the tubes in a Stratagene Cryo 1◦C Freezing Container (Agilent) at −80◦C for

24 h. Afterwards, I transferred them to liquid nitrogen for long-term storage. For thawing

the frozen cells, I placed the vials in a 37◦C water bath (GFL, Burgwedel, Germany) for

1 min, transferred the cell suspension into a cell culture flask containing the respective culture

medium and cultivated them at 37◦C, 5% CO2. After 24 h, I performed a medium change

with fresh medium.

3.2.1.3 Analysis of cell contamination and cell line authentication

To ensure experimental quality, I used the Multiplex Cell Contamination Test [236] and

Multiplex Cell Authentication [237]. Both are services provided by Multiplexion (Heidelberg,

Germany). For the Multiplex Cell Contamination Test, I prepared cell lysates as follows:

I resuspended a cell pellet consisting of 1·106 cells in 100µl D-PBS, incubated at 95◦C for

15 min and centrifuged at >10.000×g for 5 min to remove cellular debris. In preparation

of the Multiplex Cell Line Authentication, I extracted the genomic DNA of 1·106 cells per

respective cell line using the DNeasy® Blood & Tissue Kit (69504, Qiagen). Additionally, all

cell lines were routinely tested for Mycoplasma contamination using the Venor®GeM Classic

Mycoplasma Detection Kit (11-1100, Minerva Biolabs).
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3.2.2 Molecular biology methods

3.2.2.1 Polymerase chain reaction

For the amplification of DNA fragments, I performed a polymerase chain reaction (PCR) using

OneTaq® DNA polymerase. For each PCR reaction, I used OneTaq® standard buffer, 200µM

deoxynucleotide triphosphate (dNTP) mix, 200 nM of each respective forward and reverse

primers (see 3.1.5), 0.625 U DNA polymerase and sterile water together with the respective

amount of target DNA fragment. I performed the PCR reactions in a T1 Thermocycler

(Biometra, Göttingen, Germany) under the conditions given in Table 3.7. I set the annealing

temperature for each primer pair using the Tm Calculator (New England Biolabs, v1.15.0)

[238] and calculated the extension time according to the size of the expected PCR product

(60 s per kbp).

Table 3.7: Polymerase chain reaction (PCR) conditions. Conditions for PCR with
OneTaq® DNA polymerase. X — annealing temperature, y — extension time.

Temperature [◦C] Time [s]

Initial denaturation 94 30

Denaturation 94 30






















25 – 35×Annealing x 30

Extension 68 y

Final extension 68 120

3.2.2.2 Agarose gel electrophoresis

For separation of DNA fragments by size, I performed agarose gel electrophoresis. I added

Purple Loading dye to the DNA fragments and loaded the mixture on a 1 – 2% agarose

gel with SYBR™ Safe DNA Gel Stain. I used GeneRuler™ 100 bp or 1 kb DNA Ladder

as a molecular weight standard and performed horizontal gelelectrophoresis in a 1× tris-

borate EDTA (TBE) buffer at 140 V for 30 – 45 min and visualized the gels under ultraviolet

light.

3.2.2.3 DNA and RNA isolation

I isolated genomic DNA using the DNeasy® Blood & Tissue Kit (69504, Qiagen) according

to the manufacturer’s instructions. I determined the DNA concentration and purity of the

31



3 Materials and Methods

sample using a spectrophotometer ND-1000 (Nano Drop Technologies, Wilmington, DE/USA)

by absorbance measurements at 260 nm wavelength with a quality control using the 260/280

and 260/230 ratios to check purity, i.e. absence of contaminating protein or other substances.

For isolation of total RNA, I used the RNeasy® Plus Mini Kit (74134, Qiagen) according to

the manufacturer’s instructions including additional homogenization using the QIAshredder

(79654, Qiagen). Again, I determined the RNA concentration and purity of the sample using

a spectrophotometer ND-1000 (Nano Drop Technologies) by absorbance measurements at

260 nm wavelength.

3.2.2.4 Complementary DNA synthesis and reverse transcription PCR

To perform complementary DNA (cDNA) synthesis, I used the Maxima H Minus First

Strand cDNA Synthesis Kit (K1652, Thermo Fisher Scientific) using 300 ng total RNA per

sample and oligo(dT) primers according to the manufacturer’s instructions. Subsequently, I

performed RNA digestion using ribonuclease H (RNase H) for 30 min at 37◦C before reverse

transcription PCR (RT-PCR) using OneTaq® DNA polymerase as described before (see

3.2.2.1).

3.2.3 Irradiation

The irradiation was performed using two different systems: to irradiate virus solutions, I used

a linear accelerator (Artiste, Siemens AG, Munich, Germany) with a dose rate of 3 Gy/min.

The object to be irradiated was covered with two RW3 slab phantoms (PTW, Freiburg,

Germany) as tissue equivalent. For cells and mice, I used the MultiRad 225 system (Faxitron

Bioptics, LLC., Tucson, AZ/USA). Depending on the position of cells and mice within the

irradiation chamber, the dose rate was at 0.846, 2.151 or 3.182 Gy/min. During mouse

irradiation, I covered the animal body completely with a lead shield containing a 13 mm

collimator to direct the irradiation beam only onto the tumor.

3.2.4 Recombinant measles virus

3.2.4.1 Rescue

For the generation of recombinant measles virus particles of the viruses MeVac and MeVac

ld-EGFP (see 3.1.3), I performed a virus rescue using the RNA polymerase II-dependent

system [239]. I seeded Vero cells in a 6-well plate (2·105 cells/well) incubated them at 37◦C,

5% CO2 for 16 h prior to transfection. The transfection mix contained a plasmid encoding

the corresponding measles antigenome (5µg), the expression plasmids encoding MeVac N, P
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and L proteins, pCG-N (500 ng), pCG-P (100 ng) and pCG-L (500 ng), as well as a plasmid

encoding a red fluorescent protein, pcDI dsRed (100 ng), as transfection efficiency control

topped up to 200µl DMEM or Opti-MEM™ . As transfection reagents, I used either 18.6µl

Fugene® HD (ratio 3:1) or 15.5µl Lipofectamine 2000 (ratio 2.5:1) per 6.2µg input DNA. I

slowly added the transfection reagent to the transfection mixing and incubated the mixture

at room temperature (RT) for 25 min to allow formation of transfection complexes. During

incubation time, I replaced the medium of Vero cells with medium containing DMEM, 2%

FCS and 50µg/ml kanamycin (rescue medium). In the following, I added the transfection

mixture to the cells, cultivated them at 37◦C, 5% CO2 and monitored the cells daily for

syncytia formation.

3.2.4.2 Propagation and storage

After rescue, I propagated the recombinant virus on Vero cells for up to 4 passages. For the

first passage, I seeded 1.5·106 cells in a 10 cm cell culture dish 16 h prior to infection. Once

syncytia were visible in the wells of the 6-well plate containing the virus rescue, I scraped

the cells in rescue medium using a cell lifter, transferred the cell suspension to a 2 ml tube

and vortexed it. After removing culture medium from the prepared Vero cells in the 10 cm

culture dish, I pipetted the rescue suspension onto the cells and filled the culture dish with

rescue medium up to 5 ml and incubated it at 37◦C, 5% CO2 for 2 – 3 h. Afterwards, I

added 5 ml rescue medium and cultivated the cells at 37◦C, 5% CO2 for up to 72 h until

syncytia were detectable but had not burst. Subsequently, I removed the culture medium

and added 500µl Opti-MEM™ . Again, I scraped the cells with a cell lifter, transferred the

suspension to a 2 ml tube and vortexed it. I snap-froze the tube in liquid nitrogen and stored

it at −80◦C for at least 24 h. Next, I thawed the virus preparation in a 37◦C water bath,

vortexed and centrifuged at 5000×g, 4◦C for 5 min to remove cellular debris. I aliquoted

the supernatant containing virus suspension and stored it at −80◦C until further use. To

determine the viral titer, I performed a serial dilution titration assay (see 3.2.4.3). For large

scale virus propagation in the second and following passages, I seeded 5·106 Vero cells into

15 cm cell culture dishes 24 h prior to infection at a multiplicity of infection (MOI) of 0.03

in 8 ml Opti-MEM™ at 37◦C, 5% CO2 overnight. On the next day, I added 8 ml DMEM

+ 10% FCS to each plate and continued the incubation at 37◦C, 5% CO2 for up to 50 h

until syncytia were about to burst. For the harvest of passaged virus, I removed the culture

medium completely and scraped the cells with a cell lifter. I collected the virus suspension in

a Falcon™ tube (Fisher Scientific) and proceeded as described above in order to prepare a

clarified virus suspension.
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3.2.4.3 Titration

To determine the viral titer of the produced virus suspensions, I performed a serial dilution

titration assay in octuplicates. In a 1:10 dilution series, I added virus suspension to wells of a

96-well plate containing 90µl DMEM + 10% FCS. Subsequently, I added 1·104 Vero cells in

100µl DMEM to each well and incubated the plate at 37◦C, 5% CO2 for 72 h. Afterwards,

I counted the individual syncytia and calculated the titer in cell infectious units (ciu) per

milliliter (ciu/ml).

3.2.4.4 Multi-step growth curves

To investigate viral proliferation in treated and irradiated cells as well as for virus characteriza-

tion, I generated multi-step growth curves. I seeded 1·105 human tumor cells (BxPC-3, T3M4,

HNO210, HNO410) or Vero cells in 12-well plates. Twenty-four hours later, I treated the cells

either with radiovirotherapy or virus alone at an MOI of 0.1 or 0.01 (T3M4) by removing the

cell culture-specific medium and inoculating the cells with the respective dose of virus in 300µl

Opti-MEM™ in triplicates for each time point. I removed the inoculum after 2 – 3 h, added cell

culture-specific medium and incubated the cells at 37◦C, 5% CO2. At designated time points

within four days after treatment, I scraped the cells in culture medium, pooled triplicates and

snap-froze the samples in liquid nitrogen. I determined the titers of viral progeny by serial

dilution titration assays (see 3.2.4.3) in quadruplicates.

3.2.5 Experimental treatment schedule for radiovirotherapy

To analyze synergy and characterize the induced mechanisms of action of radiovirotherapy

(RVTx), I defined a specific treatment schedule to be used in all experiments within this

thesis. With regard to my previous work in my master’s thesis [240], the schedule is as follows:

irradiation 24 h prior to virus infection (R24V) (see Figure 3.1). I used this schedule, defined

R24V, throughout all experiments of this thesis in vitro and ex vivo with adjusted doses of

radiation and virus according to the specific experiment. Further, I adapted this treatment

schedule also to in vivo experiments.
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Figure 3.1: Experimental overview for RVTx analysis in vitro and ex vivo. The
overall outline of in vitro and ex vivo experiments in this study was as follows: I seeded tumor
cells and irradiated them 24 h later. Another 24 h later, I infected cells with MeVac ld-EGFP
(schedule R24V). At specific time points depending on the conducted experiment, I monitored
or collected cells and supernatants for several analyses: measuring cell viability or secreted
cytokines and other molecules, investigating expression of certain targets on transcriptomic
or proteomic level, analysis of cell surface structures as well as fluorescence microscopy. The
image was created with BioRender.com.

3.2.6 Cell viability assays

3.2.6.1 XTT

As one approach for determining cell viability, I performed 2,3-bis-(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assays using the Colorimetric Cell Viabil-

ity Kit III (PK-CA20-300-1000, PromoKine, Heidelberg, Germany). This assay is based on the

ability of metabolically active cells to reduce the tetrazolium salt XTT into an orange-colored

formazan product. This can be quantified using a spectrophotometer. I used the infinite M200

spectrophotometer and i-control software (Tecan, Männedorf, Switzerland). I seeded 8·103 or

1·104 cells into clear 96-well plates and cultivated them for 24 h prior to treatment with radio-

or virotherapy alone or the combination according to the R24V schedule. Irradiation of the

respective samples was performed as described before (see 3.2.3) at doses of 1, 2, 5 or 8 Gy.

Infection of the respective samples with vaccine strain measles virus (MeV) followed 24 h after

irradiation. I removed the culture medium from respective wells and inoculated the cells with

MeVac ld-EGFP at MOIs ranging from 0.001 to 1, depending on the virus sensitivity of each

cell line, in Opti-MEM™ in a total volume of 50µl for 2 – 3 h. Mock-treated samples or

samples only receiving irradiation were inoculated with 50µl Opti-MEM™ . Afterwards, I

substituted the inoculum with 100µl cell culture-specific medium and incubated the cells at

37◦C, 5% CO2. At the time points 0, 1, 3, 5 and 7 days post treatment (p.tr.), I performed
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the XTT assay according to the manufacturer’s instructions.

3.2.6.2 Intracellular ATP

To validate the results of the XTT assay, I performed a second cell viability assay mea-

suring intracellular ATP-levels of treated cells. I used the ATPlite 1step Luminescence

Assay System (6016731, PerkinElmer, Waltham, MA/USA). I seeded and treated the cells

as described above (see 3.2.6.1) but used black 96-well plates (655086, Greiner Bio-One,

Kremsmünster, Austria). I performed the assay according to the manufacturer’s instruc-

tions and measured luminescence using the infinite M200 spectrophotometer and i-control

software.

3.2.7 Fluorescence microscopy

To determine cell confluence, morphology or virus infection, I took images by fluorescence

microscopy. I used the Axiovert 200 (Carl Zeiss, Oberkochen, Germany) with 5× or 10×

objectives in the green fluorescence channel and phase contrast. For image analysis, I used

Fiji software [241].

3.2.8 Calculation of synergy

The calculation of synergy of RVTx followed a mathematical analysis using data of both

cell viability assays performed as described before (see 3.2.6). I used CompuSyn software

(ComboSyn, Inc., Paramus, NJ/USA) developed by Chou and Martin according to the median

effect method [242]. Using this software, I calculated a combination index (CI) for each tested

treatment schedule of RVTx: A CI of 1 indicates additive effects, above 1 antagonism and a

CI below 1 indicates synergy of a combination.

3.2.9 Characterization of induced mechanisms of action

For the identification and characterization of different mechanisms of action induced by RVTx,

I seeded 1·105 cells of the human tumor cell lines BxPC-3, T3M4, HNO210 and HNO410

into wells of 12-well plates in triplicates for each treatment condition 24 h prior to treatment

according to the R24V schedule. I irradiated respective cells with doses of 2 or 5 Gy photon

irradiation as described before (see 3.2.3) followed by virus infection using MeVac ld-EGFP

24 h later. To this end, I removed the cell culture medium and replaced it by 300µl virus

inoculum at an MOI of 0.1 or 0.01 (T3M4) in Opti-MEM™ . Mock-treated samples or cells

only receiving irradiation were inoculated with 300µl Opti-MEM™ . After 2 – 3 h, I replaced
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the inoculum by 1 ml cell culture-specific medium per well and incubated the cells at 37◦C,

5% CO2. At specific time points after treatment, I collected the cells and supernatants for

various analyses.

3.2.9.1 Enzyme-linked immunosorbent assays

To detect different cytokines released after RVTx-treatment, I performed an enzyme-linked

immunosorbent assay (ELISA) using supernatant of treated cells. I cleared the super-

natant from cellular debris by centrifugation at 5000×g for 5 min at 4◦C and froze aliquots

at −80◦C until further use. I detected the extracellular release of the immunogenic cell

death (ICD) marker high mobility group box 1 (HMGB1) using HMGB1 ELISA (ST51011)

or HMGB1 express ELISA (30164033, both IBL international, Hamburg, Germany) according

to the manufacturer’s instructions. For the detection of secreted cytokine interferon (IFN)

β, I used the VeriKine-HS™ Human IFN Beta Serum ELISA Kit (41415, PBL Assays

Science, Piscataway, NJ/USA) according to the manufacturer’s instructions. I measured

the absorbance at 450 nm using the infinite M200 spectrophotometer and i-control soft-

ware.

3.2.9.2 Measurement of extracellular ATP

I analyzed levels of extracellular ATP from supernatants of treated cells. To this end, I

transferred 50µl of supernatant from treated cells into respective wells of a 96-well V bottom

plate (3894, Corning) and centrifuged at 500×g for 5 min at 4◦C to clear from cellular debris.

Next, I transferred the supernatant into black 96-well plates (655086, Greiner Bio-One)

and performed a luminescence-based ATP assay using the ATP Determination Kit (A22066,

Thermo Fisher) according to the manufacturer’s instructions. I measured the luminescence

at 1000 millisec integration time using the infinite M200 spectrophotometer and i-control

software.

3.2.9.3 Flow cytometric analysis of surface calreticulin

The relocation of calreticulin (CALR) from the endoplasmic reticulum (ER) to the cell surface

was the third marker of ICD that I analyzed in this project. As one approach, I detected

CALR on the cell surface via flow cytometry (FC). To this end, I seeded and treated the cells

as described above (see 3.2.9). When performing media change after virus infection, I added

12.5µg/ml fusion inhibitory peptide (FIP) to infected wells. FIP prevents virus fusion with

the plasma membrane and thereby inhibits virus spread and syncytia formation. Yet, the

latter would be destroyed during sample processing. Therefore, FIP is necessary to ensure
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the detection of infected cells per se. Forty-eight hours p.tr., I pooled the supernatant of

triplicate samples into a 5 ml tube, washed the wells with 500µl D-PBS, also collected the

wash in the respective 5 ml tubes. Collecting all liquids from the experiment should prevent

loss of cells. Subsequently, I added 200µl accutase to the wells for cell detachment. Once the

cells had detached, I resuspended them in 1 ml supernatant-wash-solution and centrifuged

at 500×g for 5 min at RT. I discarded the supernatant and resuspended the cells in 200µl

D-PBS. I transferred the cells into wells of a 96-well V-bottom plate. For unstained controls,

I added 100µl of respective samples into specific wells of the V-bottom plate. I centrifuged

the plate (500×g, 5 min, RT) and incubated the cells in plain D-PBS or with 100µl Zombie

Violet dye (1:1000 in D-PBS, Zombie Violet™ Fixable Viability Kit, 423113, BioLegend) for

live-dead cell discrimination for 15 min at RT in the dark. Afterwards, I added 200µl FC

buffer (D-PBS + 1% FCS) and centrifuged at 500×g for 5 min at RT. I resuspended the cells

in 50µl FC buffer, added 1µl of an Alexa Fluor® 647-conjugated anti-calreticulin antibody to

the corresponding wells and incubated for 45 min at RT in the dark. Subsequently, I added

150µl FC buffer and centrifuged at 500×g for 5 min at RT. I washed the cells once with

200µl D-PBS, resuspendend the cells in 100µl 1% paraformaldehyde (PFA) and incubated

for 15 min at RT in the dark for fixation. Afterwards, I centrifuged (500×g, 5 min, RT) and

resuspended the pellets in 200µl FC buffer. I transferred the cells to Falcon™ Round-Bottom

Polystyrene Test Tubes with Cell Strainer Snap Cap (352235, Fisher Scientific) (FC tubes)

and acquired 10,000 events per sample on a BD LSRFortessa™ (BD Biosciences) with FACS

Diva software version 8.0.1 and analyzed the data with FlowJo V10 (Tree Star Inc., La Jolla,

CA/USA).

3.2.9.4 Immunofluorescence

In addition to FC, I performed immunofluorescence (IF) stainings to detect CALR relocation.

I seeded 2·105 cells on cover slips (631-0125, VWR, Radnor, PA/USA) in 6-well plates.

Twenty-four hours later, I treated the cells according to the R24V schedule and added FIP

to all infected cells when performing media change after virus inoculation. I incubated the

plates for another 48 h at 37◦C, 5% CO2. Subsequently, I removed the medium, washed

the wells twice with 1 ml D-PBS and fixed the cells by adding 600µl 4% PFA per well and

incubating for 15 min at RT. After fixation, I washed 3× with 1 ml D-PBS and blocked the

cells for 60 min at RT by adding 1 ml blocking buffer (2% bovine serum albumin (BSA) +

0.1% Triton™ X-100 in D-PBS). Subsequently, I removed the blocking buffer and added

20µl of anti-CALR primary antibody in antibody dilution buffer (1% BSA + 0.1% Triton™

X-100 in D-PBS) drop-wise directly onto the cover slips. Control wells received antibody

dilution buffer only. I covered the cover slips with parafilm cutouts. In order to provide a

humidified chamber for incubation and prevent draining, I added water to the space between
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the wells of the 6-well plate, elevated the lid using toothpicks and sealed the 6-well plates with

parafilm. I incubated the cells at 4◦C for at least 16 h. The next day, I removed the parafilm

cutouts and washed the wells 3× with 1 ml D-PBS before applying the secondary antibody.

I added 20µl of the Alexa Fluor® 594-conjugated secondary antibody diluted in antibody

dilution buffer drop-wise directly onto the cover slips, covered the cover slips with parafilm

cutouts and incubated the plates for 90 min at RT in the dark. Afterwards, I washed 3× with

1 ml D-PBS and added 1 ml Hoechst 33342 (1:500 in D-PBS) to the cells and incubated for

15 min in the dark. I washed 3× with 1 ml D-PBS and mounted the cover slips upside down

onto microscope slides (630-1985, VWR). I stored the slides at 4◦C protected from light. For

readout, I used the Zeiss Cell Observer or the Zeiss Axio Scan.Z1 and the ZEN 2011 (blue

edition) software (all Carl Zeiss).

3.2.9.5 Protein extraction and determination of concentration

To analyze protein expression in RVTx-treated cells, I collected cell samples after treatment. I

removed the supernatant, washed the cells with 1 ml D-PBS and detached the cells by adding

200µl trypsin-EDTA. Subsequently, I pooled the triplicates into 1.5 ml tubes, pelleted the

cells by centrifuging at 300×g for 5 min and washed the pellet with 1 ml D-PBS. Subsequently,

I removed the supernatant completely and performed cell lysis by adding 100µl cold RIPA

buffer containing cOmplete™ Ultra Protease Inhibitor Cocktail for 5 min on ice. I pelleted

the cell debris by centrifugation at 2000×g for 5 min at 4◦C and froze the supernatant at

−20◦C until further use.

To determine the protein concentration, I diluted each sample 1:10 in D-PBS and performed a

bicinchoninic acid (BCA) assay using the BCA Protein Assay Kit (71285-3, Merck Millipore)

according to the manufacturer’s instructions. I measured the absorbance at 562 nm using the

infinite M200 spectrophotometer and i-control software.

3.2.9.6 Sodium dodecyl sulphate-polyacryl-amide gel electrophoresis

To separate the extracted proteins by size, I performed a sodium dodecyl sulphate-polyacrylamide

gel electrophoresis (SDS-PAGE). I mixed the samples with 4× Laemmli buffer at a ratio

of 3:1 and incubated at 95◦C for 5 min. Subsequently, I loaded the samples on a precast

polyacrylamide gel (Any kD™ Mini-PROTEAN® TGX Stain-Free™ Protein Gel, 4568126,

Bio-Rad) in running buffer (10× SDS-PAGE in deionized water (ddH2O)). I used Pre-

cision Plus™ Protein All Blue Standards as molecular weight standard and performed

electrophoresis for approx. 15 – 20 min at 300 V. For total protein quantification, I activated

the gel according to the manufacturer’s instructions using a ChemiDoc Imaging System

(Bio-Rad).
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3.2.9.7 Western blot

After SDS-PAGE, I transferred the proteins onto a methanol-activated low-autofluorescent

polyvinylidene fluoride (PVDF) membrane using the Trans-Blot Turbo RTA Transfer Kit

(1704275, Bio-Rad) according to the manufacturer’s instructions. After the transfer, I used the

ChemiDoc Imaging System to take images of the membrane for total protein quantification. To

block unspecific binding sites, I incubated the membrane using EveryBlot Blocking Buffer for

5 min at RT on an orbital shaker. Afterwards, I discarded the blocking buffer and incubated

the membrane with primary antibody solution (15 ml 5% skim milk or BSA in tris-buffered

saline-tween (TBS-T) containing the respective antibody, see 3.1.6) for 2 h at RT on an orbital

shaker. Subsequently, I washed the membrane 3× with 1× tris-buffered saline (TBS) + 1%

casein before adding the secondary antibody (1.5µl horseradish peroxidase (HRP)-linked

antibody in 15 ml 5% skim milk in TBS-T). I incubated the secondary antibody solution for

2 h at RT on an orbital shaker. Afterwards, I washed the membrane 3× with 1× TBS + 1%

casein. For chemiluminescent imaging, I used the Clarity Max™ Western ECL Substrate Kit

(1705062, Bio-Rad) according to the manufacturer’s instructions. I recorded signals using the

ChemiDoc Imaging System and used Image Lab software version 6.1.0 (Bio-Rad) for total

protein normalization and quantification.

3.2.10 Generation of murine tumor models

3.2.10.1 Generation of human CD46-expressing murine tumor cells

To generate suitable murine tumor models for HNSCC and PDAC in the context of RVTx, I

transfected four murine tumor cell lines with vectors encoding the human CD46 gene. I seeded

two murine HNSCC (MOC2, mEERL95) and two murine PDAC (Panc02, 30364) cell lines in

6-well plates (2·105 cells/well). Twenty-four hours later, I transfected the cells with 1µg of the

nanovectors pCAG-Puro-P2A-hCD46-SMARter-NP or pEF1-Puro-P2A-hCD46-SMARter-NP.

Both encode the human CD46 gene as well as a puromycin resistance gene [243] (see 3.1.4),

using Lipofectamine 2000 as transfection reagent (see 3.2.4.1).

Additionally, I transduced the mEERL95 cells with the lentiviral vector LV-105 hCD46 BC1

[230] (see 3.1.3). I seeded the cells in 6-well plates (2·105 cells/well) and transduced the

cells 24 h later. To this end, I washed the cells once with D-PBS and added 700µl cell

culture-specific medium to the wells. I prepared different dilutions of lentivirus (1:100 –

1:10,000) in cell culture-specific medium + 9µg/ml polybrene and added 100µl of each to

respective wells. I incubated the plate at 37◦C, 5% CO2 and performed medium change the

next day.
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3.2.10.2 Puromycin selection

In order to select for human CD46 (hCD46) expressing cells, I performed puromycin se-

lection for transfected MOC2, Panc02 and 30364 cells. I had determined the cell-specific

puromycin concentration for selection beforehand according to the puromycin sensitivity of

the cell lines. Two days after transfection, I changed the medium of each well and added

the corresponding concentration of puromycin: 2µg/ml for Panc02 and 5µg/ml for MOC2

and 30364. For mEERL95 cells, selection using puromycin was not possible as the parental

cells already contained the puromycin resistance gene. Subsequently, I cultured the trans-

fected and transduced cells further and expanded the cultures in cell culture flasks until

sorting.

3.2.10.3 Fluorescence-activated cell sorting

For the preparation of fluorescence-activated cell sorting (FACS), I pelleted the cells (500×g,

5 min) and resuspended in 100µl D-PBS. I blocked the Fc receptors by adding 1µl mouse FC

block and stained the respective cell samples with 1µl APC-conjugated anti-human CD46

antibody or APC-conjugated mouse IgG1,κ isotype control for 30 min at RT in the dark and

washed the cells with D-PBS subsequently. For live-dead cell discrimination, I resuspended

the cells in 0.1µg/ml DAPI for 5 min in the dark. After washing, I transferred the stained

cells and controls into FC tubes and acquired the samples using a BD FACSAria™ II (BD

Biosciences) with FACS Diva software version 8.0.1. For each transfected or transduced cell

line, I performed single cell as well as bulk population sorting. Single cells were sorted into

96-well cell culture plates containing 200µl cell culture-specific medium + 10 – 30% FCS +

1× antibiotic antimycotic solution (ABAM). The bulk population was sorted into FC tubes

containing 2 ml medium. I pelleted these cells at 300×g for 10 min and cultured them in

culture flasks in cell culture-specific medium containing twice the amount of FCS, compared

to normal culture conditions. For transduced mEERL95, in addition to single cell sorting I

sorted the bulk population into wells of a 96-well plate at 500 – 1000 cells/well. I incubated

the plates and flasks at 37◦C, 5% CO2 until colonies needed to be transferred into larger

culture dishes or were analyzed further.

3.2.10.4 Analysis of hCD46 expression, cell clone selection and expression stability

Once the sorted cells had reached a sufficient number, I analyzed them for hCD46 expression

by FC analysis. I pelleted the cells (500×g, 5 min) and resuspended in 100µl FC buffer. I

blocked the Fc receptors by adding 1µl mouse FC block and stained the respective cell samples

with 1µl APC-conjugated anti-human CD46 antibody or APC-conjugated mouse IgG1,κ
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isotype control for 30 min at RT in the dark and washed the cells subsequently using FC buffer.

For live-dead cell discrimination, I resuspended the cells in 0.1µg/ml DAPI and incubated for

5 min in the dark. After washing, I transferred the stained cells and controls into FC tubes,

acquired the samples using a BD LSRFortessa™ with FACS Diva software version 8.0.1 and

analyzed the data with FlowJo V10. According to the hCD46 expression analyzed by FC, I

selected 3 – 5 clones from each transfected/transduced cell line and pooled them to generate

heterogenous cell populations from single sorted cells. I cultivated the newly generated hCD46

expressing murine tumor cell lines in cell culture-specific medium with the respective amount

of puromycin at 37◦C, 5% CO2. To analyze the stability of hCD46 expression, I performed

FC analysis as described above. For 2 – 3 weeks, I cultivated half of the cells from each cell

line with the respective amount of puromycin and the other half without. Afterwards, I

performed a second FC analysis as described above.

3.2.10.5 Infection of hCD46 expressing murine tumor cells

To investigate virus susceptibility of the newly generated hCD46 murine tumor cell lines, I

infected the cells at different MOIs of MeVac ld-EGFP. I seeded 1·105 cells in 12-well plates

24 h prior to virus infection. For this, I removed the cell culture-specific medium and replaced

it with 300µl virus inoculum at MOIs of 0.03, 0.3 or 3 in Opti-MEM™ . Mock-treated cells

were inoculated with 300µl Opti-MEM™ . After 2 – 3 h, I replaced the inoculum by 1 ml cell

culture-specific medium per well and incubated the cells at 37◦C, 5% CO2. At 24, 48 and

72 h post infection (p.i.), I performed fluorescence microscopy using the Axiovert 200 with a

10× objective, took images in the green fluorescence channel as well as phase contrast and

analyzed the images using Fiji software.

3.2.11 In vivo experiments

All experimental procedures involving animals were approved beforehand by the Animal

Protection Officer at the German Cancer Research Center (Heidelberg, Germany) and the

regional council according to the German Animal Protection Law. I used 6 – 8 weeks old

C57BL/6J mice, both male and female at a ratio of 1:1. The mice were bred externally by

Janvier Labs (Saint Berthevin Cedex, France).

3.2.11.1 Implantation

For in vivo experiments, I used the murine hCD46 cell lines MOC2-hCD46 pEF1 single

(MOC2-hCD46) and 30364-hCD46 pCAG single (30364-hCD46) transfected with hCD46

encoding nanovectors as described above (see 3.2.10.1). When reaching 70 – 80% confluency,
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I detached and collected low passage tumor cells from cell culture flasks as described before

(see 3.2.1). I washed the cells with D-PBS and prepared cell suspensions for implantation:

MOC2-hCD46 in D-PBS at a final concentration of 5·106 cells/ml and 30364-hCD46 in D-PBS-

Matrigel (ratio 1:1) at a final concentration of 1·107 cells/ml. I kept the cell suspension

on ice until use. I shaved the left thigh of the animals and injected 100µl (5·105 cells for

MOC2-hCD46 or 1·106 cells for 30364-hCD46) of the prepared cell suspensions per mouse

subcutaneous (s.c.) into the shaved region using 1 ml syringes (720-2561, VWR) and 26 G

needles (194211002, Neolab, Heidelberg, Germany). During implantation into the thigh,

I anesthetized the mice via inhalation narcosis using isoflurane (1.5 – 2.5 vol%). During

narcosis, I covered the eyes of the mice using Bepanthen® eye and nose cream. In case of

implanting a secondary MOC2-hCD46 tumor, I also shaved the right flank of the mice and

implanted 2.5·105 MOC2-hCD46 cells in 100µl D-PBS 2 days after implanting the primary

tumor.

3.2.11.2 Monitoring

I monitored the mice every second to third day by examining physical well-being, overall weight

and tumor volumes. To determine the tumor volume, I measured the largest and smallest diam-

eter with a caliper and calculated the volume using the formula: largest diameter × (smallest

diameter)2
× 0.5. I sacrificed mice when tumor volumes exceeded 1000 mm3, a tumor diameter

exceeded 15 mm, ulceration occurred or animals were moribund. For mice harboring two

tumors, I added both tumor volumes as total tumor volume.

3.2.11.3 Treatment

The tumor treatment started once the mean tumor volume reached 100 – 150 mm3. Before

starting the treatment, I allocated the animals to respective treatment groups to ensure

similar mean tumor volumes within the groups. For virus treatment, I used the S1-classified

measles virus vaccine strain MeVac. Immediately prior to treatment, I thawed the respective

amount of virus suspension and prepared a concentration of 1·107 ciu/ml in D-PBS. I

applied intratumoral (i.t.) injections with 100µl virus suspension (1 ml syringes, 26 G needles)

once or on 3 to 4 consecutive days (see specific experimental treatment schedules). Mice

not receiving MeVac (mock or radiation only) received i.t. injections with 100µl D-PBS. I

performed the irradiation of mice using the MultiRad 225 system as described before (see

3.2.3) with a dose of 5 Gy irradiation on 3 to 4 consecutive days. Before radiation treatment,

I anesthetized the mice with antagonizable injection narcosis applying intraperitoneal (i.p.)

injections of 100µl midazolam (500µg/ml) + medetomidin-hydrochloride (50µg/ml) in 0.9%

sodium chloride per mouse. After irradiation, I antagonized the narcosis by injecting 100µl
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atipamezol-hydrochloride (250µg/ml) + flumazenil (50µg/ml) in 0.9% sodium chloride per

mouse into the nuchal fold. The mice in groups not receiving irradiation (mock or virus only)

were anesthetized but not irradiated.

3.2.12 Characterization of murine tumor models

3.2.12.1 Isolation of murine tumor cells

I isolated tumors aseptically using a scalpel and kept them in D-PBS on ice until further

processing. I minced the tumors in small pieces and incubated the samples in digestion

buffer (RPMI 1640 + 5% FCS + 200 U/ml collagenase type I) for 30 min in a 37◦C waterbath.

Subsequently, I passed the pieces through a 100µm nylon cell strainer (352360, Neolab) into

digestion buffer, pelleted the cells (300×g, 5 min, RT) and washed them once with D-PBS.

I counted the cells as described before (see 3.2.1.1) and kept the cells on ice until further

use.

3.2.12.2 Analysis of hCD46 surface expression

To analyze hCD46 surface expression of freshly explanted tumor cells, I performed anti-

body staining and FC analysis as described before (see 3.2.10.4). Additionally, I cultured

the cells in cell culture-specific medium without puromycin. After approx. 2 weeks, I

performed a second analysis of hCD46 surface expression in order to check expression stabil-

ity.

3.2.12.3 Tests for virus sensitivity and puromycin sensitivity

I analyzed virus sensitivity of the explanted tumor cells after ex vivo culture for approx. 2

weeks in cell culture-specific medium + 1× ABAM + 100µg/ml gentamicin for removing

murine fibroblasts following the same protocol as described for the newly generated and

sorted murine tumor cells (see 3.2.10.5). To examine vector-encoded genes in the explanted

tumor cells, I analyzed the sensitivity to puromycin. I seeded 1·105 cells in 12-well plates and

cultivated them for 24 h in cell culture-specific medium without puromycin. Subsequently,

I added the respective amount of the selection reagent into each well and cultivated the

cells further. I monitored cell confluence by microscopy using the Axiovert 200 with a 10×

objective and took images in phase contrast 24 h after adding puromycin. I analyzed the

images using Fiji software.
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3.2.12.4 Expression of hCD46 on genomic and transcriptomic level

To analyze hCD46 expression on the genomic as well as transcriptomic level, I used freshly

explanted tumor cells or cultured tumor cells stored either in RNAlater™ RNA Stabilization

Reagent or RNAprotect® Cell Reagent. I performed DNA and RNA isolation, cDNA synthesis

and PCR or RT-PCR, respectively, followed by agarose gel electrophoresis as described before

(see 3.2.2). For the PCR reaction, I used the hCD46_qPCR_F and hCD46_qPCR_R primers

(see 3.1.5) according to the protocol described in 3.2.2.1.

3.2.13 Immune profiling of murine tumors and spleens

3.2.13.1 Intratumoral expression of immune markers

To analyze RNA expression of different immune markers in vivo, I sacrificed mice two days

after completion of RVTx treatment (see 3.2.11.3 and Figure 4.20). I extracted the tumors

aseptically and stored one piece of tumor per mouse in RNAprotect® Cell Reagent at −80◦C.

I thawed the tumor pieces on ice, transferred them to a new 1.5 ml tube and weighed them,

respectively. I used up to 30 mg tumor tissue for the analysis, homogenized with a micro

pestle (CXH7.1, Carl Roth) and performed the subsequent steps of RNA isolation including

in-solution DNase digest using the RNase-Free DNase Set (79254, Qiagen) and cDNA synthesis

as described above (see 3.2.2) using 500 ng RNA, respectively.

For quantitative PCR (qPCR) analysis of the murine Ifnb1 and Foxp3 genes encoding IFN-β

and forkhead box p3 (Foxp3), I mixed 10µl of Power SYBR™ Green PCR Master Mix with

1µl of each 30µM forward and reverse primer, ddH2O up to 20µl total reaction volume and

added the mixture to wells of a white 96 well PCR TW-MT plate (712282, Biozym Scientific,

Hessisch Oldendorf, Germany). I used the primer pairs m IFNb for and rev as well as m

FoxP3 fw and rev (see 3.1.5). As housekeeping controls, I amplified murine Rpl13a and Actb

encoding L13a and β-actin using m L13A for and ref as well as m β-actin for and rev primer

pairs. I added 2µl cDNA template or ddH2O to respective wells. I performed the qPCR

using the CFX96 Touch Real-Time PCR Detection System (BioRad). The reaction conditions

were as follows: 15 min initial denaturation at 95◦C, followed by 40 cycles of 15 s denaturation

at 95◦C, 30 s annealing at 55◦C (β-actin) or 60◦C (IFN-β, Foxp3 and L13a), fluorescence

detection and extension at 70◦C for 30 s. This was followed by a melting curve analysis at 65

– 95◦C. ‘No template’ and ‘no reverse transcriptase’ controls were run in parallel. I analyzed

the qPCR data using the Bio-Rad CFX Maestro 1.1 software (version 4.1, Bio-Rad) and

Microsoft Excel. I checked the technical quality of each qPCR run by examining melting

and amplification curves and calculated relative expression of Ifnb1 and Foxp3 as 2−∆Cq by

normalizing the quantification cycle (Cq) values of target genes against the mean of the two
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housekeeping genes.

3.2.13.2 Isolation of murine splenocytes

I isolated spleens aseptically using a scalpel and kept them in D-PBS on ice until further

processing. I passed the spleens through a 100µm nylon cell strainer into 8 ml D-PBS and

pelleted the cells (500×g, 5 min, RT). I resuspended the pellets in 1 ml ACK lysing buffer for

red blood cell lysis, incubated 10 min at RT, added 9 ml D-PBS and pelleted the remaining

cells (500×g, 5 min, RT). I resuspended the pellets in 10 ml D-PBS, counted the cells as

described before (see 3.2.1.1) and kept the cells on ice until further use within the next

hours.

3.2.13.3 Tumor- and virus-specific immune memory recall

To determine T cell activation, I performed an enzyme-linked immune absorbent spot

(ELISpot) assay detecting the release of IFN-γ nine days after the final treatment of mice

with RVTx (see 3.2.11.3 and Figure 4.20). One day prior to setting up the co-cultures, I

activated the ELISpot plates (MSIPS4W10, Merck Millipore) with 35% ethanol (EtOH),

washed the plates with sterile ddH2O and coated them with Mouse IFN-γ ELISpot Pair

capture antibody at 4◦C overnight according to the manufacturer’s instructions. The next day,

I washed the plates with D-PBS and blocked the wells with assay specific medium (RPMI

1640 medium supplemented with 10% FCS, 1× GlutaMAX™ and 1× P/S) for 2 h at RT.

Subsequently, I set up different co-cultures in order to determine anti-tumoral or anti-viral

responses. I isolated the splenocytes as described above (see 3.2.13.2) and co-cultivated them

in a 2-fold serial dilution (1·106, 5·105, 2.5·105) with 1·105 MOC2-hCD46 cells from cell culture,

respectively, in assay-specific medium. To detect virus-induced IFN-γ release, I cultivated

1·106 splenocytes with MeVac virus suspension at MOI = 1. Adding 10µg/ml concanavalin

A (Con A) to the culture medium served as positive control. I let the co-cultures incubate

at 37◦C, 5% CO2 for approx. 36 hrs before I developed the ELISpot. After incubation, I

transferred the supernatant to fresh 96-well plates and stored it for further analyses via ELISA

(see below). I washed the ELISpot plates 3× with D-PBS, once with ddH2O and again 3×

with D-PBS before I added Mouse IFN-γ ELISpot Pair detection antibody according to

the manufacturer’s instructions. After incubation for 2 h at RT in the dark, I washed the

plates again 5× with D-PBS and added HRP Streptavidin according to the manufacturer’s

instructions and incubated for 1.5 h at RT in the dark. After 5 wash steps with D-PBS, I

added TMB substrate according to the manufacturer’s instructions and incubated for 10 min

at RT in the dark. Afterwards, I washed the plates 4× with ddH2O and let the plates dry in

the dark. For readout, I used a CTL ELISpot reader (Cellular Technology Limited, Shaker
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Heights, OH/USA).

As mentioned above, I performed ELISAs from supernatants of the IFN-γ ELISpot to inves-

tigate secretion of IFN-γ, interleukin (IL) 2 and IL-10 after co-culture of murine splenocytes

with tumor cells or virus. I thawed the samples on ice and cleared the supernatant from

cellular debris by centrifugation at 5000×g for 5 min at 4◦C. For detection of the respective

cytokines, I used IFN gamma Mouse Uncoated ELISA Kit with Plates (88-7314-22), IL-2

Mouse Uncoated ELISA Kit with Plates (88-7024-22) or IL-10 Mouse Uncoated ELISA

Kit with Plates (88-7105-22, all Invitrogen) including the additional ELISA Stop Solution

according to the manufacturer’s instructions. I measured the absorbance at 450 nm with

reference wavelength at 570 nm using the infinite M200 spectrophotometer and i-control

software.

3.2.13.4 Flow cytometry of tumor-infiltrating lymphocytes

Nine days after treatment completion, I performed the analysis of tumor-infiltrating lym-

phocytes (TILs) in RVTx-treated tumors. I sacrificed the mice, extracted tumors aseptically

and prepared single-cell suspensions as described above (see 3.2.12.1). Subsequently, I per-

formed antibody staining and FC analysis using 2·106 cells per sample. For controls, I used a

splenocyte mixture from extracted spleens of all analyzed mice at 1·106 cells for each control

sample. I pelleted the cells (500×g, 5 min) and resuspended in 100µl D-PBS. I blocked the Fc

receptors by adding 1µl mouse FC block for 15 min at RT and stained the respective samples

and controls with antibodies against murine leukocyte subpopulation markers: 1µl CD45.2-

PerCP-Cy™5.5, 1µl CD3-PE, 1µl CD4-APC-Cy™7, 1µl CD8a-APC, 1µl CD335-FITC. For

isotype controls, I replaced the respective antibodies with the corresponding isotypes (see

3.1.6). I incubated the cells for 30 min at RT in the dark and subsequently washed the cells

using D-PBS. For live-dead cell discrimination, I resuspended the cells in 0.1µg/ml DAPI and

incubated for 5 min in the dark. After washing, I transferred the stained cells and controls into

FC tubes and acquired 50,000 events per sample using a BD LSRFortessa™ with FACS Diva

software version 8.0.1 and analyzed the data with FlowJo V10.

3.2.14 Ex vivo experiments

3.2.14.1 Monitoring morphology and ICD induction in PDAC spheroids

The PDAC spheroids serving as a 3D ex vivo model were generated using AsAn-PaCa and

MRC-5 cells in 96-well U-bottom plates filled with RPMI 1640 as described before [221].

Twenty-four hours after generation of spheroids, I treated them according to the R24V

schedule (see 3.2.5) with irradiation at 2 or 5 Gy. For virus infection, I used MeVac ld-EGFP
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at an MOI of 0.3 referring to the number of tumor cells within the spheroid and added the

virus suspension drop-wise on top of the spheroids that remained in their culture medium.

At 24, 48 and 72 h p.tr., I took images using the Axiovert 200 with a 10× objective in the

green fluorescence channel and phase contrast and analyzed the images using Fiji software.

At the last time point, I collected the supernatant of each spheroid into tubes, centrifuged

(5000×g, 5 min, 4◦C) and stored them at −80◦C until further use. To investigate the induction

ICD after RVTx, I analyzed the extracellular release of HMGB1 as described before (see

3.2.9.1).

3.2.14.2 Effects of RVTx treatment on patient-derived PDAC cultures

As a second ex vivo model, I used the patient-derived PDAC cultures PC1, PC3, PC28 and

PC43 that were generated by Ehrenberg et al. [227]. To analyze the effect of RVTx on these

cultures, I performed different experiments treating them according to the R24V schedule

using irradiation doses of 2 and 5 Gy and virus infection with MeVac ld-EGFP at MOI = 1.

To investigate the effects of RVTx on cell viability, I conducted XTT assay and fluorescence

microscopy as described above (see 3.2.6.1 and 3.2.7). To check for potential induction of ICD

and innate immune activation after RVTx treatment, I performed experiments to investigate

surface CALR (see 3.2.9.3) as well as HMGB1 and IFN-β release (see 3.2.9.1) as described

before. Additionally, I performed RNA isolation, cDNA synthesis and PCR (see 3.2.2) to

analyze RNA expression of the IFNB1 gene using the h IFNβ for and h IFNβ rev primers

(see 3.1.5), followed by agarose gel electrophoresis (see 3.2.2.2).

3.2.15 Statistical analyses

I performed the statistical analyses within this thesis using Microsoft Excel V14 (Microsoft

Corp., Redmond, WA/USA) and GraphPad Prism version 9.3.1 (GraphPad, San Diego,

CA/USA). I analyzed ELISA, WB and FC results by one-way analysis of variance (ANOVA)

with Tukey’s multiple comparison post-hoc-test. Multiplicity-adjusted p-values were reported

for data analyzed with ANOVA. I considered results statistically significant if p-values

were below 0.05. Survival curves of in vivo experiments were analyzed by log-rank (Mantel-

Cox) test with Bonferroni correction for multiple comparisons. I considered the results

statistically significant if the p-value was lower than the corrected threshold after Bonferroni

correction.
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4.1 Evaluation of combination regimens

The combination of radiotherapy and virotherapy using oncolytic measles virus (MeV) has

not been tested in pancreatic ductal adenocarcinoma (PDAC) or head and neck squamous

cell carcinoma (HNSCC) before. This project is based on the hypothesis that a combined

radiovirotherapy (RVTx) will show synergistic anti-tumor effects when compared to both

treatment regimens used as monotherapies. For optimal implementation of both thera-

pies in combination, I analyzed the sensitivity of tumor cell lines against radio- as well

as virotherapy. This was followed by an investigation of MeV replication after irradia-

tion of virus solutions themselves and viral growth in irradiated tumor cells in order to

determine whether irradiation might have a negative impact on MeV in the combination

regimen.

4.1.1 Sensitivity of candidate cell lines to monotherapies

As a crucial aspect for combining radio- and virotherapy, I first determined the sensitivity

of the candidate tumor cell lines, BxPC-3 and T3M4 (both PDAC) as well as HNO210 and

HNO410 (both HNSCC), to each treatment modality. I treated the cells with several doses of

photon radiation or oncolytic MeV and performed 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide (XTT) assays.

The cell lines showed different sensitivities to radio- and virotherapy (Figure 4.1 and Figure 4.2).

Compared to mock (cell viability set at 100%), low radiation doses such as 1 and 2 Gy only

showed minor (approx. 80% compared to mock) to moderate (approx. 60%) effects on cell

viability, whereas the higher radiation doses of 5 and 8 Gy led to a strong reduction of cell

viability over the course of the experiment, especially for BxPC-3 (29% and 24% at day 5 post

irradiation (p.r.)), HNO210 (33% and 16%) and HNO410 (27% and 22%) (Figure 4.1). For

T3M4, I observed the strongest reduction in cell viability for irradiation with 8 Gy (38%) on

day 5 p.r.. Again, lower radiation doses, also including 5 Gy, showed only minor effect on cell

viability of this cell line. However, for most treatment conditions, remaining cells regained

49



4 Results

proliferative capacity on day 7 p.r. leading to no further reduction in cell viability after a

single dose of radiation at the beginning of the experiment.

Figure 4.1: Radiosensitivity of human tumor cell lines. To analyze the effect of
radiation alone, I tested the sensitivity of human tumor cell lines to ionizing radiation. I
measured cell viability via XTT assay at indicated time points after irradiation with doses
ranging from 1 to 8 Gy. The data was normalized to mock set at 100%. Mean and SD of
triplicate samples are shown of a representative experiment of n = 3 independent experiments.
p.r. — post irradiation; d — days.

Regarding virus sensitivity, both HNSCC cell lines showed a strong reduction of cell viability

after MeV infection at a multiplicity of infection (MOI) of 0.1 (29% or 30% at day 7 post

infection (p.i.)) or 1 (both 11%) compared to mock, shown in Figure 4.2. The PDAC cell

line BxPC-3 showed only minor virus sensitivity at MOI = 0.1 (81% at day 7) and only

moderate reduction of cell viability at MOI = 1 (56%). As T3M4 cells were previously known

to be sensitive to MeV infection [240], I chose MOIs ranging from 0.001 to 0.1, leading to

comparable results as seen for BxPC-3. There was only a minor reduction of cell viability

after infection at an MOI of 0.01 (88% at day 7) and moderate reduction at MOI = 0.1

(53%).
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Figure 4.2: Virus sensitivity of human tumor cell lines. To analyze the effect of virus
alone, I tested the sensitivity of human tumor cell lines to MeV infection and measured cell
viability via XTT assay at indicated time points after viral infection at different MOIs ranging
from 0.1 to 1 (0.001 to 0.1 for T3M4). The data was normalized to mock set at 100%. Mean
and SD of triplicate samples are shown of a representative experiment of n = 3 independent
experiments. MOI — multiplicity of infection; p.i. — post infection; d — days.

All in all, these experiments showed the heterogeneity of tumor cell lines regarding their

specific therapeutic sensitivity. Additionally, they identified suitable dose ranges for both

treatment modalities in further experiments.

4.1.2 Irradiation of MeV particles

To determine replication capability of MeV within the RVTx treatment, I first analyzed whether

irradiation had a direct impact on the virus. Therefore, I irradiated virus solutions of both MeV

variants used in this project, MeVac ld-EGFP and unmodified MeVac, as well as clinical grade

MV-NIS for comparison with radiation doses ranging from 2 to 50 Gy. Subsequently, I analyzed

virus infectivity via serial dilution titration assays. Independent of the applied radiation dose,

irradiated MeV solutions showed the same titers of virus progeny when infecting Vero cells as

unirradiated virus within the tested conditions (Figure 4.3). Even high radiation doses such

as 50 Gy did not affect the infectivity of different viruses.
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Figure 4.3: Irradiation of MeV solutions. I investigated whether irradiation has a direct
impact on viral replication by irradiating virus solutions of MeVac ld-EGFP, MeVac and MV-
NIS with radiation doses ranging from 2 to 50 Gy followed by serial dilution titration assays.
The graphs show representative data of progeny titers of n = 2 independent experiments.

4.1.3 Viral replication in irradiated tumor cells

Besides investigating whether irradiation had a direct effect on MeV, I also analyzed viral

replication in irradiated tumor cells to test whether cell damage induced by irradiation

would have an impact on replication of the virus. To this end, I irradiated tumor cells

with doses ranging from 1 and 8 Gy and infected them with MeVac ld-EGFP 24 h after

irradiation. I generated multi-step growth curves including viral progeny titers at several

time points after treatment to determine replication kinetics (Figure 4.4). In both PDAC

cell lines, BxPC-3 and T3M4, viral replication was not reduced by prior cell irradiation as

the growth curves matched the unirradiated control. For HNO210 and HNO410, higher

radiation doses such as 5 and 8 Gy impacted viral replication as titers of progeny particles

dropped by at least one log over time compared to the unirradiated control. However, this

was probably also due to strong reduction of viable cells in these samples impairing proper

viral replication.

Taken together, these results showed that irradiation only has a minor impact on MeV

infectivity and replication. Therefore, both treatment modalities could be tested further as a

combination treatment.
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Figure 4.4: Multi-step growth curves after RVTx treatment. By determining progeny
titers in irradiated tumor cells, I investigated the impact of irradiation on viral replication
in human tumor cells. I generated multi-step growth curves of cells treated with different
radiation doses in combination with a medium virus MOI (0.1 for BxPC-3, HNO210 and
HNO410, 0.01 for T3M4) at indicated time points followed by serial dilution titration assay.
The graphs show representative data of pooled technical replicates per sample of n = 2
independent experiments. MOI — multiplicity of infection; p.i. — post infection; d — days.

4.2 Dosing and scheduling of radiovirotherapy in vitro

After evaluating both monotherapies regarding their individual effect on cell viability of

candidate cell lines as well as MeV replication efficiency, I analyzed cell viability after

combination treatment using the following schedule: irradiation 24 h prior to virus infection

(R24V) as shown in Figure 3.1. Subsequently, I systematically combined several treatment

doses of radio- as well as virotherapy and analyzed cell viability of candidate cell lines using two

different assays: XTT and ATPlite assay. This data then served as the basis for calculating

synergy of the combination therapy, determining an in vitro treatment schedule for further

analyses of RVTx. I used the schedule R24V for all experiments analyzing RVTx in vitro and

also ex vivo.
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4.2.1 Analysis of cell viability after radiovirotherapy

In a first approach, I combined radio- and virotherapy and analyzed cell viability over a

period of 7 days by XTT assay. Figure 4.5 shows representative data of combining 2 or 5 Gy

irradiation with an intermediate virus MOI for each tested cell line according to analysis of

virus sensitivity conducted before (see 4.1.1). Complete results are shown in Figure A1 (see

Appendix). For all four cell lines, RVTx led to reduction of cell viability in comparison to

monotherapies. The latter mostly showed minor to moderate cell killing whereas combination

of both treatment modalities strongly decreased cell viability. For BxPC-3, the combination

of 2 or 5 Gy irradiation with intermediate virus MOI resulted in 54% or 32% cell viability on

day 5 post treatment (p.tr.), for T3M4 54% or 43%, HNO210 21% or 12% and for HNO410

16% or 9% compared to mock. Again, seven days after treatment, I observed a slight increase

in cell viability, possibly due to regrowth of cells as the RVTx treatment was only applied

once in this experiment.

Figure 4.5: Cell viability after RVTx in vitro. To analyze the effect of RVTx on cell
viability, I performed XTT assay, measuring cell viability at indicated time points after
treatment with RVTx or monotherapies infecting cells with MeV at MOIs of 0.1 for BxPC-3,
HNO210 and HNO410 and 0.01 for T3M4, respectively. The data was normalized to mock
set at 100%. The graphs show representative mean and SD from triplicate samples of n = 2
independent experiments. M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2,
C5 — combination with 2 or 5 Gy irradiation; p.tr. — post treatment; d — days.
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4.2.2 Evaluation and validation of synergy

Combined RVTx showed enhanced reduction of cell viability in the tested human tumor cell

lines compared to both monotherapies, especially between three and seven days p.tr. (see

Figure 4.5). In order to investigate synergistic effects of RVTx in vitro, I performed a systematic

analysis of cell viability in the mentioned time period after combination treatment using XTT

and ATPlite assay for cross-checking the validity of results.

Altogether, I combined four different radiation doses, 1, 2, 5, and 8 Gy, with three different

MeV doses (for each cell line individually determined virus MOIs for a low, medium and high

MOI). Figure 4.6 shows exemplary data for BxPC-3 from three independent cell viability

analyses using ATPlite assay. The complete results for all tested human tumor cell lines and

both cell viability assays are shown in Figures A2 to A8 (see Appendix). For BxPC-3, low

irradiation and low virus dose (top left diagram in Figure 4.6) showed hardly any cytotoxic

effect, neither as monotherapies nor in combination. Increasing radiation dose but maintaining

a low virus dose (left column of diagrams) led to reduction in cell viability mediated by

irradiation without additional effect of MeV infection. Likewise, the combination of low

irradiation with increasing virus dose (top row) led to a virus-mediated cytotoxic effect over

the course of the experiment. When combining the highest radiation dose of 8 Gy with

increasing virus doses (bottom row), the treatment efficacy was no longer dominated by the

effect of radiation, but was also influenced by virotherapy. Again, I could observe a similar

effect when combining increasing radiation dose with the highest virus dose (right column) as

the reduction in cell viability was primarily virus-mediated until, with higher radiation doses,

both treatment modalities showed an impact on cell viability.

The cell viability after RVTx treatment dropped to almost 0% at day 7 p.tr. when I applied

both treatment modalities at their highest dose (diagram bottom right). Although this

combination showed the best result in the experiment, the combined effect of radiation and

MeV at high doses might be too strong. While this dose combination leads to increased

cell killing, it might also increase toxicity when translated to the clincial setting. Therefore,

reduced doses of combined treatment modalities might be more tolerable. Further, high doses

of irradiation might not induce immunogenic effects such as immunogenic cell death (ICD)

or innate immune activation as observed before [244, 245]. However, the induction of an

anti-tumor immune response is a prerequisite for an optimal combinatorial effect of radiation

and oncolytic MeV according to the hypothesis of this study.

Focussing on intermediate radiation as well as virus doses, such as 2 or 5 Gy combined with a

medium virus MOI, I could observe cytotoxicity for both treatment modalities as indicated

by reduced cell viability. Furthermore, the combination led to an enhanced reduction in cell

viability as I could already show before (see Figure 4.5 in 4.2.1). Given the results of the
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RVTx combination, the next step was to test whether these effects were more than additive,

i.e. synergistic.

Figure 4.6: Cell viability of BxPC-3 after RVTx treatment in ATPlite assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via ATPlite assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.

The data of this systematic evaluation of cell viability after RVTx served as basis for detecting

synergistic effects of the combination therapy on candidate tumor cell lines. I used the

CompuSyn software (ComboSyn, Inc.) for calculating synergy. It is based on the median

effect method by Chou and Talalay [242] and calculates a combination index (CI) value for
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each tested treatment condition. A CI of 1 indicates an additive effect of the used doses

of radiation and virus, a CI-value above 1 indicates antagonism and CI below 1 indicates

synergy of the specific doses of radiation and virus used for RVTx treatment. As I analyzed

cell viability between days 3 and 7 p.tr. in the underlying experiment, I also analyzed synergy

for each time point within this time period. Thus, I was able to analyze whether synergy was

consistently observed over several time points or only for a single time point. Figure 4.7 shows

a heatmap representation of CI values of the different dose combinations tested in candidate

tumor cell lines using ATPlite assay. The corresponding heatmap showing CI values of the

data from XTT assay is shown in Figure A9, an overview of all CI values is given in Table A1

(see Appendix).

As could be anticipated when considering the low effect in cell viability, the combination of

low irradiation with low virus MOI was not synergistic but rather showed an antagonistic

effect in the analysis of CI values (top left in each heatmap) over the course of the experiment.

Increasing the dose of one component but keeping a low dose of the other, such as combining

increasing radiation doses with a low virus MOI (left column of each heatmap), often showed

only additive or even antagonistic effects of the specific combination. Interestingly, combining

the highest radiation dose with a high virus dose led to CI values below 1 and indicated

synergy of this dose combination. However, it is important to consider the CI values together

with the results of the originating cell viability analysis (see above). The cytotoxic effect of this

combination might be too strong to induce further anti-tumor immune responses and the result

should therefore be evaluated with caution. Focusing on the combination of intermediate doses

of radiation and MeV, these combinations showed synergy at all three analyzed time points in

ATPlite as well as XTT assay for most cell lines. Taking this data together with the reduction

in cell viability observed in both assays using intermediate dosing conditions, these might be

suitable treatment schedules for further in vitro experiments.

Therefore, using this systematic analysis of cell viability and synergy combining several dosing

conditions of radiation and oncolytic MeV, I could show that RVTx mediates a synergistic

effect at specific treatment conditions in all tested human tumor cell lines. To determine

a suitable treatment schedule for subsequent analyses of RVTx in vitro a comprehensive

assessment of the tested dosing condition was required considering cell viability as well as the

calculated CI values.
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Figure 4.7: Heatmap of synergy analysis of RVTx in ATPlite assay. Using Com-
puSyn software, I calculated the synergy of all tested RVTx combinations determined by
ATPlite assay. The corresponding CI values are given in Table A1. Values indicating antago-
nism are shown in red coloring, additive in black and synergistic in green coloring. d p.tr. —
days post treatment; MOI — multiplicity of infection.
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4.2.3 Determination of in vitro treatment conditions

The results of the cell viability experiments and synergy calculation shown above revealed

a variety of dosing conditions that might be suitable as a uniform treatment schedule for

further investigations, but the results did not overlap completely. However, in order to make

an informed decision on a treatment schedule, it is necessary to assess the results of both

analyses equally. It is a requirement that a specific dosing of the combination regimen shows

a sustained synergistic effect over the course of the experiment. It is equally important that

it leads to reduction in cell viability but it should still give the opportunity of inducing an

anti-tumor immune response. Therefore, I developed a scoring system in order to assess

different dosing conditions concerning their synergistic effect as well as resulting in cell

viability reduction shown in Table 4.1. Using this scoring system, I aimed at selecting one or

two specific treatment schedules for all candidate cell lines in follow-up in vitro experiments

characterizing RVTx.

Table 4.1: Categories for treatment schedule assessment. To select a specific treat-
ment schedule for further RVTx in vitro experiments, I developed a scoring system that
equally considers synergy and the cytotoxic effect of a specific dosing condition. To assess
performance of the treatment conditions in cell viability assays, I set a cut-off at 20% (of
mock) as lowest and 80% as highest value on day 7 p.tr..

Scoring category Scoring value

Synergy on all days 2

Synergy on two days 1

Cell viability of combination between 20 and 80% on day 7 p.tr. 2

Cell viability of both monotherapies between 20 and 80% on day 7 p.tr. 1

Using this scoring system, I assessed each tested dosing condition for all cell lines. I added

the values concerning synergy and cell viability from ATPlite as well as XTT assay follow-

ing Table 4.1 to obtain cell line-specific schedule counts as shown in Table A2, heatmap

representation shown in Figure 4.8. For all cell lines, especially for BxPC-3 and HNO210,

combination of intermediate dosing conditions such as 2 or 5 Gy irradiation with medium

virus MOI showed the highest count. Additionally, for T3M4, a schedule combining 8 Gy

irradiation with medium virus MOI and for HNO410, a combination of 2 Gy irradiation with

low virus MOI showed a high count. Further, I summed up the schedule counts of all cell lines

in a total count (heatmap on the right). This heatmap shows the most suitable treatment

schedule for all cell lines in this panel. Therefore, I could determine a combination of 2 or

5 Gy irradiation with a medium MOI of MeV as treatment schedule for following in vitro

experiments investigating RVTx.

59



4 Results

Figure 4.8: Heatmap of schedule counts for analysis of RVTx treatment schedules.
To evaluate the performance of each treatment schedule in cell viability assays and synergy
analyses, I developed a scoring system with cut-off at 20 and 80% for cell viability data to
determine a treatment schedule for further analyses of RVTx in vitro. Score values correspond
to the given color code showing lowest score in white and highest in black. The summary of
schedule scoring is given in Table A2. MOI — multiplicity of infection.

In order to confirm this schedule, I analyzed a second set of cut-off percentages to assess cell

viability. The effect of RVTx as well as monotherapies should range between 25 and 75% on

the last day of the experiment. This would consider combination as well as monotherapies

more strictly, resulting in cell viability above 75% and below 25% as unsuitable for further

investigations. The given reduction in cell viability would be too weak or too strong,

respectively. As shown in Table A3 and Figure A10 (see Appendix), changing the cut-off

values for cell viability slightly changed the schedule counts for each cell line. However, the

total count still revealed a combination of 2 or 5 Gy irradiation with a medium virus MOI as

the most suitable treatment schedule for further experiments, confirming the results of the

previous scoring cut-offs.
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4.3 Detection of immunogenic cell death markers

Having determined suitable treatment dosing conditions for investigating RVTx in vitro, I con-

tinued with a molecular and functional characterization of potential mechanisms of action. As

one aspect, I investigated the induction of ICD by RVTx. It has been hypothesized for several

years that localized radiotherapy induces ICD and this could be confirmed in various tumor

entities [106, 107]. In the context of oncolytic MeV, Donnelly and colleagues demonstrated

the induction of ICD after MeV infection in human melanoma [189]. Among many different

factors currently known as ICD markers [70], I focused my analyses on the release of the

nucleoprotein high mobility group box 1 (HMGB1) as well as ATP and the expression of the

endoplasmic reticulum (ER)-associated protein calreticulin (CALR) on the cell surface. These

markers are commonly used to verify ICD induction [73].

4.3.1 Release of HMGB1 and ATP

Secretion of HMGB1 as well as ATP represent two important ICD markers as they promote the

maturation and cross-presentation capacity of antigen-presenting cells (APCs) and therefore

play an important role in the initiation of an adaptive immune response [70, 73]. For the

detection of released HMGB1, I performed an enzyme-linked immunosorbent assay (ELISA)

using supernatants of RVTx-treated cells 72 h p.tr.. As shown in Figure 4.9, I could detect an

increase in HMGB1 release in samples treated with the combination therapy compared to

monotherapies. This was statistically significant for BxPC-3, HNO210 as well as HNO410. A

high radiation dose of 5 Gy (R5) was associated with increased release of HMGB1 compared

to the lower radiation dose of 2 Gy (R2) but the combination using the respective radiation

dose (C2 or C5) showed even higher HMGB1 release than irradiation alone. T3M4 showed a

high baseline level of released HMGB1 in mock-treated samples. Radio- as well as virotherapy

led to elevated HMGB1 levels in the cell supernatant. Again, although the increase was

statistically not significant, I detected highest release after combination treatment (C2, C5).

In general, the different cell lines varied in regard to the concentration of released HMGB1

which can be ascribed to differences in the baseline level of mock-treated cells. The fact,

however, that combination of radio- and virotherapy was most potent in terms of HMGB1

release was true for all cell lines.
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Figure 4.9: HMGB1 release after RVTx in vitro. I treated PDAC and HNSCC cells
with RVTx, collected supernatants 72 h p.tr. and detected released HMGB1 by ELISA. Sta-
tistical analysis was performed using one-way ANOVA with Tukey correction for multiple
comparison testing. The graphs show mean and SD of triplicate samples from one representa-
tive experiment of n = 3 independent experiments. p < 0.05: ∗; M — mock; V — virus; R2,
R5 — radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.

To measure ATP release, I also used supernatants of treated cells and performed a luminescence-

based assay. Investigating several time points after treatment, I could not detect changes in

levels of released ATP or produce reproducible data when repeatedly performing independent

experiments in any tested human tumor cell line (data not shown). Furthermore, the detection

limit of the assay provided an additional constraint. Therefore, the investigation of potential

ATP release after RVTx treatment as another ICD marker was not possible under the given

circumstances.

4.3.2 Surface-exposed calreticulin

Another typical ICD marker is CALR, which promotes the phagocytosis of dying cells by

APCs as an ‘eat me’ signal [70, 76]. While under physiological conditions, CALR is located

at the ER and functions as a chaperone, it becomes a distinct marker for ICD after relocation

to the cell surface upon ICD-inducing cell damage. To detect CALR relocation after RVTx

treatment, I performed flow cytometry (FC) analysis and immunofluorescence (IF) stainings

of treated cells. Both represent common approaches to detect this marker on the cell surface
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in vitro as well as in clinical samples [246, 247].

I performed the detection of surface-exposed CALR by FC 48 h after treating the cells

with RVTx or monotherapies. The corresponding gating strategy is shown in Figure A11

(see Appendix). Overall, the CALR expression on the cell surface was low in the tested

cells but the data still showed increased expression, especially after RVTx combining 5 Gy

irradiation with MeV (C5) in BxPC-3, HNO210 and HNO410 cells (Figure 4.10). For the

latter, the increase of exposed CALR was statistically significant when comparing different

combinations with respective monotherapies. I could detect the same for HNO210 when

comparing the combination C5 with virus alone. Further, when I determined the population of

CALR+ cells directly from the single cell population, I could detect a population of dead but

CALR-expressing cells that were possibly stained for intracellular CALR due to membrane

permeability. This indicated that a precise gating strategy was an important prerequisite to

determine the percentage of cells that expressed CALR on the cell surface as a marker for

ICD induction.

Figure 4.10: Surface-exposed CALR after RVTx in vitro. I treated PDAC and
HNSCC cells with RVTx and detected surface-CALR 48 h p.tr. by FC. Statistical analysis
was performed using one-way ANOVA with Tukey correction for multiple comparison testing.
The graphs show mean and SD of n = 2 independent experiments. p < 0.05: ∗; CALR —
calreticulin; M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 — combination
with 2 or 5 Gy irradiation.
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As I used an eGFP-encoding MeV, I could also detect infected cells by FC. Interestingly,

the percentage of double-positive cells, indicating concurrent virus infection and CALR

exposure, was very low. Representative data is shown for HNO410 (see Figure A11). The

majority of live CALR+ cells did not emit a signal of the green fluorescent protein (GFP)

and most cells expressing virus-encoded genes (GFP+) did not expose CALR on their cell

surface.

Due to these findings in the FC analysis of CALR, I also performed IF to visualize the

surface-exposed ICD marker. As the expression levels seemed to be very low and had to

be discriminated carefully from background fluorescence, a reasonable detection of CALR

signal by IF was only possible for HNO410 (Figure 4.10). In accordance with the results

of the FC analysis, I could detect only a few CALR+ cells after all types of treatment (see

white arrows, Figure 4.11). Due to the addition of fusion inhibitory peptide (FIP), which

prevents viral spread, I detected only local infection sites of single cells expressing eGFP

and no formation of syncytia. This, however, prevented rupture of the latter during sample

processing and ensured the detection of infected cells per se. With increasing radiation dose,

it seemed that there was an increasing number of CALR+ cells detectable which peaked in the

combination of 5 Gy irradiation with MeV, showing many cells stained with the Alexa Flour®

594-conjugated CALR-antibody (bottom right). However, as already seen in FC, there were

no cells present showing CALR as well as eGFP signal.

All in all, the investigation of ICD markers showed a robust induction of HMGB1 release as

well as elevated levels of surface-exposed CALR after RVTx treatment in the panel of human

PDAC and HNSCC tumor cell lines.
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Figure 4.11: Surface-exposed CALR in HNO410 after RVTx visualized by IF.
After having treated HNO410 cells with RVTx, I performed IF staining 48 h p.tr. using an
Alexa Flour® 594-conjugated antibody to detect CALR on the cell surface (red, highlighted
by white arrows). As an eGFP-encoding MeV was used, infected cells could be detected in
the green fluorescence channel. I added FIP after treatment to maintain local infection sites
and prevent rupture of syncytia due to mechanical stress during sample processing. Nuclei
were stained with Hoechst 33342. Representative images of n = 2 independent experiments
are shown. Scale bar: 50µm.

4.4 Detection of markers for innate immune signaling

Ionizing radiation as well as viral infection are factors well known to activate innate immunity.

By triggering different innate immune sensors, both induce type I interferon (IFN) signaling

[63, 248]. The irradiation of cells not only leads to DNA double-strand breaks but also to

release of DNA into the cytosol. This is sensed by the cyclic GMP-AMP synthase (cGAS)

which activates the adapter protein stimulator of interferon genes (STING). The following

signaling cascade leads to induction of IFN-related genes and the secretion of IFN-β [53, 55].
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The presence of 5’-triphosphorylated single-stranded RNA in the host cell cytosol upon MeV

infection is sensed by the protein retinoic acid-inducible gene I (RIG-I), which in turn activates

a downstream signaling cascade leading to IFN-β expression and release [54, 55]. Thus, after

having detected the RVTx-mediated induction of ICD, I analyzed whether the combination

therapy has the potential to activate innate immune signaling.

4.4.1 Detection of markers for DNA damage and viral sensing

In order to investigate whether RVTx induces innate immune signaling, I analyzed protein

expression of cGAS, STING as well as the virus sensor RIG-I via sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and western blot (WB). I also quantified

target protein expression by normalizing respective WB signals to total protein content of

treated cells. For the DNA damage sensor cGAS, I could only detect minor changes in protein

expression over time compared to mock (see Figure A12 in Appendix). Furthermore, there

was no trend for altered expression induced by either irradiation or MeV infection. The signal

intensity in WB was strongest for cGAS at an early time point (12 h p.r.). At later time points

(12 and 24 h p.tr.), it was very weak and required long exposure times for visualization (see

Figure A13A). Especially for T3M4, HNO210 and HNO410, I detected the signal only using

long exposure times between approx. 430 and 1050 seconds. The detection of STING showed

strong protein expression but hardly any change over time after RVTx treatment compared

to mock (see Figure A13B and Figure A14). The PDAC cell line T3M4 did not show any

expression of STING on protein level although the gene was present in the genome detected by

polymerase chain reaction (PCR) before (Schlue, unpublished).

Besides investigating cGAS and STING as factors for DNA damage sensing after irradiation,

I analyzed the protein expression of RIG-I as a marker for viral RNA sensing 48 h after RVTx

treatment. Although statistically not significant, I could detect a clear trend of increased RIG-I

protein expression due to MeV infection shown in Figure 4.12 and A15. When normalizing the

data to mock, I observed an increase in protein expression between 10- and 16-fold in samples

of all human tumor cell lines treated with MeV compared to corresponding mock. Irradiation

alone did not induce RIG-I expression. Only for HNO210 cells, I could detect an increase

after 5 Gy irradiation (R5). However, regarding the combination treatment, RVTx seemed

to further increase RIG-I expression only for HNO210 and HNO410. This was especially

apparent for the combination of 5 Gy irradiation with MeV.
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Figure 4.12: Protein expression of RIG-I after RVTx. To investigate RIG-I protein
expression, I collected cell lysates 48 h p.tr. and performed SDS-PAGE followed by WB.
For quantification, I normalized the detected signal to total protein content followed by
normalization to mock. Statistical analysis was performed using one-way ANOVA with
Tukey correction for multiple comparison testing. The graph shows mean and SD of n = 2
independent experiments. M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2,
C5 — combination with 2 or 5 Gy irradiation.

According to this data, I could observe a virus-mediated induction of RIG-I expression after

RVTx treatment. However, neither irradiation nor viral infection mediated a clear induction

of cGAS or STING.

4.4.2 Expression and release of interferon-beta

As shown in Figure 1.1 (see 1.2.1), RIG-I and cGAS-STING pathways lead to IFN-β secretion

and the activation of other interferon stimulated genes (ISGs). Therefore, I analyzed secretion

of this cytokine as well as expression of the IFNB1 gene on RNA level 24 h after RVTx

treatment. The quantification of secreted cytokine by ELISA showed differences between

PDAC and HNSCC cell lines (Figure 4.13). For HNO210 and HNO410, I could detect

increasing levels of IFN-β in the supernatant of samples treated with virus alone (V) or in

combination with radiation (C2, C5). For HNO210, irradiation with 2 or 5 Gy (R2, R5) also

led to increased levels of IFN-β in the supernatant compared to mock. Especially in this cell

line, the difference when comparing monotherapies with RVTx was statistically significant.

67



4 Results

For both PDAC cell lines, however, I could not detect IFN-β in the supernatant as the signal

was below the detection limit of the assay.

Figure 4.13: IFN-β release after RVTx in vitro. I treated PDAC and HNSCC cells with
RVTx, collected supernatants 24 h p.tr. and detected released IFN-β by ELISA. Statistical
analysis was performed using one-way ANOVA with Tukey correction for multiple comparison
testing. The graphs show representative mean and SD of n = 3 independent experiments.
The dotted line indicates the detection limit of the assay. p < 0.05: ∗; M — mock; V — virus;
R2, R5 — radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.

Despite the strong differences in IFN-β secretion between the different treatment conditions,

the expression of the IFNB1 gene on transcriptomic level was detectable via reverse tran-

scription PCR (RT-PCR) in HNSCC as well as PDAC cell lines in MeV- and RVTx-treated

samples (Figure A16 in Appendix). For the PDAC cell lines, I could even observe a faint

signal in mock or samples treated with radiation alone. T3M4 cells from cell culture showed

baseline RNA levels of IFNB1. It seems that the process between the expression of the gene

on RNA level and secretion of the cytokine might be impaired in the analyzed PDAC cell

lines. T3M4 showed higher virus sensitivity than other PDAC cell lines before [240]. This

might correlate with the finding of impaired IFN-β secretion indicating reduced host-cell

anti-viral defense.

In summary, I could observe activation of RIG-I signaling mediated by MeV infection and

the release of IFN-β leading to activation of innate immune signaling in HNSCC but not in

PDAC cell lines. Looking at the entire spectrum of investigated mechanisms of action within
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this study, RVTx induced at least one component of the parallel pathways of ICD signaling

and innate immune sensing in all candidate cell lines. This would eventually lead to immune

activation.

4.5 Generation of murine tumor models

The preceding in vitro findings of this study showed synergy of RVTx as well as induction of

ICD and an innate immune response. Therefore, I aimed at investigating RVTx in heterotopic,

syngeneic mouse tumor models of HNSCC and PDAC. Humans are the natural host of

measles virus and express the necessary entry receptors for wildtype as well as vaccine strains

— CD150, nectin-4 or CD46 — on some cells [136, 138, 153]. Mice are consequently not

a natural host as murine cells do not express suitable receptors for viral entry. Thus, the

virus is not able to enter murine cells per se [171] and in vivo investigations of RVTx require

the establishment of murine tumor cells expressing an MeV entry receptor, e.g. human

CD46 (hCD46). I generated cell lines of murine HNSCC and PDAC tumors stably expressing

hCD46 and performed a characterization focusing on virus susceptibility in vitro, tumor

growth and hCD46 expression before investigating the effects of the combination therapy in

vivo.

4.5.1 Selection and in vitro characterization

To establish murine tumor cells of HNSCC and PDAC that stably express hCD46, I selected

four cell lines of these entities with a murine C57BL/6J origin: MOC2 and mEERL95 for

HNSCC, 30364 and Panc02 for PDAC [223, 224, 226, 228].

Before generating hCD46 expressing murine tumor cells, I analyzed the radiosensitivity of

non-transfected, parental cells. I irradiated them with different doses of radiation ranging

from 1 to 8 Gy and performed an XTT assay to monitor cell viability (see Figure A17 in

Appendix). In all cell lines, the cell viability did not change over time after irradiation

compared to untreated control. It seemed that these tumor cells were resistant to ionizing

radiation. Only the MOC2 cell line showed intermediate sensitivity to irradiation as cell

viability dropped to 69% at 5 Gy and 48% at 8 Gy irradiation.

After analyzing radiosensitivity of parental murine tumor cells, I transfected or transduced

them with two different types of vectors: I used either nanovectors (expression vectors

produced in E. coli encoding CD46 controlled by promoters pEF1 or pCAG) or I used

a lentiviral vector (see 3.2.10.1). I selected the transfected cells for hCD46 expression by

puromycin challenge (see 3.2.10.2) and performed fluorescence-activated cell sorting (FACS)

to generate hCD46 expressing murine cell lines from single or bulk sorted cell populations.
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By FC analysis, I selected clones from single cell sorted populations and combined them to

generate heterogenous cell populations for each tumor model. Once the newly generated

cell lines had grown to sufficient cell numbers, I analyzed susceptibility to MeV infection

as well as surface expression of hCD46. In light of these selection criteria, Figure 4.14

and Figure A18 show the most promising candidates of the four murine tumor models:

MOC2-hCD46 pEF1 single designated as MOC2-hCD46, 30364-hCD46 pCAG single as

30364-hCD46, mEERL95-hCD46 lenti single as mEERL95-hCD46 and Panc02-hCD46 pEF1

single as Panc02-hCD46.

Figure 4.14: In vitro characterization of newly generated murine tumor cells.
After hCD46-transfection and FACS, (A) I analyzed susceptibility of MOC2-hCD46 and
30364-hCD46 cells to MeV. I infected cells with MeVac ld-EGFP at MOI = 3 and monitored
virus infection and syncytia formation at 72 h p.i. by fluorescence microscopy in phase contrast
and green fluorescence channel. (B) Secondly, I performed an FC analysis to investigate
hCD46 surface expression. Non-transfected, parental cells served as negative control. hCD46

— cell line transfected with hCD46 encoding vector; parental — non-transfected cells. Scale
bar: 100µm.

MOC2-hCD46 and 30364-hCD46 showed virus infection as indicated by green fluorescent cells

and formation of small syncytia 72 h after infection with MeV at MOI = 3 (Figure 4.14A).

Parental cells showed minor viral infection and less GFP signal than hCD46 transfected cells.

For the transduced or transfected mEERL95-hCD46 and Panc02-hCD46, however, I could

hardly observe any infected cells at 72 h p.i. (Figure A18A). Concerning the surface expression

of hCD46, I detected a shift of the entire cell population of MOC2-, 30364- and Panc02-hCD46
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cells in FC analysis showing strong expression of the transfected receptor compared to parental

cells (Figure 4.14B and Figure A18B). The cell population of the lentivirally transduced

mEERL95-hCD46 showed heterogenous expression of hCD46. Although the majority of trans-

duced cells were hCD46-positive, the intensity of surface expression seemed to vary in this cell

line and no homogenous population was visible via FC analysis.

After analyzing hCD46 surface expression, I cultivated them with or without the selection

reagent puromycin for 2 – 3 weeks in order to monitor receptor expression stability and

performed another FC analysis. Comparing the results before and after this cultivation period,

I did not observe differences in hCD46 surface expression between cells being cultivated with or

without puromycin (data not shown). The hCD46 gene seemed to be stably expressed leading

to constant surface expression of hCD46 on murine tumor cells.

According to these findings, especially the differing virus susceptibility of the newly generated

murine tumor cell lines, MOC2-hCD46 and 30364-hCD46 were deemed the most suitable

candidates as murine HNSCC and PDAC tumor models for further investigations of RVTx in

vivo.

4.5.2 In vivo tumor growth and model characterization

After generation of the murine tumor models MOC2-hCD46 and 30364-hCD46 followed by in

vitro characterization, I analyzed tumor growth kinetics as well as transgene expression in vivo

to ensure that tumor treatment with oncolytic MeV is possible.

First, I analyzed whether the newly generated tumor cell lines showed consistent tumor

growth after subcutaneous (s.c.) implantation. I injected 5·105 MOC2-hCD46 or 1·106

30364-hCD46 cells s.c. into the left thigh of 6 – 8 weeks old C57BL/6J mice. On the day

of each implantation, I routinely analyzed the expression level of hCD46 of the implanted

cells in order to ensure correct experimental conditions (see Figure A19). In this first animal

experiment, I monitored tumor growth of both tumor models over the course of 50 days

(Figure 4.15).

All mice that received MOC2-hCD46 cells showed successful tumor engraftment and tumor

growth (Figure 4.15, left). Once the tumors were established, some developed ulceration at

an early time point which led to sacrification of the mice before reaching a maximum tumor

volume of 1000 mm3. In following animal experiments using MOC2-hCD46 as tumor model, I

could observe equally consistent tumor growth. Early ulceration of tumors was only present

for some mice. For 30364-hCD46, the tumors grew larger and did not ulcerate as quickly as

in the MOC2-hCD46 model in this first experiment (Figure 4.15, right). However, I could

not observe tumor formation in all mice and the overall growth kinetics varied between the

animals. Some tumors grew rapidly whereas others entered the exponential growth phase
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with delayed kinetics. Follow-up experiments using 30364-hCD46 as tumor model showed

similar tumor growth kinetics: in a fraction of mice the tumor did not develop, while others

showed delayed tumor growth (see Figure A20).

Figure 4.15: Growth of transgenic murine tumors in vivo. To analyze tumor growth
kinetics in vivo, I implanted 5·105 MOC2-hCD46 and 1·106 30364-hCD46 cells s.c. into the
left thigh of 6 – 8 weeks old C57BL/6J mice. Over the course of 50 days, I monitored tumor
growth by measuring tumor volumes every second to third day. The graphs show individual
tumor growth curves of n = 6 animals per group.

Besides analyzing tumor growth kinetics, I aimed at analyzing the hCD46 status of established

tumors in vivo in order to ensure that, once the tumors received MeV injections during treat-

ment, the virus would be able to enter tumor cells. To this end, I characterized the transgene ex-

pression and virus susceptibility of established tumors in mice.

After having implanted MOC2-hCD46 and 30364-hCD46 cells s.c. into mice, I monitored

tumor growth. Again in case of 30364-hCD46, the tumors in different mice did not show

similar growth kinetics or consistent development among the animals (see Figure A20). Once

the tumors of both models reached sizes of 100 – 200 mm3, I performed intratumoral (i.t.)

injections of 1·106 cell infectious units (ciu) of MeVac, the unmodified measles virus vaccine

strain. Two days after this single virus dose, I explanted the tumors and generated single

cell suspensions. I co-cultured them with Vero cells and monitored syncytia formation.

However, I could not detect any syncytia as no infectious virus seemed to be present in

the tumor cell suspensions (data not shown). Further, I analyzed hCD46 surface expression

of freshly explanted tumor cells (Figure A21A and C). For both tumor models, I could

hardly detect any hCD46 signal on live tumor cells in cell suspensions of explanted tumor

samples. Only for the sample of mouse #1 of 30364-hCD46, I detected a small population

of 6.89% hCD46-positive of all live tumor cells. Fourteen to eighteen days after cultivating

the single cell suspension in cell-specific medium without puromycin, I performed a second

FC analysis to examine whether the hCD46 receptor expression was detectable after the
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cultivation period. In fact, for explanted MOC2-hCD46 tumor cells, I could detect hCD46

again on 66.7 to 79.3% of all live cells, almost reaching the level of MOC2-hCD46 cells from

cell culture (Figure A21B). For 30364-hCD46, however, there was no hCD46-positive cell

population detectable. Even sample #1 showed only 0.89% tumor cells expressing hCD46 on

their cell surface.

Although it remains to be investigated why hCD46 surface expression was not detectable on

freshly explanted tumor cells and only detectable on MOC2-hCD46 cells after in vitro culture,

these findings raised the question whether the tumor cell samples were still susceptible to

viral infection and resistant to puromycin. Therefore, I infected explanted tumor samples

Figure 4.16: Analysis of virus susceptibility and puromycin resistance of
30364-hCD46 tumor samples. (A) To characterize murine in vivo tumor models, I
infected 30364-hCD46 tumor samples cultivated after explantation with MeVac ld-EGFP
at MOI = 3 and monitored viral infection as well as syncytia formation at 72 h p.i. by
fluorescence microscopy in phase contrast and green fluorescence channel. (B) Additionally,
I tested puromycin resistance by challenging tumor cells with 5µg/ml puromycin for 24 h
and investigated cell confluence by microscopy. Transfected cells from cell culture (CC) and
non-transfected, parental cells served as positive and negative control, respectively. Represen-
tative images of triplicate samples of selected tumor samples are shown. MOI — multiplicity
of infection; CC — in vitro tumor cells from cell culture; parental — non-transfected cells.
Scale bar: 100µm.
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with MeVac ld-EGFP at an MOI of 3 and monitored cell infection by fluorescence microscopy

for 72 h. Further, I challenged tumor cells with puromycin at the previously determined

concentrations (see 3.2.10.2) and monitored cell confluence 24 h later by microscopy. The

infection of 30364-hCD46 tumor cells confirmed the findings of the preceding FC analysis:

I could only detect single infected cells, which was comparable to unspecific infection of

parental, non-transfected 30364 cells (Figure 4.16A). Especially tumors from mice #5 and #6

showed very little infection. Regarding puromycin resistance, again, the result was comparable

to parental cells after challenging 30364-hCD46 tumor cells with puromycin for 24 h. All

cells were dead and had detached in wells containing explanted tumor cells (Figure 4.16B).

For MOC2-hCD46, all explanted tumor cells from mice showed virus susceptibility and

infection comparable to the positive control (see Figure A22A). The negative control, non-

transfected MOC2 cells, did not show infection events. After challenging the cells with

puromycin for 24 h, the cell confluence of explanted tumor cells was comparable with the

positive control, MOC2-hCD46 from cell culture (see Figure A22B). Therefore, it seemed that

although the MOC2-hCD46 cells did not show transgene expression after explantation, the

nanovector was still present and hCD46 detectable after in vitro culture. For 30364-hCD46,

the question remained whether the cells had only silenced the expression of hCD46 and the

puromycin resistance gene or whether they had lost the entire transfected nanovector. This

was investigated in the following.

For further characterization of the expression of the human CD46 gene in the MOC2-hCD46

and 30364-hCD46 tumor models, I tested CD46 expression on genomic and transcriptomic

level. Therefore, I isolated DNA or RNA from cell pellets and performed complementary

DNA (cDNA) synthesis for the latter followed by PCR or RT-PCR and gel electrophoresis.

I detected the genomic presence of CD46 in all samples of MOC2-hCD46 (Figure 4.17A).

For 30364-hCD46, samples #1 and #6 showed faint bands of CD46 compared to the posi-

tive control (Figure 4.17B). Considering the transgene expression on transcriptomic level

(Figure 4.17C and D), again all samples of MOC2-hCD46 showed a signal originating from

present RNA. For 30364-hCD46, however, I could not detect any PCR signal from amplified

cDNA. The expression of the murine Actb gene encoding β-actin as a housekeeping control

showed consistent expression across all samples (see Figure A23) ensuring absence of technical

issues in the assay.
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Figure 4.17: Expression of CD46 in murine tumors on genomic and transcrip-
tomic level. I isolated DNA and RNA from tumor samples of MOC2-hCD46 and
30364-hCD46 and performed cDNA synthesis to analyze expression of the human CD46
gene on (A, B) genomic and (C, D) transciptomic level by RT-PCR and gel electrophoresis.
Expression of the housekeeping gene Actb as technical control is shown in Figure A23. Parental

— non-transfected cells; CC — in vitro tumor cells from cell culture.

All in all, the in vivo characterization of both tumor models showed that MOC2-hCD46

stably expressed the viral entry receptor that is necessary for MeV infection of murine

tumors. Therefore this tumor model was suitable for further in vivo investigations of RVTx.

30364-hCD46, however, did not show stable expression of the transgene and seemed to

have lost the vector at the starting time point of possible tumor treatment. Therefore,

I continued the in vivo work of this study using the MOC2-hCD46 model representing

HNSCC.

The investigations of RVTx in vivo also aimed at exploring possible abscopal effects of the

combination therapy. Therefore, the in vivo model characterization included the determination

of a suitable cell number for implanting secondary tumors. According to the previous findings,

I conducted this experiment only for MOC2-hCD46. I implanted 5·105 cells s.c. into the left

thigh of C57BL/6J mice to induce primary tumors. Two days after injecting this primary

tumor, I injected cells into the right flank as secondary tumors. The mice were divided into

three groups: the first group received the same number of cells as for the primary tumor (5·105

cells), the second group received half (2.5·105 cells) and the third group received one fifth of

the primary tumor (1·105 cells). The aim was to determine a tumor cell number for secondary

tumors that would guarantee consistent but delayed tumor growth compared to the primary

tumor, mimicking metastatic growth. Over the course of 32 days, I monitored the size of

both tumors. The mice reached experimental endpoint once the size of both tumors added

up to a volume of 1000 mm3. The tumor growth of secondary tumors depended on the tumor

cell number, shown in Figure A24A and C (see Appendix), whereas primary tumors on the
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thigh did not differ between the groups (Figure A24A, left and B). In group 1, that received

the same number of MOC2-hCD46 cells in the flank as on the thigh, growth of the secondary

tumor was comparable to the primary (Figure A24, black). Group 2 showed delayed growth

of the secondary tumor in all mice (red). In group 3, only two out of six mice developed

secondary tumors (blue). According to this data, the implantation of 2.5·105 cells into the

right flank would lead to optimal growth of primary as well as secondary tumors to analyze a

possible abscopal effect of RVTx in vivo.

4.6 Evaluation of radiovirotherapy in vivo

The identification of different mechanisms of action of RVTx in vitro showed the potential of

this combination therapy to induce an anti-tumor immune response. As a next step towards

clinical translation, the evaluation of RVTx in immunocompetent murine models in terms

of therapeutic efficacy was essential. After successful development and characterization of

the HNSCC tumor model MOC2-hCD46, I analyzed the efficacy of radio- and virotherapy as

monotherapies in order to determine a suitable treatment schedule for examining the combina-

tion therapy in vivo. Subsequently, I investigated RVTx efficacy in terms of survival and absco-

pal effects. Furthermore, I analyzed the induction of an anti-tumor immune response as well as

key players driving innate and adaptive anti-tumor immunity.

4.6.1 Efficacy of monotherapies

The analysis of radio- and virotherapy as monotherapies in vivo should contribute to estab-

lishing a schedule for treating tumor-bearing immunocompetent mice with RVTx. Therefore,

I monitored tumor growth and survival of mice that received one of the treatment modalities

either three or four times. As shown in Figure 4.18A, I implanted MOC2-hCD46 cells into the

left thigh of C57BL/6J mice. Once the tumors reached an average volume of 100 – 150 mm3,

the treatment was initiated: the tumors were irradiated three or four times (5 Gy per session) or

were injected i.t. with 1·106 ciu MeVac on three or four consecutive days. Animals in the mock

group received corresponding mock treatment (see 3.2.11.3).

The irradiation of murine tumors in vivo led to delayed tumor growth and prolongation of

survival which was statistically significant, independent of the treatment schedule (Figure 4.18B

and D). Individual tumor growth curves also showed a decrease in tumor volume after

irradiation (see Figure A25A). For one mouse of the group receiving three doses of irradiation,

I could observe complete tumor remission after treatment. For virotherapy alone, I could not

observe an impact on tumor growth or survival (Figure 4.18C and E). The tumor growth

of treated mice corresponded to the untreated group and there was no impact on survival
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Figure 4.18: Efficacy of radio- or virotherapy in vivo. I analyzed both treatment
modalities as monotherapies. (A) According to the treatment schedules, I implanted 5·105

MOC2-hCD46 cells s.c. into the left thigh of C57BL/6J mice and treated with 3 or 4 doses of
either 5 Gy irradiation (total irradiation dose of 15 or 20 Gy per mouse) or i.t. injections of
1·106 ciu MeVac once the tumors reached mean tumor volumes of 100 – 150 mm3. I monitored
tumor growth and survival after (B, D) radio- or (C, E) virotherapy to evaluate treatment
efficacy. The mean tumor volume (B, C) of the group is shown until the first mouse was
sacrificed. The grey area in tumor growth curves indicates the time frame of the corresponding
treatment. I used Kaplan-Meier analysis and log rank (Mantel-Cox) test to assess survival
data. p < 0.05: ∗. The graphs show data of n = 6 animals per group for radiotherapy and n
= 4 for virotherapy. The image in (A) was created with BioRender.com.

detectable. However, due to unequal tumor growth, only four animals per group reached

inclusion criteria for this experiment (see Figure A25B).

According to the findings for radio- and virotherapy in vivo, I chose a treatment schedule for

the combination therapy as follows: tumors on the left thigh of mice should be treated with

three doses of 5 Gy irradiation (a total of 15 Gy per mouse) and three i.t. injections of 1·106 ciu

of MeVac on consecutive days, respectively. Referring to the in vitro treatment schedule

R24V, I started the sequence of virus treatment one day after the first dose of irradiation

(see Figure 4.19A).
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4.6.2 Efficacy of combined radiovirotherapy

After examining the individual effects of radio- and virotherapy in vivo, I analyzed the

efficacy of RVTx combination in terms of tumor growth and survival. Based on the results of

preceding monotherapy experiments, I determined a suitable treatment schedule for RVTx in

vivo (Figure 4.19A).

According to the previous evaluation of radiation efficacy in vivo (4.6.1), irradiation of

MOC2-hCD46 tumors led to tumor growth delay and significant prolongation of survival

compared to mock and virotherapy alone (Figure 4.19B and C). The latter showed minor

improvement in both analyzed categories compared to mock. Mice receiving combination

therapy showed similar tumor growth delay and prolongation of survival compared to the

group receiving radiotherapy. The difference between each, radiation alone and combination

treatment, compared to mock and virotherapy alone was statistically significant. Individ-

ual tumor growth curves showed again, that MeV delayed tumor growth only to a minor

extent in the MOC2-hCD46 tumor model, whereas radiotherapy had a strong impact on

Figure 4.19: Efficacy of radiovirotherapy in vivo. (A) According to the treatment
schedule, I implanted 5·105 MOC2-hCD46 cells into the left thigh of C57BL/6J mice and
treated with 3 doses of 5 Gy irradiation, 3 i.t. injections of 1·106 ciu MeVac or the combination
of both once the tumors reached average tumor volumes of 100 – 150 mm3. I monitored (B)
tumor growth and (C) survival after mock (black), monotherapies (blue, green) or RVTx
treatment (red). The mean tumor volume (B) of the group is shown until the first mouse was
sacrificed. The grey area in (B) indicates the time frame of the corresponding treatment. I
used Kaplan-Meier analysis and log rank (Mantel-Cox) test to assess survival data. p < 0.05:
∗. The graphs show data of n = 5 animals per group for mock, radio- and virotherapy and n
= 6 for combination. The image in (A) was created with BioRender.com.
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tumor growth kinetics as monotherapy as well as in combination with virotherapy (see

Figure A26).

After analyzing the effect of RVTx on primary tumors, I aimed at investigating possible

abscopal effects of the combination therapy as they have been described for both radiotherapy

and virotherapy in general before [108, 202]. Therefore, I injected MOC2-hCD46 cells on the

left thigh as well as two days later on the right flank of C57BL/6J mice using the previously

determined cell number (see 4.5.2). I treated primary tumors with RVTx as described before

(see Figure 4.19) and monitored tumor growth and survival. However, due to insufficient

growth of MOC2-hCD46 tumors on the left thigh, I could only include four animals per

treatment group. The primary tumors grew unequally and even some mock-treated animals

lost the tumor over the course of the experiment (see Figure A27A). Further, I could not

detect any difference in growth of secondary tumors on the flank (Figure A27B). The data of

this experiment could not be evaluated and it remains to be determined whether RVTx can

induce an abscopal anti-tumor response.

Nevertheless, the combination of radiation and oncolytic MeV showed significant tumor

growth delay and prolongation of survival, which was mainly driven by irradiation. In order to

extend the evaluation of RVTx in vivo, I investigated different factors of innate and adaptive

immunity in the following.

4.6.3 Analysis of immune induction and infiltration

The efficacy of an anti-tumor therapy determines the survival outcome and is dependent on

the tumor composition, direct anti-tumor toxicity as well as activation of intrinsic anti-tumor

defense. As RVTx showed the potential to activate several innate immune pathways in

vitro, that possibly trigger an immune response, I aimed at investigating multiple factors of

anti-tumor response pathways in vivo at two different time points after RVTx treatment: a

first time point focusing mainly on innate immunity and a second, late time point covering

mainly factors of adaptive immunity. The experimental outline is shown in Figure 4.20.

Two days after treatment, I analyzed the expression of target genes by quantitative PCR

(qPCR): Ifnb1 for activation of innate immune pathways and Foxp3 as marker of immune

regulation. The analysis of the second time point, nine days after treatment, focused on

intratumoral levels of tumor-infiltrating lymphocytes (TILs) and certain cytokines for T cell

activation or regulation by FC analysis, enzyme-linked immune absorbent spot (ELISpot)

and ELISA.
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Figure 4.20: Treatment overview for RVTx immune analysis. To analyze the induc-
tion of an anti-tumor immune response by RVTx, I implanted 5·105 MOC2-hCD46 cells into
the left thigh of C57BL/6J mice. Once the developed tumors reached mean volumes of 100 –
150 mm3, I treated them with 3 doses of 5 Gy irradiation, 3 i.t. injections of 1·106 ciu MeVac
or the combination of both, starting on day 9 post implantation. Two days after the last
virus injection, I explanted tumors for analysis of several target genes on transcriptomic
level by qPCR. Seven days later, I explanted tumors and spleens to analyze TILs by FC as
well as secretion of several cytokines by ELISpot and ELISA. The image was created with
BioRender.com.

The first part of the immune analysis of RVTx in vivo focused on transcriptional expression

of target genes. Regarding the expression of the human Ifnb1 gene and IFN-β secretion

in vitro shown before (see 4.4.2), I analyzed the expression of the murine gene via qPCR

two days after final treatment of tumors with RVTx. Calculating ∆-Cq values from IFN-β

and mean of both housekeeping genes, Rpl13a and Actb encoding L13a and β-actin, showed

upregulation of Ifnb1 expression in tumors treated with radiation alone or RVTx combination

(Figure 4.21). The upregulation in irradiated tumors was statistically significant compared to

tumors treated with MeVac alone. Consideration of Cq values from each analyzed gene (see

Figure A28) showed that IFN-β was also upregulated in the group treated with virotherapy

alone compared to mock. The corresponding amplification and melting curves are shown in

Figure A29. Virus treatment, however, seemed to upregulate metabolic activity of infected

cells as both housekeeping genes, Rpl13a and Actb, showed decreased Cq values in this group

compared to all other groups. Therefore, the relative expression of the Ifnb1 gene for IFN-β

was only upregulated in mice receiving irradiation or RVTx.
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Figure 4.21: In vivo expression of Ifnb1 after RVTx. To analyze innate immune
activity, I investigated the expression of IFN-β on transcriptomic level in tumors of animals
two days after the final treatment. The treatment overview is shown in Figure 4.20. After
RNA extraction and cDNA synthesis, I performed qPCR analysis of the Ifnb1 gene. Rpl13a
as well as Actb served as housekeeping controls. Statistical analysis was performed using
one-way ANOVA with Tukey correction for multiple comparison testing. p < 0.05: ∗. The
graph shows mean data of technical replicates per mouse of n = 4 animals per group for mock,
n = 5 for radio- as well as virotherapy and n = 6 for combination. Cq — quantification cycle;
hk — mean of housekeeping controls.

In the further immune analysis of RVTx in vivo, I focused on factors of adaptive immune

responses and performed FC analysis of TILs, IFN-γ ELISpot and several ELISAs to analyze

cytokine release after co-culture of extracted splenocytes from treated mice with MOC2-hCD46

tumor cells from cell culture or MeVac virus solution (see Figure 4.20).

The FC analysis of treated MOC2-hCD46 tumors evaluated differences in TILs as mediators

for an adaptive immune response in vivo (Figure 4.22). The corresponding gating strategy

is shown in Figure A30. Whereas populations of lymphocytes and natural killer (NK) cells

did not differ between the treatment groups, I detected a slight increase of non-lymphocytes,

comprising CD45+ leukocytes, such as dendritic cells (DCs), monocytes or granulocytes.

Moreover, I observed a significant increase in the T cell population in RVTx-treated mice with

on average 62.4% of CD3+ cells in the leukocyte population compared to all other groups

with CD3+ T cell populations on average ranging between 21.3 and 41.5%. Discriminating

the T cell population further, I detected a smaller population of CD4+ T cells in tumors

treated with radiation alone or RVTx combination with on average 36.6% and 24.1% CD4+

lymphocytes of CD3+ T cells. The difference between this smaller cell population in the

RVTx-treated group compared to mock or virus treatment alone (on average 54.7% and 55%

CD4+ of CD3+ T cells) was statistically significant. Considering CD8+ T cells, I observed

an opposite trend showing a larger population in irradiated and RVTx-treated tumors (on

average 58.6% and 73.1% CD8+ of CD3+ T cells) compared to mock or virus alone (on
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average 32.1% and 35.4%). Again, the difference between RVTx, mock or MeVac alone was

statistically significant.

Figure 4.22: Analysis of tumor-infiltrating lymphocytes in treated tumors. After
explanting MOC2-hCD46 tumors from C57BL/6J mice, I prepared single cell suspensions
and performed antibody staining to analyze TILs by FC. The gating strategy is shown in
Figure A30. Statistical analysis was performed using one-way ANOVA with Tukey correction
for multiple comparison testing. p < 0.05: ∗. The graphs show data of n = 5 animals per
group for mock and combination, n = 6 for radio- as well as virotherapy.

To investigate early mechanisms for regulation of possible T cell responses, I assessed expression

levels of the Foxp3 gene encoding the regulatory protein forkhead box p3 (Foxp3) (see

Figure A31). At this early time point after treatment, the relative expression of this target

gene was not substantially altered in any group compared to mock. Cq values as well as

amplification and melting curves (see Figure A28 and Figure A29) showed that signals from

many samples were below the detection threshold given by no template and no reverse

transcriptase controls. Therefore, it seemed that regulation of the T cell response by Foxp3

was not present at this early time point after RVTx treatment.

After detecting a significant increase of CD8+ T cells after tumor treatment with RVTx,

I investigated tumor- or virus-stimulated cytokine release by an adaptive anti-tumor and

anti-viral immune response. Therefore, I co-cultured splenocytes from treated animals with

MOC2-hCD46 tumor cells from cell culture or MeVac virus solution and performed IFN-γ
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ELISpot and several ELISAs (see Figure 4.20 and 3.2.13.3).

Considering the detection of IFN-γ release (Figure 4.23A), I observed only a small increase

in co-cultures of splenocytes from mice of the RVTx treatment group with MOC2-hCD46

tumor cells from cell culture in the ELISpot assay. For virus-induced cytokine release, IFN-γ

secretion did not differ between groups measured by ELISpot (Figure 4.23B). However, it

has to be considered that the detection of MeV antigen-specific IFN-γ release in the ELISpot

assay was insufficient as the used ELISpot reader was not suitable to detect the signal correctly

due to signal saturation.

After performing ELISA from supernatants of the ELISpot assay, I could observe IFN-γ

release from splenocytes co-cultured with MeVac virus solution specifically from mice that

received treatment including virotherapy (Figure 4.23B, right). Tumor-induced IFN-γ release

was only detectable from splenocytes of a few individual animals, but there was no trend

visible for one specific treatment group. For interleukin (IL) 2, another T cell-activating

cytokine, I detected a slight increase of cytokine release in response to tumor stimulation after

combination therapy compared to mock or monotherapies (Figure 4.23C, left). The difference

was statistically significant between the RVTx-treated group and mock as well as virus alone.

MeV antigen-specific IL-2 release from splenocytes was strongly increased in virus- as well

as RVTx-treated animals and was statistically significant compared to mock or radiation

alone. The regulatory cytokine IL-10 was not secreted from splenocytes co-cultured with

MOC2-hCD46 cells (Figure 4.23D, left). The signal was absent in all treatment groups. For

MeV antigen-mediated secretion, however, I could detect increased levels of IL-10 in animals

treated with virus or combination (Figure 4.23D, right). For the latter, the increase was

statistically significant compared to mock or radiation alone.

All in all, I could observe an adaptive immune response after RVTx in vivo by increased

levels of CD8+ TILs. Further, virotherapy seemed to induce anti-viral responses associated

with IFN-γ and IL-2 release. Nine days after initial RVTx treatment, de novo challenge of

splenocytes with MeV also induced secretion of IL-10.
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Figure 4.23: Analysis of cytokine release after RVTx in vivo. I investigated tumor-
and virus-induced release of cytokines by splenocytes from RVTx-treated animals. After
explanting spleens from tumor-bearing C57BL/6J mice, I prepared single cell suspensions
and co-cultured splenocytes with MOC2-hCD46 tumor cells from cell culture or MeVac virus
solution in plates coated with an IFN-γ capture antibody. After 36 h incubation, I performed
(A) an IFN-γ ELISpot and used supernatants of co-cultures for ELISAs detecting (B) IFN-γ,
(C) IL-2 and (D) IL-10 cytokine release. Statistical analysis was performed using one-way
ANOVA with Tukey correction for multiple comparison testing. p < 0.05: ∗. The graphs
show mean data of triplicate samples per mouse of n = 4 – 6 animals per group normalized
to medium only control.
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4.7 Analysis of radiovirotherapy ex vivo

Besides the analysis and characterization of RVTx in cell culture and animal models, I also

aimed at investigating the combination therapy in more clinically relevant, ex vivo tumor

models. To this end, I chose two different models: a three-dimensional (3D) PDAC spheroid

model and patient-derived PDAC cultures. I treated both models with RVTx according to

the R24V schedule (see 3.2.5 and 4.2) and analyzed virus susceptibility, cell viability as well

as induction of ICD and innate immune signaling.

4.7.1 Radiovirotherapy in a 3D PDAC spheroid model

A 3D spheroid provides the opportunity to study a therapy in a defined 3D structure ex vivo.

In this project, I used a PDAC spheroid model generated by the hanging drop technique [249]

comprising the human PDAC cell line AsAn-PaCa [221] and MRC-5 [225], a human lung

fibroblast cell line. This enabled the investigation of a possible impact of fibroblasts in the sur-

rounding tumor microenvironment (TME) on RVTx treatment.

First, I investigated virus susceptibility and morphological changes of PDAC spheroids after

RVTx treatment. I irradiated and infected them according to the R24V schedule using MeVac

ld-EGFP at MOI = 0.3. Figure 4.24 shows morphology and infection of spheroids 72 h after

treatment. Two aspects seemed to have changed in morphology after treatment: firstly, I

could detect a decrease in overall size of the treated spheroids compared to mock (Figure 4.24,

top left). Especially spheroids that received combination treatment showed a reduction in size

(middle and bottom right). Secondly, the spheroid cells started to grow on the well-bottom and

the compact 3D structure disintegrated faster for treated than untreated spheroids. Besides

morphological changes, I could monitor viral infection in the 3D structure of the spheroid via

GFP fluorescence in productively infected cells. I detected GFP+ areas in several layers of

the spheroid as well as infected cells in the surrounding, indicating viral spread over time.

However, I did not observe differences between irradiated and non-irradiated samples by

fluorescence microscopy.
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Figure 4.24: RVTx treatment of 3D PDAC spheroids. To investigate RVTx ex vivo,
I used a 3D spheroid model of PDAC containing tumor cells as well as fibroblasts. Generated
using the hanging drop technique, I irradiated spheroids with 2 or 5 Gy prior to infection
with MeVac ld-EGFP at MOI = 0.3. Seventy-two hours p.tr., I analyzed virus susceptibility
and changes in spheroid morphology via fluorescence microscopy. Images were taken in
phase contrast and green fluorescence channel. The images show representatives of n = 3
independent experiments. Scale bar: 100µm.

Furthermore, I investigated ICD induction after RVTx treatment of the PDAC spheroids. In

a preliminary experiment, I pooled supernatants of treated spheroids 72 h p.tr. and performed

an HMGB1 ELISA (Figure A32, see Appendix). Considering the overall low values of optical

density (OD) in the assay, there were only minor changes visible between treated samples

and mock control that were not statistically significant. However, there still seemed to be

a trend towards increased HMGB1 levels in samples treated with the combination (C2, C5)

compared to monotherapies.

4.7.2 Radiovirotherapy treatment of patient-derived PDAC cultures

Besides 3D PDAC spheroids, I also used patient-derived primary cell cultures from PDAC

patient tumors as a second ex vivo model to study the effects of RVTx. These cultures

were established by Ehrenberg and colleagues via xenotransplantation to be used as ex vivo

preclinical models to study PDAC [227]. I chose four different cultures that showed differences

in virus susceptibility in previous work (Schaefer et al., under review): the cultures were

resistant, partly sensitive or very sensitive to MeV infection.
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In a first experiment, I analyzed cell viability after RVTx treatment by XTT assay over a

period of seven days after treatment using MeVac ld-EGFP at MOI = 1. Additionally, I

observed viral infection over the same time period via fluorescence microscopy. The XTT

assay revealed heterogeneity regarding responsiveness of the tested PDAC cultures to RVTx

(Figure 4.25). The patient-derived culture PC1 (top left) showed strong sensitivity to virus

and the reduction in cell viability of samples treated with the combination was mainly driven

by MeV infection. I observed the opposite for PC28 (bottom left), as this culture seemed

to be resistant to virus infection and the effect of RVTx was mainly due to irradiation.

A third culture in this panel, PC43 (bottom right), seemed to be resistant to radiation

as well as MeV infection, since cell viability was comparable to mock over the course of

the experiment. Only PC3 (top right) showed intermediate sensitivity to both treatment

modalities in monotherapies and further reduction in cell viability after combination treatment,

pointing towards a synergistic effect of RVTx in this culture.

Figure 4.25: Cell viability of patient-derived PDAC cultures after RVTx. I treated
PDAC cultures with RVTx according to the R24V schedule, irradiation (2 or 5 Gy) prior to
infection with MeVac ld-EGFP (MOI = 1) and assessed cell viability over a period of seven
days by XTT assay. The data was normalized to mock set at 100%. Mean and SD of technical
triplicates are shown of one experiment. p.tr. — post treatment; d — days; M — mock; V —
virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.
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In parallel to cell viability, I monitored virus infection of cells by fluorescence microscopy,

shown in Figure A33. For PC1 and PC3, I observed productive infection as indicated by

green fluorescent cells and syncytia formation in samples treated with MeVac ld-EGFP

(V, C2, C5). Although PC1 showed stronger reduction of cell viability in response to

infection (Figure 4.25), the green fluorescence signal was stronger in PC3. The PDAC

culture PC28 did not show infected cells, confirming the results of the XTT assay. For PC43,

I observed very few individual cells infected with MeV but no syncytia formation, again

confirming the findings of the XTT assay that this culture is rather resistant to the applied

treatment.

4.7.3 Induction of ICD and innate immune signaling in PDAC cultures

Following the findings of the cell viability analysis, I focused the ex vivo investigations of

RVTx on the induction of ICD and innate immune signaling. As described for RVTx in vitro

(4.3 and 4.4), I analyzed the release of HMGB1, surface expression of CALR, IFNB1 gene

expression as well as release of IFN-β.

To detect HMGB1 release, I collected supernatants of PDAC cultures 72 h after treatment

with RVTx or corresponding monotherapies and performed an ELISA. The baseline release

of HMGB1 in mock-treated samples was very low in all tested cultures (Figure 4.26). The

PDAC cultures that had been shown to be sensitive to virus before, PC1 and PC3, showed

elevated levels of this ICD marker in samples that were infected with MeVac ld-EGFP. The

differences between combination (C2, C5) and radiation alone (R2, R5) were statistically

significant, whereas the overall level of released protein was almost six times higher for PC3

compared to PC1. For PC28 and PC43 that had been shown to be resistant to virus before, I

detected lower levels of HMGB1 in the sample supernatant. However, conditions that include

virus infection still led to higher, statistically significant, levels of HMGB1 release compared

to samples not treated with MeV. For the radiosensitive culture PC28, irradiation seemed

to mediate ICD induction as well. Although the overall level of HMGB1 release was low,

I observed the highest level of released HMGB1 in RVTx-treated samples compared to the

corresponding monotherapies.
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Figure 4.26: HMGB1 release after RVTx ex vivo. Patient-derived PDAC cultures
were treated with RVTx. Seventy-two hours later, I collected supernatants and detected
released HMGB1 by ELISA. Statistical analysis was performed using one-way ANOVA with
Tukey correction for multiple comparison testing. The graphs show mean and SD of triplicate
samples originating from one experiment. p < 0.05: ∗; OD450 nm — optical density at 450 nm;
M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 — combination with 2 or
5 Gy irradiation.

In a next step, I analyzed the expression of surface-bound CALR by FC analysis as a

second marker for ICD induction in two of the four PDAC cultures, PC3 and PC28 (see

Figure A34). For the former, I could detect higher expression of CALR on cells treated

with any RVTx combination (C2 or C5) compared to mock and monotherapies. For PC28,

I did not observe differences or a specific trend in the CALR expression of cells from the

different samples. This ICD marker did not seem to be induced by RVTx in this PDAC

culture.

As a second part of the molecular and functional characterization of RVTx ex vivo, I in-

vestigated the induction of an innate immune response in terms of IFNB1 expression on

transcriptomic level as well as IFN-β release. For the former, I observed highest expression of

the IFNB1 gene in all PDAC cultures treated with virus alone or RVTx (V, C2, C5) 24 h

after treatment (Figure 4.27A). This result was in line with the findings in vitro (see 4.4.2).

Interestingly, PDAC cultures PC28 and PC43, that seemed to be rather resistant to MeV

infection, showed baseline expression of IFNB1 as well as elevated levels of the transcript

after being irradiated with 2 or 5 Gy (R2, R5).

89



4 Results

Figure 4.27: Expression of IFNB1 on transcriptomic level in PDAC cultures.
Twenty-four hours after treating patient-derived PDAC cultures with RVTx and corresponding
monotherapies, I analyzed expression of (A) IFNB1 encoding IFN-β and (B) ACTB encoding
β-actin via RT-PCR followed by gel electrophoresis. The images show data of a single
experiment. M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 —
combination with 2 or 5 Gy irradiation; CC — cell culture control.

Further, I investigated IFN-β release 24 h p.tr. by ELISA (see Figure A35). While I detected

IFNB1 transcript not only in virus-infected samples of the analyzed PDAC cultures but

also to some extent in irradiated samples, the released cytokine was only present in samples

that were infected with MeVac ld-EGFP. Moreover, the cultures showed differences in the

concentration of released IFN-β. Indicated by the low OD value, PC3 and PC28 showed

only low cytokine levels. PC43 showed higher IFN-β release. For the virus sensitive culture

PC1, I measured higher IFN-β levels as indicated by OD values in the analyzed supernatants

compared to PC3 or PC43.

All in all, I observed an impact of RVTx treatment in patient-derived PDAC cultures in terms

of cell viability as well as induction of ICD and innate immune signaling. The heterogeneity of

the analyzed cultures was not only apparent with regards to the sensitivity to both treatment

modalities of RVTx. I could also observe heterogeneity in the analyzed downstream effects

of ICD induction and innate immune activation. Thus, the efficacy of RVTx treatment may

be patient-specific and would require a personalized approach encompassing patient-specific

biomarkers when applied in the clinical context.
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5.1 Perspectives of radiovirotherapy

Radiovirotherapy (RVTx) combines two promising treatment modalities for cancer therapy:

radio- and virotherapy. Radiotherapy, i.e. applying ionizing radiation for induction of tumor

cell damage, has been among the ‘pillars of cancer therapy’ for decades and belongs to the

standard-of-care treatment plan for many tumor entities. It is used in cancer therapy with

curative intent as well as in palliative care [8, 93, 113]. Virotherapy is still rather new in the

clinical landscape of cancer therapy, although research has been going on since decades [164].

Nevertheless, several preclinical and clinical studies have shown the potential of oncolytic

viruses in the context of cancer treatment [192, 210, 250]. The greatest success so far was the

approval of the oncolytic herpes simplex virus (HSV) talimogene laherparepvec (T-VEC) by the

U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) in 2015

for the treatment of non-resectable metastatic melanoma [194].

Both treatment modalities feature beneficial characteristics for combined application as RVTx,

especially through the induction of an anti-tumor immune response via innate immune sensing

or induction of immunogenic cell death (ICD) [57, 106, 166, 189]. Furthermore, radio- as

well as virotherapy are able to promote anti-tumor effects of the respective other treatment

modality [213]. Although several studies showed that irradiation did not lead to increased

expression of the respective viral receptor, it was shown to enhance viral replication in target

tumor cells [217, 218, 251, 252]. Further, irradiation can induce the upregulation of viral as

well as transgene expression and improve the therapeutic efficacy [217, 252, 253, 254]. Vice

versa, oncolytic viruses can interfere with DNA damage signaling pathways by interacting

with cellular factors that are involved in DNA damage repair or cell cycle progression

and drive the cells into apoptosis [213, 255]. Therefore, they may act as radiosensitizing

agents.

Oncolytic measles virus (MeV) vaccines have shown safety and efficacy in several preclinical

studies and early clinical trials [165, 166]. In many of these investigations, a vaccine strain MeV

encoding the sodium-iodine symporter (NIS) was employed. Expression of virally delivered

NIS enables uptake of systemically administered radioiodine isotopes and therefore allows

real-time non-invasive monitoring of viral infection. Further, this combination also showed
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therapeutic effects as radioiodine plus MeV-NIS led to tumor regression and local bystander

effects [199, 256, 257]. In current clinical phase I and II studies, MeV-NIS is combined with

chemotherapy or immune checkpoint inhibition while the NIS transgene is used for virus

monitoring [165, 167]. In preclinical studies, the combination of MeV with external beam

radiotherapy (EBRT) as RVTx showed synergistic anti-tumor effects in glioblastoma and

prostate carcinoma cells as well as tumor regression and prolonged survival in respective

xenograft models [217, 218]. A triple combination of chemo-, viro- and radiotherapy showed

synergistic effects in glioblastoma as well as initiation of a type I interferon (IFN) response

and expression of downstream interferon stimulated genes (ISGs) by RNA sequencing in vitro

[220]. The evaluation of suitable treatment conditions for RVTx considering synergistic and

cytotoxic effects combined as well as the induction of an anti-tumor immune response in

immunocompetent models in vivo has not been investigated so far, especially not for head

and neck squamous cell carcinoma (HNSCC) and pancreatic ductal adenocarcinoma (PDAC)

[167].

This study focused on the investigation of RVTx using EBRT and an unmodified or eGFP-

encoding MeV vaccine strain in HNSCC and PDAC models. A systematic evaluation of

different treatment conditions that considered synergy as well as cytotoxic effects was con-

ducted. This yielded a suitable treatment schedule for in vitro or ex vivo studies of RVTx. The

induction of ICD and innate immune responses had been demonstrated for both treatment

modalities before but not for combined RVTx [73, 106, 189, 248]. I investigated several ICD

markers and factors for innate immune sensing and activation to define possible mechanisms

of action of RVTx, both in established cell cultures of the tumor entities in vitro as well as

in patient-derived tumor models ex vivo. To assess the possible activation of an adaptive

immune response in vivo, I generated syngeneic immunocompetent murine tumor cell lines

expressing the human CD46 gene to enable viral entry into murine tumor cells. The pilot

study analyzing the therapeutic efficacy of RVTx in vivo covered the analysis of survival

after RVTx treatment, a characterization of tumor-infiltrating lymphocytes (TILs) as well

as inflammatory cytokines in co-culture experiments. In the following, I will discuss the

synergistic effect and the activation of anti-tumor immune responses by RVTx as well as the

suitability of preclinical models and will review the translational potential of this combination

therapy.

5.2 Synergistic effects of radiovirotherapy

The combination of radiotherapy applied as EBRT and virotherapy using different oncolytic

viruses such as MeV, vaccinia virus, adenovirus, reovirus or HSV has been studied preclinically

in several tumor entities including brain, prostate, pancreas or head and neck cancer [214,
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217, 218, 219, 220, 258, 259, 260, 261, 262, 263, 264, 265]. The efficacy of a combination

therapy was determined either based on cytotoxicity or on the synergistic effect of a treatment

condition. The respective candidate tumor cell lines were treated with a single dose of

irradiation as well as virus in varying order. For the analysis of cytotoxicity or cell viability

after RVTx treatment, the aforementioned studies mainly applied 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [258, 260, 261, 263, 265] or lactate

dehydrogenase (LDH) release assay [214, 219, 259, 262]. The assays are based on either

measuring the metabolic activity of live cells or the amount of cytosolic enzyme released upon

cell lysis. Some studies also measured the proliferative capacity of treated tumor cells by

clonogenic assay [217, 264].

In the present project, I also applied the RVTx combination only once with varying doses of

irradiation or MeV to the candidate cell lines of PDAC and HNSCC – BxPC-3, T3M4, HNO210

and HNO410 – and measured cell viability over the course of seven days post treatment (p.tr.).

I observed that treatment conditions applying low doses of RVTx showed only minor effects

on cell viability whereas high doses of irradiation and MeV led to strong cell killing, leading to

death of almost all cells at the end of the experiment. Intermediate doses led to a reduction

of cell viability, which was stronger in the combination compared to both modalities applied

as monotherapies but cell viability never reached 0%. Although combining high doses of

radiation and MeV showed the highest cytotoxicity, the resulting off-target toxicity might be

too strong when translated to the clinical setting. Lower doses may be superior for inducing

anti-tumor immunity as I hypothesized in this study for the RVTx combination. In fact,

Vanpouille-Box and colleagues showed that the application of high radiation doses led to the

induction of a DNA exonuclease that would degrade cytosolic DNA and therefore attenuate

radiation-induced immunogenicity by downregulating the DNA damage sensor cyclic GMP-

AMP synthase (cGAS) and the downstream pathway leading to secretion of IFN-β [244, 245].

Therefore, the combination of intermediate doses of both treatment modalities was deemed

more suitable for further experiments.

The evaluation of potential synergistic effects of an RVTx combination was considered in some

of the above mentioned studies and was based on measuring cell viability. The determination

of synergy, additivity or antagonism was often performed by dose-response curve analysis with

the calculation of a combination index (CI) for each treatment condition by the median effect

method of Chou and Talalay [214, 217, 220, 242, 265]. Other analyses used the isobologram

method based on the IC50 value, defined as the concentration of drugs that produce 50%

cytotoxicity [258, 260, 266].

Strikingly, the measurement of cytotoxicity as well as the determination of synergy was

performed in most studies only at one specific time point at the end of the experiment.

However, an aspect that was not addressed in the aforementioned studies was the possibility
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of cell regrowth in the performed in vitro experiments. In this project, I observed an increase

in viability at later experimental time points when observing cell viability over seven days

after RVTx treatment (see Figure 4.5). A single dose of both treatment modalities might not

be sufficient to eradicate the entire treated cell population and the remaining cells had started

to grow again. A fractionated combination therapy, applying several doses of irradiation and

MeV, would possibly suppress cell growth at this point. Importantly, in light of this relevant

finding, it was necessary to consider the progression of cell viability also in the evaluation

of synergy. Therefore, I calculated the CI values of all tested treatment conditions at three

consecutive experimental time points, 3, 5 and 7 days p.tr., using the CompuSyn software

applying the median effect method to determine synergy, additivity or antagonism. I observed

that some treatment conditions showed synergy at just one experimental time point whereas

other conditions showed synergy on all days, especially the combination of intermediate and

high doses of RVTx (see Figure 4.7 and Figure A9).

The determination of the in vitro efficacy of a specific treatment combination in the aforemen-

tioned studies was usually either based on cell viability data or on the calculated synergistic

effect. Both aspects were never considered equally. In regard of the above mentioned findings

in cell viability and synergy analyses in this project, I developed a scoring system to assess the

tested treatment conditions in consideration of specific categories that would evaluate both

results: the synergy of a specific combination as well as the cytotoxicity of a combination and

the corresponding monotherapies (see Table 4.1). This scoring system of RVTx treatment con-

ditions resulted in a clear preference towards intermediate treatment conditions of combining

2 or 5 Gy irradiation with a cell line-specific intermediate dose of MeV. The high cytotoxicity

of treatment conditions with high doses of irradiation and MeV was put into perspective of

the applied scoring system. Thus, the results of the scoring indicated that the intermediate

dose were the most beneficial treatment regimens.

All in all, the systematic analysis of RVTx treatment conditions evaluated both, cytotoxiciy

and synergy, on several experimental time points and considered both equally to determine

a suitable treatment schedule for investigating possible underlying mechanisms of action of

RVTx in vitro and ex vivo.

The treatment schedule of RVTx was first evaluated in established cell lines, followed by

an analysis in ex vivo patient-derived PDAC cultures. The result showed a strong het-

erogeneity between the four tested cultures (see Figure 4.25). Only one culture showed

increased reduction of cell viability after the combination treatment compared to monother-

apies. The other cultures were resistant to one or even both treatment modalities. This

result might serve as a good representation for present heterogeneity among tumor patients

and the varying response to an applied anti-tumor treatment. The translation of in vitro

experiments using well-established and stably-growing tumor cell lines to patient-derived
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models and even extrapolated to the clinical setting will therefore have to be handled with

caution.

5.3 Activation of anti-tumor immune responses

Immunotherapy is the ‘fourth pillar’ of contemporary cancer therapies [8]. The aim of many

current preclinical and clinical studies is the activation of the host immune system to mediate

a sustained anti-tumor immune response. A variety of pathways and markers have been

described as targets to achieve this aim. In this study, I hypothesized that RVTx would induce

an anti-tumor immune response and focused the identification of possible mechanisms of action

on ICD, innate immune signaling as well as the activation of an adaptive immune response

investigating several models in vitro, in vivo and ex vivo.

5.3.1 Induction of immunogenic cell death

Immunogenic cell death (ICD) is described as a specific type of apoptotic cell death that

is characterized by the exposure of danger-associated molecular patterns (DAMPs) [267].

Among these DAMPs are calreticulin (CALR), ATP and high mobility group box 1 (HMGB1)

which represent the most common markers of ICD [72, 73]. In the context of cancer,

relocation or release of these molecules lead to activation and maturation of dendritic

cells (DCs) and further to induction of a T cell-mediated anti-tumor immune response

[267, 268].

Radiotherapy as well as virotherapy have been shown to induce ICD. Ionizing radiation has

been shown to trigger HMGB1 release as well as relocation of CALR to the cell surface in

tumor cells in vitro and in established tumors in immunocompetent mice [269, 270, 271]. This

was associated with cross-presentation of tumor antigens to CD4+ and CD8+ T cells and

subsequent immune activation in vivo [85]. Additionally, radiotherapy can induce autophagy

[101]. This mechanism is required for ATP release and mediates the induction of this mode

of ICD in irradiated mammary and prostate carcinoma cells [79, 272, 273]. Several studies

have demonstrated the induction of ICD by oncolytic viruses. Treatment of melanoma cells

with T-VEC leads to release of HMGB1 and ATP as well as CALR translocation in vitro

[274]. MeV promotes ICD in melanoma as well as hepatocellular carcinoma cells by release

of HMGB1 and ATP [189, 190]. Further, the oncolytic parvovirus H1-PV induces ICD by

HMGB1 release in several PDAC cell lines in vitro [275].

The induction of ICD in combined RVTx treatment has not been investigated so far. In

this study, I analyzed the relocation and release of CALR, ATP and HMGB1 in different

candidate tumor cell lines of PDAC and HNSCC in vitro as well as patient-derived PDAC
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cultures ex vivo. I treated the cells with RVTx using 2 or 5 Gy radiation doses combined with

a respective intermediate dose of MeV.

I could detect surface-exposed CALR after RVTx on all candiate cell lines by flow cytometry

(FC) analysis in vitro. Although the percentage of CALR+ cells only ranged between approx.

5 to 15% of viable cells at 48 h p.tr., there was a distinct difference between RVTx-treated cells

and cells that were only irradiated or infected (see Figure 4.10). The difference was statistically

significant in the HNSCC cell lines HNO210 and HNO410. Especially the latter showed

strong upregulation of surface-CALR after RVTx with 5 Gy radiation dose. Visualization of

this ICD marker by immunofluorescence (IF) staining confirmed the upregulation of CALR

on the surface of HNO410 cells treated with RVTx with 5 Gy irradiation (see Figure 4.11).

Interestingly, virus-infected cells, detectable via GFP encoded by the applied MeVac ld-eGFP

virus, hardly showed CALR on their surface as detected via FC analysis and IF stainings.

There were hardly any double-positive cells detectable in the cell population. A double-positive

population was only detectable among dead cells. However, it is very likely that the CALR

signal of dead cells originated from intracellular staining of this marker. Measles virus is

known to alter the host cell metabolism and circumvent the interferon response in favor of viral

replication [133, 276]. It seems that the viral infection impaired or suppressed the exposure

of CALR to circumvent induction of ICD. This phenomenon has not yet been described in

literature. The above mentioned studies used unmodified MeV expressing no marker such

as GFP for the detection of viral infection or did not investigate CALR expression [189,

190]. Thus, a distinction between infected and non-infected cells was not possible in the cell

population that was analyzed for CALR exposure in those studies. Nevertheless, I detected

cells expressing CALR on their surface in the surroundings of virus-infected, GFP+ cells. It

seems that MeV infection had a bystander effect of inducing ICD in neighboring, uninfected

cells (see Figure 4.11). It remains to be investigated whether the surface exposure of CALR in

these cells was actually mediated by MeV infection or rather due to irradiation. In the ex vivo

patient-derived PDAC cultures, I could investigate CALR relocation only in two of the four

cultures due to difficulties with culturing this ex vivo model. PC3, the PDAC culture that

showed higher cytotoxicity after combination therapy compared to monotherapies showed

strong expression of CALR on the cell surface after RVTx compared to monotherapies or mock

control (see Figure A34). In PC28 cells, which were rather resistant to treatment, I could

not observe changes among the different conditions. Again, the heterogeneity in treatment

response among different tumors was also visible here.

Compared to previous studies of ICD induction after virotherapy showing ATP release, I

could not detect this ICD marker after RVTx in vitro. In the course of trouble-shooting

for this experiment, I tested several commercially available products for detection of ATP

levels in luminescence-based assays. The same products were used in previous studies to
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measure extracellular levels of ATP in the context of ICD induction [190, 274, 275]. However,

I did not obtain reproducible data on released ATP using these products neither after RVTx

treatment nor after application of known ICD inducers such as doxorubicin or mitoxantrone

[66]. It has to be considered, though, that the majority of ATP-detecting assays are designed

for the detection of intracellular ATP levels. These are of course manifold higher than the

extracellular levels and ATP may be released, but the levels may be below the detection limit

of current assays.

The detection of HMGB1 release as the third ICD marker tested in this study was successful

in all candidate tumor cell lines in vitro and cultures ex vivo. I detected an increase of HMGB1

in supernatants of RVTx treated cells compared to monotherapy or mock in all tested human

tumor cell lines of PDAC and HNSCC (see Figure 4.9). Except for T3M4, the increase was

statistically significant. This PDAC cell line, though, showed high HMGB1 release already in

mock-treated samples compared to the other candidate tumor cell lines and a strong trend

towards even more elevated HMGB1 release after RVTx was detectable. The patient-derived

PDAC cultures showed a clear virus-mediated HMGB1 release after virotherapy or RVTx

(see Figure 4.26). Although the amount of released HMGB1 differed between the cultures,

the difference between RVTx treatment and irradiation alone was statistically significant in

all cultures. HMGB1 plays an important role in the nucleus of eukaryotic cells, stabilizing

the nucleosome and maintaining genome stability [82, 83]. As an ICD marker, it plays

an important role in the maturation of DCs and the following cross-presentation of tumor

antigens to T cells [277, 278].

Therefore, the robust expression of HMGB1 as an ICD marker after combination treatment

in all cell lines in vitro and patient-derived tumor cultures ex vivo might indicate HMGB1

release as a key component for possible induction of an anti-tumor immune response by RVTx.

This might be accompanied by surface exposure of CALR and further attraction of DCs to

the tumor site especially in HNSCC tumors.

5.3.2 Activation of innate immune signaling pathways

Factors of the innate immune system represent the first line of defense against external as

well as internal threats. Different immune sensing pathways that are specialized to detect

possible invading microorganisms or dangerous substances enable the activation of a rapid

innate immune response followed by the induction of a specific adaptive immune response [50].

In case of RVTx, certain cellular sensing mechanisms are relevant to detect DNA damage

induced by ionizing radiation as well as viral entry: cGAS and retinoic acid-inducible gene

I (RIG-I). Upon damage of the DNA by irradiation in form of double-strand breaks, DNA

fragments translocate to the cytosol and are sensed by cGAS [55]. This protein in turn
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activates a signaling cascade involving stimulator of interferon genes (STING) that leads to

expression of the IFNB1 gene and further secretion of IFN-β for activation and maturation of

DCs as well as a downstream activation of an adaptive immune response [51, 58, 59]. RIG-I

is a cytosolic sensor protein for single or double-stranded 5’-triphosphorylated RNA mainly

originating from viruses harboring an RNA genome such as measles virus [279]. Upon sensing

viral RNA in the cytosol, RIG-I activates a downstream signaling pathway that also leads to

expression and secretion of IFN-β inducing an immune response mediated by DCs and other

antigen-presenting cells (APCs) [54, 63].

Previous preclinical studies have shown that the activation of the cGAS-STING signaling

pathway in tumor cells is essential for inducing an anti-tumor immune response mediated by

IFN-β secretion [280, 281]. The detection of cGAS and STING expression in this study, how-

ever, did not indicate an activation of this signaling pathway through RVTx. On the western

blot (WB) membrane, the cGAS protein was hardly detectable and there were no changes

visible between the different treatment modalities. A single dose of 2 or 5 Gy irradiation might

not be enough to induce cGAS expression. STING on the other hand was stably expressed

in BxPC-3, HNO210 and HNO410 cells independent of the applied treatment. In T3M4

cells, I could not detect STING although the STING1 gene could be detected on genomic

level in all cell lines (Schlue, unpublished). Suter and colleagues showed that cGAS-STING

signaling can be suppressed by the janus kinase 2 (JAK2)-signal transducer and activator of

transcription (STAT3) pathway in prostate cancer cells that fail to induce type I IFN expres-

sion triggered with cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) or

IFN stimulating DNA [282]. Potentially, this could also be the case in the candidate tumor

cell lines tested in this study and remains to be investigated.

As mentioned above, RIG-I is described in literature as a sensor for viral RNA [61, 62]. Upon

viral infection of the candidate tumor cells in this study, I detected RIG-I protein in all cell sam-

ples that received virus alone or RVTx combination. Irradiation did not seem to induce RIG-I

by itself or downregulate the virus-induced protein expression in the combination treatment.

Therefore, RVTx led to robust RIG-I signaling in vitro.

The induction of type I IFN signaling as well as cytokine release is a well-known downstream

effect of cGAS-STING as well as RIG-I signaling [53, 54]. Besides the presentation of tumor-

antigens, the expression of IFN-β is a major factor for activation and maturation of DCs

mediating the downstream activation of the adaptive immune system. Tumor cell-mediated

IFN-β release is therefore a major driver of anti-tumor directed immune responses [63]. In the

context of viral infection, type I IFNs have shown to induce selective apoptosis in infected cells

[283]. Type I IFNs also regulate the transcription of many downstream genes, ISGs, such as

the chemokine C-X-C motif chemokine ligand 10 (CXCL-10) or the antiviral protein myxovirus

resistance 1 (MX1) [284]. In the context of cancer therapy, a higher expression of ISGs is often
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associated with improved patient outcome and survival [285]. The use of recombinant type I

IFNs as a stand-alone systemic anti-tumor immunotherapy against melanoma was the first

approved human immunotherapeutic agent [63, 285]. However, toxicities and adverse effects

limited the direct administration of recombinant type I IFNs as cancer immunotherapy [286].

Nowadays, recombinant type I IFNs are administered in combination with other therapeutic

agents such as oncolytic viruses, immune checkpoint blockade (ICB) or chemotherapy [63].

Alternatively, anti-cancer therapies are applied that specifically induce the production of type

I IFNs in tumor cells. Both, radio- and virotherapy have been shown to induce a type I

IFN-mediated immune response in cancer therapy [248, 287].

In this study, I detected elevated levels of released IFN-β in treated HNO210 or HNO410

cells. This was mainly mediated by viral infection and the differences of RVTx combination to

irradiation alone were statistically significant (see Figure 4.13). The PDAC cell lines BxPC-3

and T3M4, however, did not show cytokine release although I detected expression of the

IFNB1 gene in treated cells. As mentioned above, T3M4 cells did not show expression of

STING protein, however, both PDAC cell lines should nevertheless be able to induce IFN-β

release via RIG-I signaling as both showed virus-mediated upregulation of RIG-I protein

expression. It remains to be determined whether the deficiency in IFN-β release was due

to impaired release mechanisms or cytokine production. Investigations of the IFNB1 gene

expression and cytokine release upon RVTx treatment of patient-derived PDAC cultures

showed virus-mediated IFNB1 induction as well as IFN-β release. This might point to a

functional RIG-I signaling pathway and induction of an anti-viral immune response after

RVTx treatment of this ex vivo model. Interestingly, investigating Ifnb1 gene expression in

RVTx-treated murine MOC2-hCD46 tumors showed upregulation of Ifnb1 after combination

as well as radiotherapy (see Figure 4.21). It seemed that two days after tumor treatment

with RVTx, radiation-induced IFN-β expression, possibly induced via cGAS-STING signaling,

was activated in vivo, presumably due to the administration of several radiation doses or by

non-tumor cells in the surrounding. Thus, although I did not detect radiation-induced IFN-β

expression in vitro or ex vivo after single-dose irradiation of cells and cultures, RVTx might

still be able to activate the cGAS-STING axis and induce a radiation-mediated activation of

type I IFN signaling.

In general, type I IFN signaling can be viewed as a double-edged sword. Especially in the

context of virotherapy and RVTx, the induction of type I IFN signaling might lead to an

anti-tumor immune response, boosting the effect of the combination therapy on the one hand.

On the other hand, it might also lead to a strong anti-viral immune response that would

dampen the oncolytic effect of virotherapy [248]. However, the benefits of MeV treatment may

lie beyond direct oncolytic effects. MeV infection did not have an impact on cell viability after

treatment in tumors that only allow low levels of viral infection, as it was seen for the murine
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tumor model MOC2-hCD46 (see Figure 4.14), or even seem to be virus resistant, as the

PDAC patient-derived cultures PC28 and PC43 (see Figure 4.25). However, MeV infection

might serve as an adjuvant attracting DCs to the tumor site in the course of an anti-viral

response. In this way, tumor antigens might be recognized leading to the desired anti-tumor

immune response. Secondly, the induction of an anti-viral immune response might serve as an

important safety mechanism for virotherapy. It may ensure systemic viral clearance, preventing

unwanted toxicity and side effects in the clinical setting.

Further, even if an anti-viral response would not lead to activation of an anti-tumor immune

response, the RVTx combination features the advantage of a second treatment modality.

Radiotherapy might trigger the immune system via the cGAS-STING axis mediating IFN-β

induction. Lastly, the induction of ICD in RVTx-treated tumors might overcome possible

deficiencies in innate immune sensing. Both, radio- and virotherapy have been shown to

upregulate the expression of ISGs in tumor cells via ICD induction [267, 288, 289]. The robust

induction of ICD via HMGB1 release might bypass the deficiency of tumor cells to secrete

type I IFNs. It may trigger IFN-β production by DCs after binding to toll-like receptor

4 (TLR-4) [60, 85]. This may in turn lead to cross-presentation of tumor antigens to attracted

T cells and induce a tumor-directed adaptive immune response. RVTx triggers two different

pathways of innate immune signaling. Thus, a possible defect within the tumor cells might

be compensated by the combination therapy. RVTx might induce innate immune signaling,

independent of the deficient IFN signaling pathway, that would lead to activation of adaptive

immune responses.

5.4 Anti-tumor efficacy of radiovirotherapy in vivo

In this study, I used the murine tumor model MOC2-hCD46 to analyze the efficacy and

immunological effects of RVTx in vivo. First, I determined the schedule for in vivo assessment

of the combination therapy. RVTx in vivo consisted of three radiation doses of 5 Gy each

combined with three injections of 1·106 ciu MeVac on consecutive days starting the virotherapy

on the day of the second irradiation. Although I detected a significant tumor growth delay

and prolonged survival after RVTx compared to mock or virus alone, the combination therapy

did not show beneficial effects compared to radiation alone (see Figure 4.19). The tumor

irradiation seemed to be the main driver for the efficacy of the combination therapy as the

administration of MeVac at the chosen dose showed only minor effects in terms of tumor

growth and survival in this tumor model. However, tumor regression was only transient. In

the RVTx-treated group, it seemed that at the time point of tumor regrowth the effect of

virotherapy was not detectable anymore and the virus might have been cleared from the

system. A modulation, i.e. higher doses of MeVac, or repetition of the treatment sequence
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might increase anti-tumor efficacy. Applying the MeVac injections after completion of tumor

irradiation might increase viral entry and spread as a result of prior damage by a total dose

of 15 Gy irradiation (3× 5 Gy). This might increase the sensitivity of tumor cells to viral

infection [213].

As innate immune signaling and ICD will not eliminate tumor cells per se but rather mediate

downstream effects to eventually induce immune responses, I analyzed activation of adaptive

anti-tumor and anti-viral immunity. I analyzed the abundance of TILs in tumors nine days

after completion of RVTx and detected increased abundance of CD3+ T lymphocytes in

tumors after combination treatment. This difference was statistically significant compared to

the other treatment groups. Further analysis showed that the cell population mainly consisted

of CD8+ T cells. Importantly, RVTx seemed to attract T cells, especially cytotoxic T cells,

to the tumor site. Further, I analyzed tumor- and virus-mediated cytokine release from

splenocytes of treated mice. The splenocytes were co-cultured beforehand with MOC2-hCD46

cells from cell culture or MeVac virus solution to assess different triggers of an adaptive immune

response. The detection of IFN-γ after co-culture of virus with splenocytes from mice treated

with MeVac indicated induction of an anti-viral response. The co-culture of splenocytes

with tumor cells did not indicate a tumor-specific immune response. For interleukin (IL)

2, an immune activating cytokine released by TH1 cells, however, I detected a statistically

significant increase of cytokine release in co-cultures of tumor cells and virus with splenocytes

from RVTx-treated mice compared to other treatment groups. This implied the presence of T

lymphocytes of the TH1 type responding to tumor and virus after RVTx. Further, I detected

secretion of IL-10 after co-culture of virus with splenocytes from mice treated with MeVac

alone or RVTx. This cytokine has shown immunosuppressive as well as -stimulatory function

[290, 291]. The former might indicate the activation of an immune regulating feedback loop

due to the presence of regulatory T cells (Treg cells) attracted to the tumor after viral infection.

Treg cells are well characterized by the secretion of IL-10 as well as the expression of the

transcription factor forkhead box p3 (Foxp3) [91, 106, 292]. To investigate the presence of

Treg cells in murine tumors, I analyzed the expression of the Foxp3 gene from RNA extracted

early after RVTx treatment. However, I did not detect elevated levels of Foxp3 expression in

treated tumors compared to mock. Therefore, a conclusive statement concerning the presence

of Treg cells possibly inducing the regulation of an immune response was not possible at this

early time point after RVTx treatment. Nevertheless, the co-culture of extracted splenocytes

with MeV led to increased release of IL-10. This might indicate the induction of a regulatory

feedback loop that might also limit immune responses in vivo. In fact, tumors that received

RVTx or radiation treatment started to grow again approx. 10 days after treatment (see

Figure 4.19).

In summary, the possible induction of ICD and innate immune signaling detected after
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RVTx treatment in vitro might activate an adaptive anti-tumor and anti-viral response as

observed in vivo. However, RVTx treatment did not only induce immune activation, but also

suppression. To circumvent downregulation of the adaptive immune response against the

tumor, an extension of the RVTx treatment sequence might be beneficial. Introducing a second

series of virus injections approx. 10 days after initial RVTx treatment might further boost

the present immune response. The MOC2 tumor model was described as an aggressive and

immunosuppressive tumor before, associated with the infiltration of Treg cells [224, 293, 294].

Thus, as an alternative approach, a triple combination of RVTx with ICB might boost the

effect of the combination therapy additionally and circumvent induction of immunosuppression.

Oweida and colleagues showed that the combination of radiotherapy and ICB led to significant

tumor growth delay, improved survival as well as decreased levels of Treg cells in the tumor

microenvironment (TME) of MOC2 tumors [295]. A triple combination including RVTx and

ICB might further boost the induced anti-tumor immune response and therefore create a

possible combination treatment especially for refractory, treatment-resistant tumor types such

as HNSCC or PDAC.

5.5 Suitability of preclinical models

The experimental investigations of novel cancer therapeutics and their combinations such as

RVTx require suitable preclinical models to assess the efficacy as well as safety and potential

toxicity prior to first clinical trials. In this study, I analyzed the efficacy of RVTx and

induction of potential mechanisms of action in several preclinical models of HNSCC and

PDAC. I used established human tumor cell lines of PDAC and HNSCC – BxPC-3, T3M4,

HNO210 and HNO410 – to analyze the efficacy and synergy of RVTx as well as factors

of ICD, innate immune sensing and activation in vitro. Further, I generated and applied

immunocompetent murine tumor models modified to enable MeV entry in vivo and used

different ex vivo models to investigate RVTx in a setting that resembles the patient tumor

more closely.

The analysis of possible anti-tumor and anti-viral immunity after application of RVTx requires

suitable immunocompetent tumor models. Measles virus is a human-specific virus which will

not enter murine cells without prior modification [135, 170, 171]. For the development and

study of vaccines against measles virus, human CD46 -transgenic mice are used that harbor

a knockout of the interferon-alpha/beta-receptor (IFNAR) [296]. These mice show virus

replication and spread similar to the human host and are therefore also applied in studies of

oncolytic MeV vaccines [166, 297]. However, it remains to be investigated whether the genetic

modification influences virotherapy in this model. Thus, syngeneic immunocompetent mouse

tumor models are more commonly used than IFNAR knockout mice. They are implanted either
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orthotopically or heterotopically depending on the tumor location and the implementation of

a possible treatment [188, 293, 295].

In this project, I used syngeneic, heterotopic immunocompetent murine tumor models to

analyze the efficacy of RVTx. I implanted tumor cells on the left thigh of mice. The location

of the tumor allowed effective shielding, minimizing off-tumor effects of radiation. First,

I generated murine PDAC or HNSCC cell lines expressing the human CD46 gene using a

lentiviral vector for stable integration of CD46 into the genome or episomal, non-integrating

nanovectors that have been shown to resist epigenetic silencing and allow stable transgene

expression [230, 231]. Further, the latter enabled cell selection via additional expression of a

puromycin resistance gene. From originally four candidate cell lines, I was able to generate

a murine tumor model expressing hCD46 for each tumor entity – 30364-hCD46 for PDAC

and MOC2-hCD46 for HNSCC – both using the nanovector system. The mEERL95 cell line,

representing an HPV-positive tumor, was transduced lentivirally as the pre-existing puromycin

resistance made the nanovectors unsuitable. Unfortunately, the transduced cells did not show

virus susceptibility. 30364-hCD46 as well as MOC2-hCD46 showed CD46 gene expression

and viral infection in cell culture experiments. The conducted in vivo experiments, however,

revealed that 30364-hCD46 did not maintain stable transgene expression once the cells were

implanted into the mouse. Contrary to previous findings of stable transgene expression and

resistance to epigenetic silencing, it is possible that the human CD46 gene was silenced in

the implanted tumor cells [231, 243]. A complete loss of the transfected vector might be more

likely, though, as the puromycin resistance of the transfected cells was lost as well. Without

the continuous selection pressure the episomal nanovector of approx. 7 kb in size might be

lost in vivo over time [298]. The MOC2-hCD46 model, representing an HPV-negative tumor,

showed stable transgene expression over the course of the conducted in vivo experiments. As

already described before, MOC2-hCD46 showed its aggressive phenotype and high treatment

resistance in survival experiments. The virus susceptibility and sensitivity of the murine cells,

though, was reduced compared to human tumor cells and therefore might have been insufficient

for MeV infection in vivo. Lentiviral transduction of murine tumor cell lines had shown stable

expression of hCD46 as well as sufficient virus susceptibility and permissiveness in vitro as

well as in vivo before [183, 186]. A change of the vector system for 30364 and MOC2 cells from

nano- to lentiviral expression vectors might enable stable transgene expression and provide

enhanced susceptibility of these murine cells to MeV infection.

In order to move a promising new treatment approach from the preclinical setting to clinical use,

the gap between artificial, experimental environments and clinical reality needs to be closed

with suitable three-dimensional (3D) tumor models of human origin. Different approaches of

ex vivo models use spheroid cultures, tumor slice cultures or patient-derived tumor explants

to investigate different anti-tumor treatments in tumor models that better resemble the actual
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clinical setting [299, 300, 301]. A great benefit of these models is the ability to generate or

maintain the cellular composition of individual tumors [302]. In HNSCC research, tumor slice

cultures and organotypic tumor explants have been established successfully. They have been

used to investigate the patient-specific tumor properties concerning mutational burden as

well as responsiveness to different treatment modalities including radiotherapy or oncolytic

virotherapy [299, 300, 303, 304]. Due to the resemblance to the clinical setting, I attempted in

this study to investigate RVTx in some of these ex vivo models.

In the context of PDAC, Angelova and colleagues developed a 3D PDAC spheroid model

comprising PDAC tumor cells and fibroblasts using the hanging drop technique to form a

3D tumor structure [221, 249]. Using this model, human tumor cell lines can be investigated

in a more realistic setting than in monolayer cell culture. To test the efficacy of RVTx

against PDAC, I employed the 3D spheroid model of AsAn-PaCa cells and fibroblasts and

analyzed morphology as well as virus susceptibility after combination treatment. I detected

a reduction in size after treatment as well as viral infection and spread within the spheroid

over time. The irradiation did not seem to inhibit viral infection. However, a quantitative

assessment of emitted GFP fluorescence would be necessary to determine differences between

combination and monotherapies. Further, the short time-span for conducting experiments

with the spheroids of approx. 7 days and the small cell number of only 25,000 cells overall to

generate the model limit the possibilities of feasible experiments. I was not able to monitor

cell viability as performed in vitro and could not analyze possible induction of ICD or innate

immune signaling. Hence, the further analysis of RVTx in this ex vivo model would require

additional experimental methods such as live cell analysis, histology or immunohistochemistry

as shown before [249]. A second ex vivo PDAC model applied in this study were patient-derived

tumor cultures. Originating from PDAC tumors, Ehrenberg and colleagues xenotransplanted

surgically resected tumors into immunodeficient mice and expanded the tumor cell culture

in vivo. After explantation of these xenograft tumors the cultivation was continued in vitro

generating semi-adherent PDAC cultures maintaining the heterogeneous character of patient

tumors [227]. Models like these can be used to investigate the specific biology of a patient

tumor and support the decision for further anti-tumor treatment [305]. I treated four different

PDAC cultures with RVTx and monitored cell viability as well as induction of ICD and

innate immune signaling. I detected a heterogeneous response of the PDAC cultures to the

combination treatment in terms of sensitivity or resistance representing the varying efficacy a

cancer therapy can have in the clinical setting. Interestingly, all PDAC cultures showed a

virus-mediated release of HMGB1 and expression as well as secretion of IFN-β independently

of the cytotoxic potential of RVTx. This points towards a high potential of RVTx to induce

anti-tumor or anti-viral immune responses. However, the overall efficacy might be quite

patient-specific and would require individual analysis to assess the therapeutic benefit for the

individual case. Further, using these patient-derived cultures in this preclinical setting showed
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the difficulty of reproducibility to validate results. This ex vivo model should rather be viewed

as primary tissue that can be cultured for a limited time span rather than as a permanent

cell culture. Additionally, the longer the PDAC cultures were maintained, the more they were

prone to lose their intrinsic heterogeneity. Therefore, these aspects have to be considered

when conducting experiments as well as interpreting data that include patient-derived tumor

cultures. Further, these models do not recapitulate the immune environment. Efforts to

generate and use such models are underway [306, 307].

Conclusively, in this study, I applied several preclinical models of HNSCC and PDAC to

investigate the efficacy of RVTx inducing a possible anti-tumor response from different

preclinical perspectives. Each model has its limitations and thus the data has to be interpreted

with caution. Nonetheless, the collective data of in vitro, in vivo and ex vivo experiments

performed in this study indicate immune activation and a possible benefit of RVTx in the

treatment of refractory tumors.

5.6 Translational potential of radiovirotherapy

In recent years, the concept of RVTx has been studied clinically in various tumor entities

including HNSCC and PDAC. The combination therapy often comprised an oncolytic virus

together with EBRT as well as additional chemotherapy. Whereas HNSCC had been a target

tumor entity in several clinical trials investigating an RVTx combination, the number of trials

including PDAC patients remains small.

A phase I/II clinical study investigated the combination of an oncolytic HSV encoding

granulocyte-macrophage colony stimulating factor (GM-CSF) with radiochemotherapy using

cisplatin in patients with stage III/IV HNSCC. It showed no dose-limiting toxicity as well as

locoregional recurrence and disease-specific survival of 82.4% with a median follow-up of 29

months [308]. In a phase I dose escalation study, patients with different advanced-stage tumors

such as melanoma, HNSCC, tumors in the lung, ovaries or colorectal tract as well as PDAC

were treated with palliative radiotherapy in combination with intratumoral injections of an

oncolytic reovirus. The combination therapy was well tolerated without dose-limiting toxicity

and a considerable fraction of patients had a partial response or stable disease [309]. Mell and

colleagues conducted a phase I clinical trial combining intravenous viral therapy using the

oncolytic vaccinia virus GL-ONC1 with chemoradiation using cisplatin and intensity modulated

radiotherapy (IMRT) for the treatment of locoregionally advanced HNSCC (NCT01584284)

[19, 310]. The combination therapy was well tolerated in patients and the two year overall

survival was at 69.2%. These trials point towards the safety and potential efficacy of using

radiation and virotherapy in combination for treating HNSCC.

Clinical trials using oncolytic MeV often use a virus encoding NIS. This enables non-
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invasive monitoring as well as cellular uptake of radioiodine isotopes [165]. Further, the

combination of both has induced beneficial therapeutic effects in terms of tumor regression

and bystander effects in preclinical as well as clinical investigations [165, 256, 311, 312]. An

ongoing phase I/II dose escalation study investigates oncolytic virotherapy in patients with

recurrent or metastatic HNSCC or metastatic breast cancer (NCT01846091) [19]. However,

the combination of oncolytic MeV and radiotherapy applied as EBRT has not been tested so

far in the clinical setting.

Overall, the combination of radiotherapy and oncolytic virotherapy has not been broadly

investigated in clinical trials, although both have shown promising anti-tumor effects also in

combination with other therapeutic modalities. Radiotherapy is broadly applied in combina-

tion with chemotherapeutics as a standard treatment for several tumor types across different

tumor stages also in HNSCC [106]. The combination of radiotherapy and immunotherapy using

ICB is tested in several clinical trials in recurrent or metastatic HNSCC as well as for curative

treatment [34, 313]. Radiotherapy has shown the potential to induce an anti-tumor immune

response by triggering CD8+ T cell responses mediated by antigen presentation by DCs [313].

This can be boosted even further with immunotherapy [207]. Further, immunotherapy using

ICB was combined with different oncolytic viruses for treating recurrent or metastatic HNSCC

[314]. Although oncolytic viruses can activate innate immunity and recruit inflammatory cells,

clinical trials for treating HNSCC showed adverse events against the combination with ICB

and no superior treatment efficacy compared to ICB immunotherapy alone (NCT02626000)

[19, 315]. Moreover, the HPV status of the tumor has been shown to affect treatment outcome

as HPV-driven HNSCC tumors have shown enhanced sensitivity, e.g. to radiation treatment

[316]. This is often correlated with improved treatment outcome of patients with HPV-positive

tumors. In the present study, RVTx therapy induced increased abundance of TILs in the

TME as well as increased cytokine release in the HPV-negative tumor model MOC2-hCD46

compared to monotherapies. This might point towards RVTx, using ionizing radiation in

combination with oncolytic MeV, as a beneficial anti-tumor therapy to induce an anti-tumor

immune response independent of the HPV status.

For PDAC tumors, curative treatment options are very limited. Surgery and chemotherapy

are common treatment modalities that are accompanied by radiotherapy in the palliative

setting of advanced stage or recurrent tumors [317, 318]. Due to a strong treatment resistance,

radiotherapy is usually not applied as standard treatment. Immunotherapy as a novel

treatment approach for PDAC has often remained ineffective due to the immunosuppressive

TME and low level of immune cell infiltration in the tumor, making it an immunologically ‘cold’

tumor [319]. Clinical trials applying ICB therapy against PDAC resulted in a poor outcome

when applied as monotherapy and with no added benefit when combined with chemotherapy

(NCT01473940) [19, 26, 320]. The combination of chemotherapy, checkpoint inhibition and
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oncolytic viruses showed clinical benefit, as PDAC patients experienced stable disease or even

regression of injected lesions (NCT02620423, NCT02045589) [19, 321, 322]. Oncolytic viruses

may harbor the ability to ‘warm up’ the PDAC tumor by infection of tumor cells and activation

of an immune response [318]. In a preclinical study conducted by May and colleagues, the

combination of oncolytic MeV and chemotherapy showed reduction of tumor mass [212]. In

the study presented here, the combination of oncolytic MeV and ionizing radiation led to

synergistic tumor cell killing and induction of ICD in several preclinical PDAC tumor models.

This might point towards the activation of immune response pathways including a possible

radiosensitization of PDAC due to viral infection.

In conclusion, preclinical and clinical research has led to success in therapeutic responses and

the number of possible combinations is endless. Nevertheless, the clinical need for an effective

therapy of refractory HNSCC and PDAC remains high. RVTx provides promising features to

induce a sustained anti-tumor immune response. The clinical translation of RVTx however

still requires further preclinical investigations until a suitable combination of radiation and

oncolytic virotherapy may be developed.

5.7 Conclusions and outlook

This study investigated the combination of ionizing radiation and oncolytic MeV as RVTx for

the treatment of refractory HNSCC and PDAC tumors. I could show that irradiation of cells

or virus did not reduce MeV infection and replication in tumor cells. In a systematic in vitro

evaluation of different RVTx treatment conditions, I could show synergy of the combination

therapy and determined a treatment schedule using intermediate radiation doses combined

with an intermediate virus dose. The activation of pathways involved in anti-tumor immunity

was shown by the detection of significantly increased levels of HMGB1 release and CALR

surface expression as markers for ICD induction in vitro. Further, MeV was sensed via

RIG-I signaling and induced IFN-β secretion, enabling the activation of an adaptive immune

response. For in vivo investigations of RVTx, I successfully developed an immunocompetent

murine tumor model representing HPV-negative tumors. The RVTx combination therapy led

to delayed tumor growth and prolonged survival compared to mock or virotherapy treatment.

Although it did not show a benefit compared to radiation alone in terms of tumor growth and

survival, I detected increased levels of CD8+ TILs in the TME after RVTx treatment, which

was statistically significant compared to the monotherapies or mock. Further, the combination

therapy induced cytokine secretion due to an anti-tumor as well as anti-viral vaccination

effect of splenocytes. Additionally, RVTx induced morphological changes and viral spread as

observed in 3D PDAC spheroids and showed cytotoxic effects in some patient-derived PDAC

cultures ex vivo. This model represents the heterogenous therapy response of PDAC tumors
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in the clinical setting. Despite only limited toxicity, RVTx induced ICD by HMGB1 release

as well as activated innate immune signaling due to IFN-β secretion, both mediated by MeV

infection.

Based on these findings, the rational development of RVTx for potential clinical use can be

continued. Using clonogenic assays, a possible radiosensitizing effect of MeV in the context of

RVTx is investigated (Günther et al., in preparation). Further, to assess suitability of RVTx

in the individual tumor setting, Günther and colleagues have developed a transcriptome-based

ICD signature. This signature might serve as a predictive tool for the therapeutic efficacy of

RVTx or other treatment approaches. RVTx in vivo should be further investigated with a

refined treatment schedule to benefit from possible immune responses induced by MeV. The

in vivo analysis of the combination therapy also still requires the investigation in a suitable

murine PDAC tumor model. To ensure stable expression of the viral entry receptor hCD46,

lentiviral transduction of murine PDAC tumor cells might be the preferred choice compared

to transfection of nanovectors. Further, the in vivo analysis of RVTx against HNSCC should

include HPV-positive as well as HPV-negative tumor models to enable the comparison of

the therapeutic efficacy in both HNSCC subtypes. In cooperation with the Heidelberg

University Hospital, patient tumor explant models of HNSCC are currently developed for

investigating virotherapy and other treatment modalities ex vivo (Günther, Szczeponik, et al.,

unpublished). The ex vivo analysis of RVTx will greatly benefit from the establishment of

this novel preclinical model as it will give insights into the responsiveness of patient-derived

HPV-positive as well as HPV-negative HNSCC tumors to the combination treatment. Lastly,

the investigation of RVTx in this study showed successful proof-of-concept for this novel

treatment approach. A rational modification of both therapeutic regimens such as arming

MeV for increased viral efficacy, the use of protons or carbon ions to improve the therapeutic

quality of radiotherapy in the combined approach or an additional combination of RVTx with

immune checkpoint inhibition will move radiovirotherapy towards the development of a state-

of-the-art cancer therapy with the goal of improved efficacy in otherwise treatment-refractory

tumors.
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Abbreviations

3D three-dimensional

30364-hCD46 30364-hCD46 pCAG single

ABAM antibiotic antimycotic solution

ANOVA analysis of variance

APC allophycocyanin

APCs antigen-presenting cells

ATP adenosine triphosphate

BCA bicinchoninic acid

BiTEs bispecific T cell engagers

BSA bovine serum albumin

CALR calreticulin

CAR chimeric antigen receptor

cDNA complementary DNA

CD/UPRT cytosine deaminase/uracil phosphoribosyltransferase

CEA carcinoembryonic antigen

CEFs chicken embryonic fibroblasts

cGAMP cyclic guanosine monophosphate–adenosine monophosphate

cGAS cyclic GMP-AMP synthase

CI combination index

ciu cell infectious units

Con A concanavalin A

Cq quantification cycle

CTLA-4 cytotoxic T lymphocyte-associated protein 4

CXCL-10 C-X-C motif chemokine ligand 10
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Cy cyanine

DAMPs danger-associated molecular patterns

DAPI 4’,6-diamidino-2-phenylindole

DCs dendritic cells

ddH2O deionized water

DMEM Dulbecco’s Modified Eagle’s medium

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

D-PBS Dulbeccos’s phosphate-buffered solution

EB elution buffer

EBRT external beam radiotherapy

EDTA ethylenediaminetetraacetic acid

EGFR epidermal growth factor receptor

ELISA enzyme-linked immunosorbent assay

ELISpot enzyme-linked immune absorbent spot

EMA European Medicines Agency

ER endoplasmic reticulum

ERK extracellular signal-regulated kinase

EtOH ethanol

F fusion

FACS fluorescence-activated cell sorting

FC flow cytometry

FCS fetal calf serum

FDA Food and Drug Administration

FIP fusion inhibitory peptide

FITC fluorescein isothiocyanate

Foxp3 forkhead box p3

GFP green fluorescent protein

GM-CSF granulocyte-macrophage colony stimulating factor
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GTP guanosine triphosphate

H hemagglutinin

hCD46 human CD46

HKGS human keratinocyte growth supplement

HMGB1 high mobility group box 1

HNSCC head and neck squamous cell carcinoma

HPV human papillomavirus

HRP horseradish peroxidase

HSP heat shock protein

HSV herpes simplex virus

ICB immune checkpoint blockade

ICD immunogenic cell death

IF immunofluorescence

IFN interferon

IFNAR interferon-alpha/beta-receptor

IL interleukin

IMDM Iscove’s Modified Dulbecco’s medium

IMRT intensity modulated radiotherapy

i.p. intraperitoneal

IRF-3 interferon regulatory factor 3

ISGs interferon stimulated genes

i.t. intratumoral

JAK2 janus kinase 2

L large protein

LDH lactate dehydrogenase

LET linear energy transfer

M matrix protein

MAPK mitogen-activated protein kinase

MAVS mitochondrial antiviral signaling

mEERL95-hCD46 mEERL95-hCD46 lenti single
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MEK MAPK kinase

MEM Minimal Essential medium Eagle

MeV measles virus

MOC2-hCD46 MOC2-hCD46 pEF1 single

MOI multiplicity of infection

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MX1 myxovirus resistance 1

MyD88 myeloid differentiation primary response 88

N nucleoprotein

NALP3-ASC NACHT, LRR and PYD domains-containing protein 3 with

apoptosis-associated speck-like protein containing caspase

recruiting domain

NF-κB nuclear factor κB

NIS sodium-iodine symporter

NK natural killer

OD optical density

ORF open reading frame

OV oncolytic virus

P phosphoprotein

PAMPs pathogen-associated molecular patterns

Panc02-hCD46 Panc02-hCD46 pEF1 single

PBMCs peripheral blood mononuclear cells

PCR polymerase chain reaction

PDAC pancreatic ductal adenocarcinoma

PD-1 programmed death protein 1

PD-L1 programmed death ligand 1

PE phycoerythrin

PerCP-Cy peridinin chlorophyll protein complex with cyanine

PFA paraformaldehyde

p.i. post infection
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PNP purine nucleoside phosphorylase

p.r. post irradiation

PRRs pattern recognition receptors

P/S penicillin-streptomycin

PSCA prostate stem cell antigen

p.tr. post treatment

PVDF polyvinylidene fluoride

PVRL-4 poliovirus receptor-like 4

qPCR quantitative PCR

R24V irradiation 24 h prior to virus infection

RIG-I retinoic acid-inducible gene I

RNA ribonucleic acid

RNP ribonucleoprotein

ROS reactive oxygen species

RPMI Roswell Park Memorial Institute

RT room temperature

RT-PCR reverse transcription PCR

RVTx radiovirotherapy

s.c. subcutaneous

SD standard deviation

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SLAMF1 signaling lymphocyte-activation molecule family member 1

STAT3 signal transducer and activator of transcription

STING stimulator of interferon genes

TBE tris-borate EDTA

TBS tris-buffered saline

TBS-T tris-buffered saline-tween

TCR T cell receptor

TGF-β transforming growth factor β

TH T helper

113



Abbreviations

TILs tumor-infiltrating lymphocytes

TLR-4 toll-like receptor 4

TME tumor microenvironment

TNF-α tumor necrosis factor α

Treg cells regulatory T cells

T-VEC talimogene laherparepvec

WB western blot

XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide
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Figure A1: Cell viability after RVTx in vitro. This complete data set for determining
cell viability after RVTx treatment of human tumor cells shows all tested combinations of a
radiation dose range with intermediate virus MOI. I performed XTT assays as described for
Figure 4.5 and normalized the data to mock set at 100%. The graphs show representative
mean and SD from technical replicates per sample of n = 2 independent experiments. MOI —
multiplicity of infection; Radio — radiation; Combi — combination; p.tr. — post treatment;
d — days.
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Figure A2: Cell viability of BxPC-3 after RVTx treatment in XTT assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded
cells in 96 well-plates and determined cell viability via XTT assay at indicated time points
after RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A3: Cell viability of T3M4 after RVTx treatment in ATPlite assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via ATPlite assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A4: Cell viability of T3M4 after RVTx treatment in XTT assay. I evaluated
synergy of RVTx by systematically combining both monotherapies. I seeded cells in 96 well-
plates and determined cell viability via XTT assay at indicated time points after RVTx using
different radiation and virus doses as indicated. The data was normalized to mock set at
100%. The figure shows mean and SD for data of n = 3 independent experiments. MOI —
multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A5: Cell viability of HNO210 after RVTx treatment in ATPlite assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via ATPlite assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A6: Cell viability of HNO210 after RVTx treatment in XTT assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via XTT assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A7: Cell viability of HNO410 after RVTx treatment in ATPlite assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via ATPlite assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A8: Cell viability of HNO410 after RVTx treatment in XTT assay. I
evaluated synergy of RVTx by systematically combining both monotherapies. I seeded cells
in 96 well-plates and determined cell viability via XTT assay at indicated time points after
RVTx using different radiation and virus doses as indicated. The data was normalized to
mock set at 100%. The figure shows mean and SD for data of n = 3 independent experiments.
MOI — multiplicity of infection; p.tr. — post treatment; d — days.
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Figure A9: Heatmap of synergy analysis of RVTx in XTT assay. Using CompuSyn
software, I calculated the synergy of all tested RVTx combinations determined by XTT assay.
The corresponding CI values are given in Table A1. Values indicating antagonism are shown
in red coloring, additive in black and synergistic in green coloring. d p.tr. — days post
treatment; MOI — multiplicity of infection.
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Table A1: Combination indices of synergy analysis. Calculated CI values for all
tested RVTx combinations based on the data of ATPlite and XTT assay indicating synergy,
antagonism or additivity of a combination. The data of BxPC-3, T3M4, HNO210 and
HNO410 presented here serve as basis for the heatmap representations shown in Figure 4.7
and Figure A9. MOI — multiplicity of infection; d p.tr. — days post treatment.

BxPC-3
ATPlite

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 5.239 0.473 5.572 1.271 0.662 0.723 0.678 1.490 1.649

2 79.13 0.678 1.01 0.633 0.65 0.77 0.568 1.1 1.344

5 0.877 0.897 1.034 0.36 0.793 0.774 0.276 1.029 0.983

8 0.586 1.154 0.99 0.37 0.989 0.705 0.268 1.116 0.846

BxPC-3
XTT

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 2.067 0.603 0.564 4.168 1.126 1.176 2.972 0.984 1.016

2 0.824 0.53 1.042 0.751 0.597 0.78 0.563 0.663 0.65

5 0.549 0.801 0.721 0.392 0.639 0.434 0.221 0.571 0.249

8 0.579 0.932 0.485 0.469 0.733 0.251 0.243 0.632 0.149

T3M4
ATPlite

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 1.452 1.924 1.352 0.783 0.91 1.172 1.17 0.793 0,77

2 0.946 0.756 0.9 0.733 0.863 1.103 0.777 0.584 0.781

5 1.087 1.032 1.023 0.878 0.793 1.006 0.701 0.465 0.507

8 1.015 1.027 1.052 0.85 0.838 0.848 0.509 0.446 0.426

T3M4
XTT

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 1.029 0.873 0.873 0.796 1.1 1.254 1.838 1.142 0.846

2 0.852 1.003 1.278 0.56 0.784 0.935 1.149 0.9 0.675

5 1.001 0.904 0.802 0.816 0.762 0.854 0.685 0.353 0.241

8 0.831 0.94 0.783 0.732 0.604 0.483 0.448 0.198 0.106
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HNO210
ATPlite

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 1.411 2.221 124.0 0.955 1.551 3.624 0.747 0.671 0.709

2 0.921 1,821 526.3 0.704 1.047 2.705 0.552 0.538 0.457

5 0.852 0.914 0.934 0.763 0.806 0.766 0.406 0.623 0.539

8 0.895 1.108 0.926 0.695 1.004 0.839 0.46 0.834 0.685

HNO210
XTT

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 2228 1.102 0.762 96.08 0.936 0.827 0.484 0.961 0.706

2 0.669 1.0 0.746 0.871 0.943 0.747 0.423 0.455 0.694

5 0.832 0.888 1.059 0.801 0.536 0.678 0.588 0.204 0.297

8 1.146 0.585 0.619 1.042 0.420 0.446 0.773 0.138 0.176

HNO410
ATPlite

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 1.175 0.669 1.113 0.735 0.641 0.755 0.999 0.712 1.001

2 0.716 0.778 1.114 0.535 0.587 0.696 0.601 0.616 0.836

5 0.666 0.764 0.804 0.444 0.517 0.618 0.38 0.431 0.543

8 0.718 0.813 0.881 0.489 0.685 0.747 0.473 0.534 0.678

HNO410
XTT

Virus dose (MOI)

Low Medium High

d p.tr. 3 5 7 3 5 7 3 5 7

Radiation
dose [Gy]

1 0.721 0.919 1.117 0.864 0.921 1.085 0.957 0.859 1.349

2 0.547 0.811 0.918 0.592 0.6 0.756 0.628 0.532 1.084

5 0.85 0.67 0.77 0.723 0.439 0.542 0.668 0.330 0.53

8 1.132 0.747 0.907 1.028 0.587 0.735 0.978 0.507 0.751
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Table A2: Summary of schedule assessment with cut-off at 20 and 80% for RVTx
in vitro. Values of schedule assessment according to results for cell viability and CI analyses
for each tested RVTx combination in human tumor cell lines and the total count, summarizing
the schedule counts for all cell lines. For evaluating the performance of treatment schedules
in cell viability assays, I set a scoring cut-off at 20% of mock as lowest and 80% as highest
value that needs to be reached. MOI — multiplicity of infection.

BxPC-3 Virus dose (MOI) T3M4 Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High
Radiation
dose [Gy]

Low Medium High

1 1 5 4 1 1 4 1

2 3 9 5 2 1 6 2

5 7 10 4 5 4 9 4

8 3 4 4 8 5 8 4

HNO210 Virus dose (MOI) HNO410 Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High
Radiation
dose [Gy]

Low Medium High

1 2 4 7 1 4 4 0

2 3 6 7 2 8 8 3

5 6 10 6 5 6 6 4

8 3 3 5 8 2 3 3

Total Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High

1 8 17 12

2 15 29 17

5 23 35 18

8 13 18 16
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Table A3: Summary of schedule assessment with cut-off at 25 and 75% for RVTx
in vitro. Values of schedule assessment according to results for cell viability and CI analyses
for each tested RVTx combination in human tumor cell lines and the total count, summarizing
the schedule counts for all cell lines. For evaluating the performance of treatment schedules
in cell viability assays, I set a scoring cut-off at 25% of mock as lowest and 75% as highest
value that needs to be reached. MOI — multiplicity of infection.

BxPC-3 Virus dose (MOI) T3M4 Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High
Radiation
dose [Gy]

Low Medium High

1 1 5 4 1 1 4 1

2 3 9 5 2 1 6 2

5 7 7 3 5 4 9 4

8 3 4 4 8 3 6 4

HNO210 Virus dose (MOI) HNO410 Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High
Radiation
dose [Gy]

Low Medium High

1 0 4 5 1 4 2 0

2 3 6 7 2 7 5 3

5 6 8 6 5 5 5 4

8 1 3 5 8 2 3 3

Total Virus dose (MOI)

Radiation
dose [Gy]

Low Medium High

1 6 15 10

2 12 26 17

5 22 29 17

8 9 16 16
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Figure A10: Heatmap of schedule counts for analysis of RVTx treatment sched-
ules. To evaluate the performance of each treatment schedule in cell viability assays and
synergy analyses, I developed a scoring system with cut-off at 25 and 75% for cell viability
data to determine a treatment schedule for further analyses of RVTx in vitro. Score values
correspond to the given color code showing lowest score in white and highest in black. The
summary of schedule scoring is given in Table A3. MOI — multiplicity of infection.
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Figure A11: Gating strategy for analysis of surface-exposed CALR after RVTx.
To identify the single cell population of interest, I used the forward (FSC-A, -H) and side
scatter (SSC-A) parameters. By DAPI-staining, I discriminated live from dead cells and
identified CALR+ cells among all single cells and live cells. From the live cell population
I also gated for double-positive CALR+ and eGFP+ cells with the GFP signal indicating
productive virus infection.
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Figure A12: Protein expression of cGAS after RVTx. To investigate cGAS protein
expression, I collected cell lysates at indicated time points after treatment and performed
SDS-PAGE followed by WB. For quantification, I normalized the detected signal to total
protein content followed by normalization to mock. Data of a single experiment is shown. h
p.r. — hours post radiation; h p.tr. — hours post treatment; M — mock; V — virus; R2, R5

— radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.
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Figure A13: Western blot of cGAS and STING. I detected protein expression of (A)
cGAS and (B) STING by SDS-PAGE and WB in cell lysates at indicated time points after
irradiation or RVTx. The experiment was conducted once. h p.r. — hours post radiation; h
p.tr. — hours post treatment; M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy;
C2, C5 — combination with 2 or 5 Gy irradiation.
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Figure A14: Protein expression of STING after RVTx. To investigate STING protein
expression, I collected cell lysates at indicated time points after treatment and performed
SDS-PAGE followed by WB. For quantification, I normalized the detected signal to total
protein content followed by normalization to mock. Data of a single experiment is shown. h
p.r. — hours post radiation; h p.tr. — hours post treatment; M — mock; V — virus; R2, R5

— radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.

133



Appendix

Figure A15: Western blot of RIG-I. I detected protein expression of RIG-I by SDS-PAGE
and WB in cell lysates 48 h p.tr. with RVTx. A representative image of n = 2 independent
experiments is shown. M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 —
combination with 2 or 5 Gy irradiation.
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Figure A16: Expression of IFNB1 after RVTx. In parallel with detection of cytokine
release, I analyzed expression of the genes encoding (A) IFN-β (IFNB1 ) and (B) β-actin
(ACTB) on transcriptomic level via RT-PCR of PDAC and HNSCC cells 24 h p.tr.. Lysates
from routine cell culture (CC) showed baseline expression. MeV-infected and uninfected
SW982 cells served as positive and negative control. Representative data of n = 2 independent
experiments is shown. M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 —
combination with 2 or 5 Gy irradiation; CC — cell culture control; −, + — negative, positive
control; NTC — non-template control.
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Figure A17: Radiosensitivity of murine tumor cell lines. To analyze the effect of
radiation alone, I tested the sensitivity of non-transfected murine tumor cell lines to ionizing
radiation. I seeded the cells in 12 well-plates and performed XTT assay at indicated time
points to monitor cell viability after irradiation with doses ranging from 1 to 8 Gy. The data
was normalized to mock set at 100%. The graphs show mean and SD of triplicate samples
from one representative of n = 2 independent experiments. p.r. — post irradiation; d — days.
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Figure A18: In vitro characterization of newly generated murine tumor cells.
After hCD46-tranduction or -transfection and FACS, (A) I analyzed susceptibility of
mEERL95-hCD46 and Panc02-hCD46 cells to MeV. I infected cells with MeVac ld-EGFP at
MOI = 3 and monitored virus infection and syncytia formation at 72 h p.i. by fluorescence
microscopy in phase contrast and green fluorescence channel. (B) Secondly, I performed FC
analysis to investigate hCD46 surface expression. Untransduced or non-transfected, parental
cells served as negative control. hCD46 — cell line transduced/transfected with hCD46
encoding vector; parental — untransduced/non-transfected cells. Scale bar: 100µm.
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Figure A19: Surface expression of hCD46 at tumor implantation and gating strat-
egy. (A) In the course of each tumor implantation, I routinely tested the surface expression of
hCD46 via FC analysis on MOC2-hCD46 and 30364-hCD46 cells used for implantation. Here,
a representative experiment is shown. (B) For correct gating of the cell population, I used the
forward (FSC-A, -H) and side scatter (SSC-A) parameters. By DAPI-staining, I discriminated
live from dead cells and identified hCD46+ cells by an APC-conjugated antibody.
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Figure A20: Growth of 30364-hCD46 tumors in vivo. In the course of analyzing
hCD46 expression in 30364-hCD46 tumors (see 4.5.2), I implanted 1·106 cells s.c. into the left
thigh of 6 – 8 weeks old C57BL/6J mice. Once the tumors reached a size of 150 – 200 mm3, I
injected 1·106 ciu of MeVac into the tumor. Two days later, I sacrificed the mice, explanted
tumors and performed several experiments to analyze transgene expression in murine tumor
cells. The graphs show individual tumor growth curves of n = 6 animals.
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Figure A21: Human CD46 expression in murine tumors. In the course of model
characterization, I explanted tumor cells from mice that were treated with 1·106 ciu of MeVac
i.t. two days before and prepared single cell suspensions. I analyzed hCD46 surface expression
on freshly explanted (A) MOC2-hCD46 and (C) 30364-hCD46 cells and 2 weeks after culturing
single cell suspensions without puromycin (B, D) by FC analysis. Tumor cells from cell
culture (CC) and parental murine cells served as positive and negative control. The images
show data of representative tumor samples. CC — in vitro tumor cells from cell culture;
parental — non-transfected tumor cells.
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Figure A22: Analysis of virus susceptibility and puromycin resistance of
MOC2-hCD46 tumor samples. (A) I infected MOC2-hCD46 tumor samples cultivated
after explantation with MeVac ld-EGFP at MOI = 3 and monitored virus infection as well as
syncytia formation at 72 h p.i. by fluorescence microscopy in phase contrast and green fluo-
rescence channel. (B) Additionally, I tested puromycin resistance by challenging tumor cells
with 5µg/ml puromycin for 24 h and investigated cell confluence by microscopy. Transfected
cells from cell culture (CC) and non-transfected, parental cells served as positive and negative
control, respectively. Representative images of triplicate samples of selected tumor samples
are shown. MOI — multiplicity of infection; CC — in vitro tumor cells from cell culture;
parental — non-transfected cells. Scale bar: 100µm.
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Figure A23: Expression of Actb in murine tumors on genomic and transcriptomic
level. In the course of analyzing the expression of the human CD46 gene on genomic
and transciptomic level as described in 4.5.2, I amplified Actb encoding murine β-actin as
housekeeping control from DNA and cDNA of (A, C) MOC2-hCD46 and (B, D) 30364-hCD46
cells. Expression of CD46 is shown in Figure 4.17. Parental — non-transfected cells; CC —
in vitro tumor cells from cell culture.
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Figure A24: Assessment of secondary tumor growth in vivo. To investigate possible
abscopal effects of RVTx in vivo, I determined a suitable cell number to induce secondary
tumor growth in mice. Two days after injecting the primary tumor on the left thigh of
C57BL/6J mice, I injected either 5·105 (group 1, black), 2.5·105 (group 2, red) or 1·105

MOC2-hCD46 cells (group 3, blue) s.c. into the right flank and monitored tumor growth. (A)
Mean tumor volumes as well as individual growth curves of (B) primary tumors on the thigh
and (C) secondary on the flank are shown. The graphs show data of n = 6 animals per group.
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Figure A25: Tumor growth after radio- or virotherapy in vivo. The investigation of
RVTx in vivo required analysis of both treatment modalities as monotherapies beforehand.
Once the injected MOC2-hCD46 tumors s.c. on the left thigh of C57BL/6J mice reached
a mean tumor volume of 100 – 150 mm3, the mice were allocated to three groups. They
received either mock treatment or 3 or 4 treatment doses of either (A) 5 Gy irradiation (total
irradiation dose of 15 or 20 Gy per mouse) or (B) 3 or 4 i.t. injections of 1·106 ciu MeVac (see
Figure 4.18A). I monitored tumor volumes and survival to evaluate treatment efficacy. The
graphs show individual tumor growth curves of n = 6 animals per group for radiotherapy and
n = 4 for virotherapy.
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Figure A26: Tumor growth after radiovirotherapy in vivo. Once the injected
MOC2-hCD46 cells s.c. on the left thigh of C57BL/6J mice grew to tumors of a mean
volume of 100 – 150 mm3, the mice were allocated to four groups. They received either mock
treatment (black), 3 doses of 5 Gy irradiation (blue), 3 i.t. injections of 1·106 ciu MeVac (green)
or the RVTx combination (red) according to the treatment schedule (see Figure 4.19A). I
monitored tumor volumes and survival to evaluate treatment efficacy. The graphs show
individual tumor growth curves of n = 5 animals per group for mock, radio- and virotherapy
and n = 6 for combination.
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Figure A27: Analysis of abscopal effects after RVTx in vivo. To investigate an
abscopal effect of RVTx, I injected secondary MOC2-hCD46 tumors on the right flank of
C57BL/6J mice two days after primary tumors on the left thigh. Once the primary tumors
reached a mean tumor volume of 100 – 150 mm3, mice were allocated to four groups. They
received either mock-treatment (black), 3 doses of 5 Gy irradiation (blue), 3 i.t. injections of
1·106 ciu MeVac (green) or the RVTx combination (red) according to the treatment schedule
(see Figure 4.19A). I monitored tumor volumes of (A) primary tumors on the thigh and (B)
secondary on the flank. The grey area in the tumor growth curves indicate the time frame
of the corresponding treatment. The graphs show individual tumor growth curves of n = 4
animals per group.
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Figure A28: Cq values for in vivo analysis of IFN-β and Foxp3 after RVTx. I
analyzed the expression of the murine Ifnb1 and Foxp3 genes on transcriptomic level from
treated MOC2-hCD46 tumors by qPCR. Murine Rpl13a and Actb encoding L13a and β-acting
served as housekeeping controls. The grey area indicates the technical limit of each qPCR
experiment corresponding to signals of no template or no reverse transcriptase control. The
graphs show mean data of triplicate samples per mouse of n = 4 animals per group for mock,
n = 5 for radio- as well as virotherapy and n = 6 for combination. Cq — quantification cycle.
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Figure A29: Amplification and melting curves for qPCR analysis of IFN-β and
Foxp3 after RVTx. After treatment of MOC2-hCD46 tumors in mice with RVTx, I analyzed
the expression of the murine Ifnb1 and Foxp3 genes by qPCR. RPL13a and Actb served as
housekeeping controls. Amplification (left) and melting curves (right) of triplicates for each
sample are shown in red, no template controls in green and no reverse transcriptase controls
in blue.
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Figure A30: Gating strategy for analysis of TILs after RVTx in vivo. To analyze
cell populations of interest, I first identified live leukocytes using DAPI and a PerCP-Cy™5.5-
conjugated anti-CD45 antibody. To discriminate the lymphocyte population from debris
and non-lymphocytes, I used forward (FSC-A, -H) and side scatter (SSC-A) parameters. By
plotting PE-conjugated CD3+ against FITC-conjugated CD335+ cells, I separated T cells
from NK cells. The former could be further characterized into CD4+ and CD8+ cells by
APC-Cy™7- and APC-conjugated antibodies.
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Figure A31: In vivo expression of Foxp3 after RVTx. To analyze early T cell regu-
lation, I investigated the expression of Foxp3 on transcriptomic level in tumors of animals
two days after the final treatment. The treatment overview is shown in Figure 4.20. After
RNA extraction and cDNA synthesis, I performed qPCR analysis of the Foxp3 gene. Rpl13a
as well as Actb served as housekeeping controls. Statistical analysis was performed using
one-way ANOVA with Tukey correction for multiple comparison testing. The graph shows
mean data of technical replicates per mouse of n = 4 animals per group for mock, n = 5 for
radio- as well as virotherapy and n = 6 for combination. Cq — quantification cycle; hk —
mean of housekeeping controls.
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Figure A32: HMGB1 release of RVTx-treated PDAC spheroids. I analyzed the
release of HMGB1 72 h after treating PDAC spheroids with RVTx. I collected supernatants
and performed HMGB1 ELISA using pooled triplicates per sample. The graph shows data of
a single experiment. OD450 nm — optical density at 450 nm; M — mock; V — virus; R2, R5 —
radiation with 2 or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.
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Figure A33: RVTx treatment of patient-derived PDAC cultures. As a second model
to study RVTx ex vivo, I used patient-derived PDAC cultures, irradiated (2 or 5 Gy) and
infected (MOI = 1) them according to the R24V schedule and monitored virus susceptibility
and cell growth via fluorescence microscopy at 72 h p.tr.. Images were taken in phase contrast
and green fluorescence channel. The images show representatives of triplicates per sample
from one experiment. Scale bar: 50µm. M — mock; V — virus; R2, R5 — radiation with 2
or 5 Gy; C2, C5 — combination with 2 or 5 Gy irradiation.
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Figure A34: Surface-exposed CALR after RVTx ex vivo. I treated PC3 and PC28
cultures with RVTx and detected surface-CALR by FC analysis 48 h p.tr.. Statistical analysis
was performed using one-way ANOVA with Tukey correction for multiple comparison testing.
The graphs show mean and SD of n = 2 independent experiments. CALR — calreticulin; M
— mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2, C5 — combination with 2 or
5 Gy irradiation.
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Figure A35: IFN-β release in treated PDAC cultures. I treated patient-derived PDAC
cultures with RVTx, collected supernatants 24 h p.tr. and detected released IFN-β by ELISA.
The graphs show data of pooled triplicates per condition of one experiment. OD450 nm —
optical density at 450 nm; M — mock; V — virus; R2, R5 — radiation with 2 or 5 Gy; C2,
C5 — combination with 2 or 5 Gy irradiation.
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