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Abbreviations 

5-FC  5-fluorocytosine 

5-FU  5-flurorouracil 

ADP  adenovirus death protein 

APS  Ammonium persulfate 

BSA  bovine serum albumin 

CD  cytosine deaminase 

CD  cluster of differentiation 

CNS  central nervous system 

CT  computed tomography 

DAMP  damage-associated molecular pattern molecule 

dd  double distilled 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

e.g.  exempli gratia – “for example” 

EDTA  Ethylenediaminetetraacetic acid 

EEV  extracellular enveloped virus 

ELISA  Enzyme-linked immunosorbent assay 

EMA  European Medicines Agency 

et al.  et alii – “and others” 

F  fusion- (protein) 

FACS  Fluorescence-activated cell sorting (Flow cytometry) 

FBS  fetal bovine serum 

FDA  Food and drug administration of the United States of America 

Fig.  figure  

g  Gravity constant of earth defined as 9.80665 m/s2  

GFP green fluorescent protein 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

H  hemagglutinin (protein) 

HCl  hydrochloride 

hpi  hours post infection 
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HSV  herpes simplex virus 

i.e.  id est – “that means” 

IEV  intracellular enveloped virus 

IMV  intracellular mature virus 

itu-  intratumoral 

iv-  intravenous 

kb  kilo based 

kDa  kilo Dalton 

L  large (protein) 

LD50  median lethal dose 

M  matrix (protein) 

MeV  measles virus 

MOI  multiplicity of infection 

N  nucleocapsid (protein) 

n/a  not available  

NDV  Newcastle disease virus 

OV  oncolytic virotherapy 

P  phospho- (protein) 

PAMP  pathogen-associated molecular pattern molecule  

PanIN  pancreatic intraepithelial neoplasia 

PBS  phosphate buffered saline 

PDAC  pancreatic ductal adenocarcinoma 

PR  partial remission 

PVDF  polyvinylidene difluoride 

RNA  Ribonucleic acid 

rpm  rounds per minute 

SCD  Super cytosine deaminase 

SD  standard deviation 

SD  stable disease 

SDS-PAGE Sodium-dodecylsulfate-polyacrylamide gel electrophoresis 

SLAM  signaling lymphocyte-activation molecule 

SRB  Sulforhodamine B 



 

 8 

TAA  tumor-associated antigen 

TBS  Tris buffered saline 

TCA  trichloroacetic acid 

TEMED Tetramethylethylenediamine 

Tris  tris(hydroxymethyl)aminomethane 

UV  ultraviolet (wavelength between 400 nm and 10 nm) 

VACV  vaccinia virus 
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1 Introduction 

1.1 Pancreatic cancer (PDAC) 

1.1.1 Epidemiological traits of PDAC 

The term „Pancreatic cancer“ is usually used as a synonym for the pancreatic 

ductal adenocarcinoma (PDAC), which is defined as a cancer derived from the 

exocrine part of the pancreas. PDAC represents about 85 % of all malignant 

pancreatic lesions (Siegel et al., 2013). In Germany, pancreatic cancer ranks 6th 

in men and women concerning the rate of newly diagnosed cancers (non-solid 

tumors excluded) (Table 1). 

 

Table 1: Statistics obtained from Zentrum für Krebsregisterdaten / Robert-Koch 
Institut „Krebs in Deutschland 2005/2006“, „Krebs in Deutschland 2011/2012“ & 
„Krebs in Deutschland 2017/2018“ 

 Incidence – Men 
 

Incidence – Women 

 Entity 
 

2018 2012 2006 Entity 2018 2012 2006 

1 Prostate 
 

65.200 63.710 60.120 Breast 69.900 69.550 57.970 

2 Lung 

 

35.290 34.490 32.500 Colorectal 26.710 28.490 32.440 

3 Colorectal 
 

33.920 33.740 36.300 Lung 21.930 18.030 14.600 

4 Bladder 
 

13.500 11.270 19.360 Melanoma 10.880 10.930 11.140 

5 Melanoma 
 

12.010 10.400 7.360 Uterus 10.860 10.420 8.470 

6 Pancreas 
 

9.860 8.250 6.380 Pancreas 9.160 8.480 6.980 

7 Mouth / 
Pharynx 
 

9.820 9.290 7.930 Ovarian 7.300 7.380 9.670 

8 Kidney 
 

9.350 9.500 10.050 Gastric 5.560 6.460 7.230 

9 Gastric 
 

9.200 9.180 10.620 Kidney 5.480 5.530 6.440 

10 Liver 
 

6.690 6.020 n/a Bladder 4.770 4.140 8.090 

 

Even more impressive than the incidence rate, is the high mortality rate. 

Statistically, pancreatic cancer ranks 4th in both men and women in terms of 

cancer related death (Table 2). This is due to the very poor prognosis of 
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pancreatic cancer, leading to the conclusion, that almost all patients diagnosed 

with pancreatic cancer will eventually have a fatal course.  

 

Table 2: Statistics obtained from Robert-Koch Institut „Krebs in Deutschland 
2005/2006“, „Krebs in Deutschland 2011/2012“ & „Krebs in Deutschland 
2017/2018“. 

 Mortality – Men 
 

Mortality – Women 

 Entity 
 

2018 2012 2006 Entity 2018 2012 2006 

1 Lung 
 

28.365 29.713 28.898 Breast 18.591 17.748 17.286 

2 Prostate 
 

14.963 12.957 11.577 Lung 16.514 14.752 11.873 

3 Colorectal 
 

13.240 13.772 13.756 Colorectal 11.008 12.200 13.469 

4 Pancreas 
 

9.189 7.936 6.729 Pancreas 9.143 8.184 7.213 

5 Liver 
 

5.301 5.117 n/a Ovarian 5.326 5.646 5.636 

6 Gastric 
 

5.187 5.770 5.986 Gastric 3.674 4.208 4.937 

7 Esophagus 
 

4.278 4.072 3.642 Liver 2.689 2.553 n/a 

8 Mouth / 
Pharynx 
 

3.970 4.090 3.623 Uterus 2.631 2.515 2.395 

9 Bladder 
 

3.862 3.791 3.549 CNS 2.615 2.591 2.600 

10 CNS 
 

3.441 3.293 2.955 Biliary 
tract 
 

2.017 2.122 n/a 

CNS: central nervous system 

 

Although, management and detection rates have improved significantly over the 

last years for many tumor entities, the prognosis for pancreatic cancer remains 

dismal. 5 years after diagnose, only ~4 % of patients are still alive. Mainly this 

poor prognosis is due to the absence of early symptoms or reliable / effective 

screening methods. Patients with pancreatic cancer mostly present with 

unspecific symptoms, like weight loss, fatigue and abdominal pain or with the 

more specific painless jaundice. This leads to the devastating fact that in only 15 

- 20 % of all cases, pancreatic cancer is diagnosed in a curative, resectable stage 



 

 11 

(stage I/II), as 35 % present in with locally advanced (stage III) or metastatic 

disease (stage IV) (Stathis et al., 2010) (Vincent et al., 2011). 

 

1.1.2 Pathogenesis and characteristics of PDAC: 

 

Fig. 1: Contrast enhanced CT scan image from a patient suffering from of a locally 
advanced PDAC in the pancreas head, causing intra- and extrahepatic cholestasis 
due to obstruction of the common bile duct. 

 

The pancreas is an organ which belongs to the digestive and endocrine system 

of the human body. PDAC arises from the exocrine part of the pancreas, which 

is mainly located in the pancreas head (Fig. 1). In a database research study with 

information from 100.313 patients from the United States, PDAC developed in 78 

% in the head, 11 % in the body and also 11 % in the tail (Sener et al., 1999).  

On a cellular level, PDAC originates from the ductal epithelium of the exocrine 

pancreas, initially forming asymptomatic premalignant lesions (Hidalgo M, 2010). 

There are several different kinds of facultative precursors for PDAC, like the 

intraepithelial neoplasia (PanIN), the intraductal papillary mucinous neoplasm 

(IPMN), the intraductal tubulopapillary neoplasm (ITPN), the intraductal oncocytic 

papillary neoplasm (IOPN) and the mucinous cystic neoplasm (MCN) (Kim et al., 

2018). Although the PanIN is the one precursor which cannot be detected by 

current imaging techniques, the histologic transition from low-grade-dysplasia to 
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high-grade-dysplasia to malignant transformation is well known and understood 

(Fig. 2).  

 

 

Fig. 2: Schematic representation of a histologically defined PDAC progression 
model. Malignant transformation is depicted left to right with progression of normal tissue 
to PanIN (pancreatic intraepithelial neoplasia) lesions. The bottom row displays typical 
genetic alterations, like KRAS (Kirsten rat sarcoma viral oncogene), CDKN2A (Cyclin 
Dependent Kinase Inhibitor 2A), TP53 and SMAD4 (SMAD Family Member 4), which are 
often acquired during carcinogenesis. This figure was obtained and modified from 
Hruban et al., 2000. 

 

On a molecular level the formation and progression of PDAC precursor lesions is 

the result of accumulation of different genetic alterations (Vogelstein et al., 2004). 

The mutational landscape of 100 different PDACs has recently been investigated 

by whole genome sequencing and copy number analysis, suggesting to classify 

PDAC into the 4 different subtypes “stable”, “locally rearranged”, “scattered” and 

“unstable”, which are to date not clinically established (Waddel et al., 2015). The 

typically found mutations in PDAC are:  

• Aberrant activation of the oncogene KRAS, resulting in an activation of the 

MAPK/ERK pathway, which propagates cellular growth (Downward J, 2003) 

• Inactivation of tumor-suppressor gene CDKN2A (cyclin-dependent kinase 

inhibitor 2A), which encodes for the proteins p16 and p14ARF. Especially p16 

plays a crucial role in cell cycle regulation, as it can normally induce cell cycle 

arrest upon detected DNA-damage (Liggett Jr WH, 1998). 

• Inactivation of TP53, encoding for p53, which is often referred to as “the 

guardian of the genome”. Fully functioning, it is able to eliminate cells which 
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have acquired DNA-damage and limits oncogene-expressing aberrant cells 

to proliferate (Kastenhuber et al., 2017) 

• Inactivation of the SMAD4 gene, encoding for the similar named protein 

SMAD4. It works as a transcription factor, mediating the transduction of the 

growth factor TGF-β. Upon mutation, TGF-β accumulates, promoting 

proliferation and therefore tumor growth (Xia et al., 2015). 

Once malignant transformation has occurred, PDAC typically features certain 

traits. Common histopathologic features are a high content of desmoplasia and 

stromal surroundings. Myofibroblasts, mixed with extracellular matrix material, 

like type I collagen and hyaluronic acid, together with inflammatory cells, like 

macrophages, lymphocytes and mast cells form a tumor-microenvironment that 

plays an important role in tumor growth and sustainment. PDACs are typically 

characterized as hypovascular, resulting in a reduced blood supply (Ryan et al., 

2014). 

 

1.1.3 Treatment of PDAC 

To date, early resection of the tumor in a localized stage is the only curable 

treatment for pancreatic cancer. Is resection not a feasible option (locally 

advanced or metastatic disease), palliative chemotherapy is the treatment of 

choice (Ryan et al., 2014). Before 1997, the standard treatment regimen was a 

5-fluoruracil mono therapy, until a mono therapy with gemcitabine replaced this 

therapy because of improvement of survival and clinical benefits, in terms of 

treatment related side effects (Burris et al., 1997). Both compounds are still used 

for the treatment of locally advanced or metastatic disease, but nowadays these 

substances are components of more aggressive combined chemotherapy 

regimens.  

The first line treatment for patients in a generally acceptable health state is a 

combination therapy, consisting of 5-fluoruracil, folinic acid, oxaliplatin and 

irinotecan, called FOLFIRINOX. This aggressive chemotherapy regime is to date 

the most effective treatment option (in terms of overall survival). In a large (n = 

342), randomized clinical trial, it could improve overall survival from 6.8 months 

to 11.1 months with a response rate of 31 % (for FOLFIRINOX) vs. 9 %. A state-
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of-the-art gemcitabine-monotherapy served as control (Conroy et al., 2011). 

Survival benefit is achieved at the cost of a significantly higher toxicity of the 

FOLFIRINOX regimen (e.g. nausea / vomiting, myelosuppression, diarrhea). 

Current studies in the adjuvant / neoadjuvant setting (Conroy et al., 2018) tend to 

use a modified FOLFIRINOX protocol with reduction of the 5-fluorouracil dose in 

order to limit toxicity and increase therapy adherence (Mahaseth et al., 2013). 

Also, a combination therapy with gemcitabine and nab-paclitaxel is used as a 

first-line therapy as it improves survival compared with a gemcitabine-

monotherapy from 6.7 months to 8.5 months (Von Hoff et al., 2013). 

One could state that there are valid treatment options available, but the prognosis 

of pancreatic cancer remains extremely poor. Despite all efforts, the standard 

treatment prolongs survival statistically for only a few months. Also, often 

treatment is hampered by commonly seen therapy associated toxicity. Therefore, 

new, effective and well tolerated treatment approaches are desperately needed. 

 

1.2 Oncolytic virotherapy 

1.2.1 Principles of oncolytic virotherapy 

In the early 1970s, first reports of spontaneous regression of non-solid tumors 

after a wild-type measles virus infection laid the foundation of today’s 

virotherapeutic concepts (Bluming et al., 1971). The term “oncolytic virotherapy” 

(OV) describes the approach to use replication competent viruses as therapeutic 

agents for cancer treatment. Ideally, an oncolytic virus selectively targets cancer 

cells while sparing healthy tissue, resulting in an antitumor effect with less 

systemic side effects than standard chemotherapy (Fig. 3). Once the virus has 

entered the cancer cell, it takes over its protein synthesis and begins to produce 

progeny virus particles. This will eventually lead to lysis of the infected host cell, 

releasing numerous endogenous viral particles, each of them being able to infect 

more hitherto uninfected cancer cells.  

Another mechanism of the oncolytic effect would be the activation of the host 

immune system. Virus-mediated apoptosis / necrosis can lead to the release of 

cytokines, damage-associated molecular pattern molecules (DAMPs), tumor-

associated antigens (TAAs) and pathogen-associated molecular pattern 
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molecules (PAMPs) which can be taken up by antigen-presenting cells of the host 

cellular immune system. By presenting these immunogenic fragments to CD4+ 

and CD8+ T cells, this can lead to activation of the adaptive immune system, 

resulting in an anti-tumoral immune response distant to the initially infected 

tumor-site (Lemos de Matos et al., 2020). 

 

 

 
Fig. 3: Principles of oncolytic virotherapy. Most oncolytic viruses are to a certain 
degree attenuated but able to infect both healthy and malignant cells. Whereas in healthy 
cells the infection with the attenuated viruses can easily be cleared by activating the 
innate immune system and/or by going into apoptosis, malignant cells have obtained 
many mutations, often in pathways related to innate immunity or apoptosis. Therefore, 
infected malignant cells are unable to clear the infection and the oncolytic virus is able 
to replicate solely within the cancer cells. This will eventually lead to infection related 
lysis of the cell, enabling the released viral particles to infect neighboring cancer cells as 
well. Another aspect of antitumor effect is that the inflammation may trigger the adaptive 
immune system, as cell lysis releases DAMPs, PAMPs and TAAs into extracellular space 
and therefore leads to an improved tumor detection. 
 
 

Fig. 3 shows the course of action of how an oncolytic virus ideally works. There 

are several different viruses, e.g. herpes simplex virus, reovirus, adenovirus, 

coxsackie virus, Newcastle disease virus, parvovirus, poliovirus, measles vaccine 

virus (MeV) and vaccinia virus (VACV), which have been used in pre-/clinical 
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studies for OV (Lawler et al, 2017). In modern virotherapy, there are several 

approaches, using genetically modified, replication competent viruses to 

specifically target and eliminate cancer cells. By modifying the viral entry 

receptor, the selectivity for cancer cells and therefore the efficacy of the viral 

agent can be drastically increased. Also, by inserting genes into the viral genome, 

the oncolytic effect can be enhanced: approaches aim to increase the immune 

response to the infection or to enhance the virus-mediated oncolysis (Lawler et 

al., 2017) (Lauer et Beil, 2022). Talimogen laherparepvec (T-VEC), a herpes 

simplex virus type-1, was the first oncolytic virotherapeutic agent approved by the 

FDA- and EMA in 2015 for the treatment of non-resectable or metastatic 

malignant melanoma (Andtbacka et al., 2019). First preclinical trials using an 

oncolytic measles vaccine virus for the treatment of pancreatic cancer with 

promising results have been published (Bossow et al., 2011), but a clinically 

approved oncolytic viral agent for gastrointestinal tumor treatment is still missing. 

 

1.2.2 The super cytosine deaminase suicide gene system 

The term “suicide gene” describes a gene, which upon transcription leads to the 

expression of a protein which eventually leads to self-destruction of the host cell. 

The super cytosine deaminase (SCD) suicide gene, which can be inserted into 

the viral genome of an oncolytic virus, encodes for a prodrug-converting enzyme, 

enabling only infected tumor cells to metabolize the applied prodrug (Graepler et 

al., 2005). 

Yeast-derived SCD catalyzes the deamination of the non-toxic prodrug 5-

fluorocytosine (5-FC) into the well-known chemotherapeutic compound 5-

fluorouracil (5-FU). The mechanism of SCD is depicted in Fig. 4. 

 



 

 17 

 

Fig. 4: Mechanism of prodrug converting enzyme encoded by SCD. SCD encodes 
for a fusion protein consisting of yeast cytosine deaminase (YCD) and yeast uracil 
phospho-ribosyl-transferase (YUPRT). The YCD converts the prodrug 5-FC into 5-FU, 
whereas the YUPRT catalyzes the metabolic conversion of 5-FU into its cytotoxic 
metabolite 5-FUMP. This prevents 5-FU from getting detoxified by the DPD, resulting in 
higher 5-FUMP levels and therefore higher toxicity (Berchtold et al., 2020). dUMP: 
deoxyuridine monophosphate; TS: thymidylate synthase; dTMP: deoxythymidine mono-
phosphate; dTTP: deoxythymidine triphosphate; 5-FdUMP: 5-fluorodeoxyuridinemono-
phosphate; 5-FUMP: 5-fluorouridinemonophosphate; 5-FUTP: 5-fluorouridine 
triphosphate;5-FC: 5-fluorocytosine; YCD: yeast cytosine deaminase; 5-FU: 5-
fluorouracil; UDK: uridine kinase; UDP: uridine phosphorylase; YUPRT: yeast uracil 
phosphoribosyltransferase; DPD: dihydro-pyrimidinedehydrogenase. 
 

By systemic application of 5-FC, only virus-infected cells harboring the SCD gene 

are able to convert the prodrug into 5-FU intracellularly, eventually resulting in 

apoptosis / necrosis of the infected host cell. As 5-FU is diffusible, the 

chemotherapeutic compound can also harm neighboring, non-infected cells in 

terms of a locally active bystander effect.  

 

1.2.3 Oncolytic measles vaccine virus (MeV) 

The measles virus (MeV) belongs to the family of Paramyxoviridae genus 

Morbillivirus. It is an enveloped, negative-strand RNA-Virus which encodes for six 

structural proteins (Fig. 5): The surface-bound H and F proteins are responsible 

for cell-entry via receptor-binding (H) and membrane fusion (F). The N, L and P 

proteins form a ribonucleoprotein complex with the genomic RNA and play a role 

in replication initiation. The M protein forms an inner layer beneath the envelope 

and plays a role in virus budding and transcription regulation (Yanagi et al., 2006). 
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a  

 

b  

 

Fig. 5: Schematic structure of MeV.  
(a) Measles virus includes six structural proteins and the negative strand RNA. N 
(nucleocapsid protein), P (phosphoprotein associated with RNP in polymerase complex), 
M (matrix protein), F (fusion glycoprotein), H (haemagglutinin), L (large protein); figure is 
copyrighted by Guy Ungerechts, NCT Heidelberg.  
(b) Schematic representation of wild type MeV linear, negative strand RNA-genome. 
Transcription begins at the 3’ terminal, resulting in a transcription gradient with highest 
protein expression for genes located near the 3’ terminal and decreasing expression of 
gene loci further downstream. 
 

 

The transcription of these proteins follows a specific gradient, starting with the 

most upstream located gene. This means, the amount of transcribed and 

expressed viral protein is strongly dependent on the location of the gene on the 

RNA-strand. The order, starting with the most upstream located N-Protein, 

followed by the P-Protein and so on, is depicted in Fig. 5b. 

 

The wild type MeV interacts via the surface H- and F-proteins with the two 

different host cell receptors SLAM/CD150 and Nectin-4/PVRL 4 (Mühlebach et 
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al., 2011). It replicates solely in the cytoplasm and is not able to integrate its 

genome into the host’s DNA-genome, as it doesn’t penetrate the nucleus and 

lacks a reverse transcriptase. Wild type MeV causes the infectious disease 

“measles”, which presents with typical symptoms, including a characteristic rash, 

fever and a dry cough. MeV’s only natural host is the human (Laksono et al., 

2016). Measles is accounted as one of the most contagious infectious diseases 

there is. It is transmitted as droplet infection and therefore spreads via the 

respiratory route (Moss, 2017). Once it has entered a susceptible host, it infects 

entry-receptor expressing myeloid, lymphoid and/or dendritic cells. Replication 

mainly takes place in SLAM+-enriched lymphoid tissues, e.g. the bone marrow, 

spleen or lymph nodes. Upon infection, MeV spreads from cell to cell by formation 

of syncytia, a fusion of multiple infected cells into multinucleated giant cells 

(Ludlow et al., 2015). This often results in a transient immune suppression of the 

host, making opportunistic bacterial infections more likely to occur. The lethality 

of measles is estimated between 0.01 and 0.1 % in industrialized countries. Only 

roughly 60 % of German adults have received the recommended two consecutive 

measles vaccination shots and have thereby been immunized sufficiently against 

this disease (Kassenärztliche Bundesvereinigung, 2021). 

 

The virus used in this study is a measles vaccine virus, Edmonston strain, which 

was originally isolated in 1954 from an eleven-year-old boy with the name 

Edmonston. The Edmonston strain was attenuated in several passages by cell 

culture (Combredet et al., 2003). It has lost its affinity to SLAM and Nectin-4 and 

uses a different host cell receptor than the wild type virus, namely the membrane 

cofactor protein CD46 (Dörig et al., 1993). The cluster differentiation marker 

CD46 is a widely distributed cell surface protein which plays an important role in 

the regulation of the complement system. It functions as a membrane-bound 

inhibitor of complement activation on host cells (Liszewski et al., 1991). CD46 

serves as a promising entry-receptor for OV as it is highly expressed on a variety 

of malignant cells of different origin (Geller et al., 2019).  
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Recapitulating the characteristics of measles vaccine virus: 

• being an RNA-virus, not able to insert viral genome into its host genome 

• being very efficient in spreading through its target cells by forming syncytia  

• has been used millions of times in humans for measles vaccinations and thus 

has a long record safety-profile for healthy individuals 

• using CD46 as entry-receptor, which is typically overexpressed on malignant 

tissue 

Taken together, this makes measles vaccine virus a promising candidate for 

oncolytic virotherapy. 

 

1.2.4 Oncolytic vaccinia virus (VACV) 

The vaccinia virus (VACV), member of the Orthopoxvirus, genus of the 

Poxviridae, is a large, brick-shaped or ovoid, enveloped ds-DNA virus of 189 kb 

(Fig. 6).  

 

Fig. 6: Schematic structure of a mature virion of VACV. There are two structurally 
distinct forms of VACV: the intracellular mature virus (IMV) and the extracellular 
enveloped virus (EEV), which is depicted above. The EEV is enveloped by a dual lipid-
membrane layer. The outer layer contains different surface proteins which are needed 
for attachment. The nucleus is biconcave shaped, flanked by the lateral bodies which 
function as “delivery containers” for viral enzymes. The dsDNA is embedded by 
regulatory / structural proteins, keeping the DNA in its densely compacted, supercoiled 
structure.  
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The origin of the vaccinia virus remains somewhat unclear to date, as the viral 

genome differs from the other known poxviruses like smallpox or cowpox (Baxby 

et al., 1977). It is common belief that it was originally derived from the cowpox 

virus and gained DNA alterations by repeated cultivations and passages (Antoine 

et al., 1998). In 1796 Edward Jenner introduced  the concept of vaccination by 

using the vaccinia virus to prevent people from obtaining smallpox. The World 

Health Organisation started a campaign in 1958 to vaccinate the world’s 

population with VACV in order to eradicate smallpox. This was achieved in 1979 

when smallpox was declared eradicated worldwide. In this study, the Lister strain 

was used. This strain, which was originally derived from a Prussian soldier, was 

the main smallpox vaccine used in England throughout the eradication 

campaigns (Wilkinson et al., 1982). 

The vaccinia virus does not have a known natural host, but since 1999 outbreaks 

have been documented in rural areas of brazil, where farm animals and farm 

workers got affected (Oliveira et al., 2017). Upon infection, humans can develop 

skin lesions, mainly on the hands, which appear as inflamed, itchy nodular 

swellings. Two weeks from the appearance of the skin lesions, they typically turn 

into necrotic ulcers, while patients can develop flu-like symptoms in terms of 

fever, headache and myalgia (Geessien Kroon et al., 2016). 
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Fig. 7: VACV cell entry. The outer layer surface proteins bind to the host cell’s surface. 
Via macropinocytosis, the virus (mostly the IEV form) gets taken up by a vesicle. In a 
second step, the viral DNA and proteins get deployed (without the dual layer membrane) 
into the cytoplasm. Via membrane fusion, the virus (mostly the EEV form) outer 
membrane, containing the surface proteins gets shed and the inner membrane fuses 
with the host cell’s surface, releasing the core directly into the cytoplasm. 

 

VACV does not use a specific entry-receptor: It has different techniques of cell 

entry, depending on the viral form (IMV vs EEV) (Fig. 7). The EEV enters the cell 

via macropinocytosis, a form of vesicle-mediated endocytosis and therefore 

becomes uncoated in the host cell cytoplasm (Moss B, 2021), (Mercer et al., 

2009), whereas the IMV can use direct plasma membrane fusion (Schmidt et al., 

2011).  

 

 

Fig. 8: Schematic representation of VACV replication cycle (Guo et al., 2019). ER 
(endoplasmic reticulum), CGN (cis-Golgi network), C (cis-Golgi), M (medial-Golgi), T 
(trans-Golgi), TGN (trans-Golgi network). CEV: cell-associated enveloped virus; EEV: 
extracellular enveloped virus; IEV: intracellular enveloped virus; IMV: intracellular mature 
virus. 

 

VACV is independent of the cell nucleus, as it replicates solely in the cytoplasm 

(Fig. 8). All protein components necessary for replication are encoded in the viral 
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DNA. Replication follows a distinct order with sequential transcription of gene-

groups, classifies as early, intermediate and late gene-groups (Broyles SS, 

2003). Upon cell entry and removal of the outer viral envelope, the viral core is 

transferred by microtubule-transport deeper into the cytoplasm into the 

perinuclear region of the infected host cell (Carter et al., 2003). The replication 

exclusively takes place at specific “virus factories”, associated with the 

endoplasmatic reticulum (Tolonen et al., 2001). It is initiated by transcription of 

the early-gene group, which encodes for proteins that serve the replication of the 

viral DNA and manipulate the host cell metabolism in favor of VACV replication. 

The intermediate-gene group mainly encodes for regulatory viral proteins. The 

late-gene group encodes for structural proteins which, combined with the 

replicated DNA, forms new viral particles, which are able to infect neighboring 

cells. Around 6 hours post infection (hpi) the first viral particles are released from 

the host cell. At 12 hpi, already up to 10.000 copies of the viral genome have 

been produced and distributed (Salzman NP, 1960). 

 

Vaccinia virus clearly is a suitable candidate for oncolytic virotherapy for several 

reasons:  

• VACV uses a very efficient replication cycle, producing infectious particles 

roughly around 6 hours post infection. 

• As VACV solely replicates in the cytoplasm without penetrating the nucleus of 

host cells, integration of viral DNA into the host genome is very unlikely. 

• Vaccinia virus has already been used millions of times as a vaccination 

against smallpox. Its safety profile is therefore very well-known. To date, there 

is no known case of an airborne transmission of a vaccinia virus infection. 

• The VACV DNA genome with 189 kb is fairly large for a virus and genetically 

very stable. This makes the virus highly versatile as it is possible to insert 

more than 25 kb of transgenes into the viral genome (Chen et al., 2009). 
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1.2.5 Clinical trials with oncolytic virotherapy for the treatment of pancreatic 

cancer 

As PDAC is in dire need of a valid treatment option, pancreatic cancer is more 

and more becoming a target for oncolytic virotherapy studies. First reviews of 

completed clinical OV studies for the treatment of PDAC have been published 

(Haller et al., 2020). Despite the fact, that preclinical examinations with oncolytic 

viruses have been started in the early 1990s, there are still only few clinical trials 

concerning the specific treatment of pancreatic cancer (none of them being 

measles or vaccinia virus mediated). A complete list of all studies evaluating OV 

for the treatment of pancreatic cancer is depicted in Table 3). 
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Table 3: Chronologic summary of all clinical trials for oncolytic virotherapy for the 
treatment of pancreatic cancer based on a Pubmed.com and ClinicalTrials.gov 
inquiry. Trials also including other tumor entities and studies without intentional 
treatment (e.g. imaging studies) were excluded.  

Virus Start Modified Study design Results 

Adenovirus 
(ONYX-015) 

n/a Targeted to p53 
depleted cells 
 

N=22, phase I;  
i.t.-injection (Mulvihill et al., 2001) 
 

No 
objective 
responses 
 

Adenovirus 
(ONYX-015) 
 

1998 Targeted to p53 
depleted cells 
 

N=21; phase I/II;  
i.t.-injection, combined with 
gemcitabine (Hecht et al., 2003) 
 

2x PR, 6x 
SD  

HSV-1 
(HF-10) 

2005 attenuated N=6, phase I;  
intraoperative i.t.-injection (if not 
primarily resectable) + biopsy 
(Nakao et al, 2011) 
 

1x PR, 3x 
SD 

HSV-1 
(T-VEC) 
 

2006 Attenuated; 
encoding for GM-
CSF for enhanced 
immune response 
 

N=17, phase I/II;  
i.t.-injection with 3 doses, each 3 
weeks apart 
(ClinicalTrials.gov, NCT00402025) 
 

no 
objective 
response 

Reovirus 
(Reolysin) 

2009 none N=34, phase II;  
repeated i.v.-infusions + 
gemcitabine (Mahalingam et al., 
2018) 
 

1xPR,  
23x SD 

Reovirus 
(Reolysin) 

2010 none N=73, phase II (randomized); 
repeated i.v.-infusion + Carboplatin 
/ Paclitaxel vs Carboplatin / 
Paclitaxel (Noonan et al., 2016) 
 

No 
significant 
benefit vs. 
control 

Adenovirus 
(VCN-01) 

2014 Targeted to pRB 
deregulated cells; 
encoding for 
hyaluronidase to 
enhance tissue 
penetration 
 

N=8, phase I;  
i.t.-injection, combined with 
gemcitabine + nab-paclitaxel 
(ClinicalTrials.gov, NCT02045589) 

Closed; 
results 
pending 

Parvovirus 
H-1 
(ParvOryx) 

2015 None N=7, phase II; 
Repeated i.v.-infusions and i.t.-
injection (Hajda et al., 2017) 
 

2x PR 

Reovirus 
(Reolysin) 

2015 none N=11, phase Ib;  
repeated i.v.-infusion + 
pembrolizumab + chemotherapy 
(5-FU or gemcitabine or irinotecan) 
(Malalingam et al., 2020) 
 

1x PR,  
2x SD 

Adenovirus 
(Theragene®) 
 

2016 Encoding for 
cytosine 
deaminase / ADP 
to enhance 
oncolysis 
 

N=9, phase I;  
i.t.-injection + 5-FC + valganciclovir 
+ gemcitabine (Lee et al., 2020) 
 

1x PR, 8x 
SD 
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Adenovirus 
(LOAd703) 

2016 Encoding for 
CD40L and 4-
1BBL as immune-
activators 

N=43; phase I/II;  
i.t.-injection, combined with 
gemcitabine (ClinicalTrials.gov, 
NCT02705196) 
 

still 
recruiting 

HSV-1 
(HF10) 

2017 attenuated N=36, phase I (randomized); 
repeated i.t.-injections + either 
gemcitabine / nab-paclitaxel or TS-
1 
(ClinicalTrials.gov, NCT03252808) 
 

Closed, 
results 
pending 

Reovirus 
(Reolysin) 

2018 None N=12, phase II;  
Repeated i.v.-infusions + 
pembrolizumab 
(ClinicalTrials.gov, NCT03723915) 
 

1x PR 

HSV-2 
(OH2) 

2021 Encoding for GM-
CSF for enhanced 
immune response 

N=25, phase Ib/II;  
repeated i.t.-injections 
(ClinicalTrials.gov, NCT04637698) 
 

still 
recruiting 

Adenovirus 
(H101) 

2022 E1B-deletion for 
enhanced 
replication 

N=25, phase Ib; i.t.-injection + 
Tislezizumab / Lenvatinib 
(ClinicalTrials.gov, NCT05303090) 
 

Still 
recruiting 

ADP: adenovirus death protein 

HSV: herpes simplex virus 

i.t.-: intratumoral 

i.v.: intravenous 

PR: partial remission 

SD: stable disease 

 

Most of the already performed clinical trials were phase I or phase I/II studies with 

only few patients treated. Also, only 2 of the above listed studies were 

randomized, making it difficult to abstract the actual significance of OV.  

In 2020 the results of a randomized clinical trial using a wild type reovirus 

(REOLYSIN®) was published. 73 patients received either REOLYSIN® as an i.v. 

infusion in combination with the chemotherapeutic compounds carboplatin and 

paclitaxel, whereas the control group was treated solely with carboplatin and 

paclitaxel. Unfortunately, the study didn’t show any significant benefit for the 

virotherapy-combined treatment over standard chemotherapy treatment (Noonan 

et al., 2016).  

The only other randomized study, uses an attenuated HSV-1 (HF10) which is 

directly administered intratumorally via endoscopic-ultrasound guided injection. 

Randomization is either the OV treatment in combination with chemotherapeutic 
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compounds gemcitabine and nab-paclitaxel vs. in combination with a different 

chemotherapy (TS-1, a prodrug of 5-FU). 36 patients were included. Despite the 

concept of this study surely looks interesting, the benefit from OV treatment will 

be difficult to determine, as all patient receive the OV treatment. Although the 

study is already closed, results are yet unpublished (ClinicalTrials.gov, 

NCT03252808). 

A noteworthy human trial without direct treatment of the patient was done in 2007 

with the genetically modified oncolytic virus “NV1066”, HSV-1 derived and 

encoding for GFP. In this study, 82 patients with PDAC, suffering from ascites 

(undiagnosed but most likely due to peritoneal metastasis) were enrolled. Ascites 

was obtained, infected with NV1066, examined regularly via cytology and via 

fluorescence microscopy (as infected tumor cells should express GFP). The 

fluorescence enhanced microscopy after incubation with NV1066 had increased 

the positive results by 46 % (Kelly et al., 2016).  

 

Considering the data that can be obtained from already published clinical studies, 

the question, if oncolytic virotherapy is a valid option for the treatment of 

pancreatic cancer, cannot be answered sufficiently yet.  

 

1.3 Objectives: 

The aim of this dissertation was to evaluate, whether two prototypic suicide gene-

encoding virotherapeutic vectors (i.e., the measles vaccine virus-based MeV-

SCD and the vaccinia virus-based GLV-1h94) could suit as highly effective 

therapeutic agents for the treatment of pancreatic cancer.  

Thus, this dissertation first sought to gather preclinical data to prove the principle 

of suicide-gene armed virotherapy in pancreatic cancer in order to overcome the 

well-known resistances to conventional chemotherapeutic regimens.  

As a secondary aim it was investigated whether the usage of two different types 

of suicide gene-encoding viruses (MeV-SCD and GLV-1h94) would provide 

different outcome patterns concerning their features of resistance or susceptibility 

in human pancreatic cancer cell lines to oncolytic virotherapy, when used under 

the same conditions. For this purpose, a distinct panel of purchasable human 
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pancreatic cancer cell lines was defined which resembles the spectrum of 

different subtypes of pancreatic adenocarcinoma.  

Thus, this thesis was set out to contribute to the further development of the 

suicide gene “armed” virotherapy as a novel approach for the treatment of locally 

advanced or metastatic pancreatic cancer. 
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2. Material and Methods 

2.1 Safety:  

All experiments have been performed in a laboratory, that complies with biosafety 

level 2 (Directive 2000/54/EC – biological agents at work) from the European 

Parliament. All experiments with biological, potentially infectious or hazardous 

materials were performed under a hood, provided with laminar flow (HERAsafe®). 

No potentially infectious or hazardous biological material had left the laboratory. 

All biological material, that was no longer of use, was rendered harmless by 

sequential chemical disinfection, UV-light irradiation and additional autoclavation. 

 

2.2 Material: 

All mentioned materials have been used in the highest achievable purity. All 

products were stored according to manufacturer’s recommendation at either 

room temperature, 4 °C or -20 °C. All used materials have been used in a sterile 

state, either by obtaining it directly from the stated companies or by former 

autoclavation at 2 bar with 121 °C for 20 minutes. 

  

2.2.1 Consumables: 

Cell scrapers      Corning Inc. 

Cell strainer 40 µm      BD Falcon 

Combitips 2.5 ml, 12.5 ml     Eppendorf 

Conical-bottom tube 15 ml    Greiner Bio One 

Conical-bottom tube 50 ml    BD Falcon 

Cryotubes 1 ml      Corning Inc. 

Latex gloves      Ansell 

Pasteur pipettes, 230 mm long size   WU Mainz 

Petri dish 10 cm     Greiner Bio One 

Pipettes 1, 2, 5, 10, 25, 50 ml    Corning Inc. 

Pipette tips 100 µl, 200 µl, 1000 µl, 1250 µl  Biozym / Peqlab 

Nitrile gloves      Ansell 

Reaction tubes 1.5 ml, 2.0 ml    Eppendorf 

Reaction tubes 1.5 ml, 2.0 ml (amber)   Eppendorf 
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Syringes 1 ml, 10 ml    Braun 

Tissue culture flask 75 cm², 150 cm²   Greiner Bio One 

Tissue culture plate 12 / 24 / 96 well  Corning Inc. 

 

2.2.2 Laboratory equipment 

Autoclave 3850 EL     Systec 

Digital camera, F-view    Soft Imaging Systems 

Centrifuge      Eppendorf, Heraeus 

FACSCalibur flow cytometer   Becton Dickinson 

Haemocytometer     Hecht 

HERASafe® workbench    Heraeus 

Incubator      Heraeus / Integra / Memmert 

IX50 inverted Fluorescence Microscope  Olympus 

Multichannel pipette    Eppendorf 

Pipette boy®      Integra 

Phase contrast Microscope   Olympus 

Refrigerator (-20 / -80 / -120°C)   Liebherr 

Tecan GENios Microplate Elisa Reader  MTX lab Systems  

Vacuum concentrator    Christ 

Vortex mixer      Janke + Kunkel IKA Labortechnik 

Water bath 3042 (37°C)    Köttermann 

 

2.2.3 Cell culture medium and buffer: 

Accutase      PAA Laboratories GmbH 

Dulbecco’s modified eagles Medium  Biochrom AG 

(DMEM) with stable L-glutamine with 

.5 g/l glucose 

EDTA / Trypsin 0.05%    PAA Laboratories GmbH 

Fetal bovine serum (FBS)    PAA Laboratories GmbH 

PBS (cell culture use)    PAA Laboratories GmbH 

RPMI 1640      PAA Laboratories GmbH 

ROTI®Block      Roth 
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Tween-20       Roth 

OPTI-MEM®      Gibco/ Invitrogen 

 

2.2.4 Chemicals 

5-Fluorocytosine     Roche 

5-Fluorouracil     Roche 

Acetic acid 1% (diluted from 100%)  Merck 

Descosept AF     Dr. Schumacher GmbH 

double distilled (dd)H2O    MilliQ Synthesis System 

DMSO      AppliChem 

Gamunex® 10%      Grifols Deutschland GmbH 

Isopropranolol (70%)    SAV Liquid Production 

Paraformaldehyde (PFA) 4%   Otto Fischar GmbH 

NP40 lysis buffer     Invitrogen 

Secusept      ECOLAB 

Sulforhodamine B     Sigma 

Trichloroacetic acid 10%    Roth 

TRIS       Sigma 

Trypan blue      Sigma 

 

2.2.5 Antibodies:  
 
Table 4a: Used primary antibodies for this dissertation. 

Target Dilution  Origin Source 

CD46 (human) 1:20 in FACS buffer 
 

mouse eBioscience 

IgG1 1:20 in FACS buffer 
 

mouse eBioscience 

Vinculin 
(human)  

1:6.000 in Roti-Block 
 

mouse Sigma 

SCD 1:2.000 in Roti-Block 
 

rat Gifted from Transgene 

MeV N-protein 1:6.000 in Roti-Block 
 

rabbit Abcam 
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Table 4b: Used secondary antibodies for this dissertation. 

Target Description / name Dilution  Origin Source 

Rat IgG HRP conjugated 
 

1:30.000 
Roti-Block 
 

goat Biorad 

Mouse IgG 
 

HRP conjugated 
 

1:30.000 
 

goat Biorad 

Rabbit IgG 
 

HRP conjugated 1:30.000 goat Invitrogen 

 

 

2.2.6 Used human pancreatic cancer cell lines  

A pancreatic cancer cell line panel with 9 different, purchasable cell lines was 

defined (Table 5).  

 

Table 5: Cell lines used for this dissertation. All cell lines were derived from 
patients, suffering from PDAC.    

Cell line name Disease Origin 
Host 
 

Genetic 
alterations 
 

AsPc-1 Adenocarcinoma, metastasis: 
derived from ascites 
 

female, 
62 y.o. 

CDKN2A, KRAS, 
MAP2K4, TP53 

BxPc-3 Adenocarcinoma, primary 

site 

female, 
61 y.o. 
 

BRAF, CDKN2A, 
SMAD4, TP53 

Capan-1 Adenocarcinoma, metastasis: 
derived from liver metastasis 

male, 40 
y.o. 
 

BRCA2, FZy/D10, 
GLT6D1, GRM1, 
KRAS, MAP2K4, 
SMAD4, SMAP2, 
TP53 
 

Capan-2 Adenocarcinoma, primary 

site 

male, 56 
y.o. 
 

CDKN2A, KRAS, 
TP53 

KP-3 Adenosquamous carcinoma, 
primary site 
 

male, 75 
y.o. 

KRAS, SMAD4, 
TP53 

KP-4 Adenocarcinoma, metastasis: 
derived from ascites 
 

male, 50 
y.o. 

KRAS 

MIA-PaCa-2 Adenocarcinoma, primary 

site 

male, 65 
y.o. 

CDKN2A, KRAS, 
TP53 
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Panc-1 Adenocarcinoma, primary 

site 

male, 56 
y.o. 
 
 

CDKN2A, KRAS, 
TP53 

T3M-4 (only 
used for GLV-
1h94) 
 

Adenocarcinoma, metastasis: 
derived from lymph node 

male, 64 
y.o. 

KRAS, TP53 

 

The cells are of different origin (primary site vs. metastasis) and with KP-3 feature 

also of different morphological characteristics. The panel was sought out to 

resemble the tumor-heterogeneity of pancreatic cancer. Most cell lines feature 

the typical KRAS- and TP53-mutation, whereas some didn’t.  

The KP-3 and KP-4 cell lines were gifts from Prof. Ruben Plentz and his group in 

Tübingen. The T3M-4 cells was a gift from Prof. Guy Ungerechts and his group 

in the NCT, Heidelberg. As the T3M-4 cells were received when all experiments 

with MeV-SCD already had been accomplished, T3M-4 cells solely were used in 

the context of measurement of GLVh194 oncolysis. 

Cell lines were cultivated in either DMEM or RPMI medium, supplemented with 5 

% or 10 % fetal bovine serum (FBS) and kept in 75 cm 2 tissue culture flasks with 

vented caps. Flasks were stored in incubators at 37 °C in a humid atmosphere, 

containing 5 % CO2. Treatment was done under sterile conditions 

in a HERAsafe® workbench. 

 

2.2.7 Oncolytic measles vaccine viruses MeV-SCD and MeV-GFP 

MeV-SCD was generated and provided by Wolfgang Neubert. It has already 

successfully been used for in vitro treatment of cholangiocarcinoma (Lange et al., 

2013), ovarian cancer (Hartkopf et al., 2013) or acute myeloid leukemia (Maurer 

et al., 2019). MeV-SCD and MeV-GFP were genetically modified either by 

insertion of the SCD “suicide-gene” or green fluorescent protein (GFP) at the 3’-

lead position (Fig. 9).  
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Fig. 9: Schematic representation of linear MeV-SCD / -GFP negative strand RNA-
genome. SCD/GFP transgene colored in red have been inserted in the leading position, 
hence using the transcription gradient for maximal transcription.  

 

MeV-GFP was used only for evaluation of MeV primary infection rate. All further 

experiments were done using MeV-SCD.  

 

2.2.8 Oncolytic vaccinia virus GLV-1h94 

GLV-1h94 was kindly provided by Genelux Corporation, San Diego, California, 

USA. It was originated from the Lister strain of vaccinia virus and genetically 

modified by inserting three different transgenes into the viral genome (Fig. 10): 

1. By inactivation of the gene locus F14.5L, a gene encoding for a fusion protein, 

consisting of Renilla luciferase and Aequorea-Green fluorescent protein was 

inserted. Transcription is initiated by the promoter of the early- and late-gene 

group (PSEL). The inserted gene function as a marker gene, as it allows 

visualization of viral replication on a cellular level. 

2. The J2R (thymidine kinase gene) was inactivated by the insertion of lacZ 

(encoding beta-galactosidase, under the control of vaccinia virus Western 

Reserve early/late p7.5 promoter) and hTFR (human transferrin receptor 

cDNA, inserted in the reverse orientation to pSEL, therefore hTFR is not 

expressed). The inserted genes allow quantifiable measurement of 

transgene-expression as surrogate parameter for viral infection. 

3. The A56R (hemagglutinin gene) was inactivated by the insertion of fcu1, 

encoding for the super cytosine deaminase (SCD), a fusion protein consisting 

of yeast cytosine deaminase and uracil phosphoribosyl transferase, the same 

prodrug-convertase system as in MeV-SCD. Transcription is again initiated by 

PSEL. 
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Fig. 10: Schematic representation of a selected region of interest of the linear GLV-
1h94 DNA-genome. Modified gene-loci highlighted in grey; inserted transgenes 
depicted underneath (Berchtold et al., 2020). 

 

2.3 Methods 

2.3.1. General cell culture: 

Cells were cultivated in either DMEM or RPMI medium. Fetal bovine serum (FBS) 

in either 5 or 10 % was added to culture medium for supplementation. Cell 

cultures were kept in 75 cm2 tissue culture flasks with vented caps. Flasks were 

stored in incubators at 37 °C in a humid atmosphere, containing 5 % CO2 and at 

least 95 % humidity. The cell culture was kept under sterile conditions in a 

HERAsafe® workbench, provided with laminar flow. 

To prevent overgrowth, the confluence of the cell layer in the cell culture flasks 

was controlled once daily through phase contrast microscopy at 4x magnification. 

Cells were approximately passaged 2-3 times a week, depending on used cell 

line, when cell layer was almost confluent. 

Cell debris was removed before each passage by rinsing with 10 ml PBS at 37 

°C. After removal of buffer/cell debris overlay, the cells were detached from flask 

bottoms by application of 2 ml Trypsin. Trypsin was inactivated by application of 

fresh FBS-supplemented medium. Cell suspension was filtered through a 40 µm 

cell strainer, if needed. Depending on growth rate of used cell line, 1/10 to ¼ of 

original cell mass, was kept for further cultivation. 

 

2.3.2. Cryoconservation and thawing of cells: 

Cells were rinsed, trypsinized and suspended in cell culture medium as described 

under 2.3.1. Suspension was centrifuged at 210x g and supernatant 

consecutively removed. The so generated cell pellet was resuspended in freezing 

medium with DMEM supplemented with 20 % FBS and 10 % DMSO and applied 

to cryotubes with quantity of approximately 106 cells / ml / aliquot. Cryotubes were 
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frozen slowly down to -80 °C, protected by a styrofoam box. After 24 hours, the 

cryotubes were transferred and stored finally in a -140°C freezer. 

For thawing, the cryotubes were transferred from the freezer to a water bath and 

cautiously heated. The 1 ml aliquots were suspended in 9 ml of preheated DMEM 

and centrifuged at 1200 rpm for the duration of 2 minutes. Supernatant was 

discarded in order to remove cytotoxic DMSO from the new cell culture and cell 

pellet was resuspended in preheated DMEM and transferred to a new culture 

flask. 

 

2.3.3. Determination of the cell count: 

Counting of suspended cells was done by using an improved Neubauer 

haemocytometer (Fig. 11). Each large quadrant in every corner of the Neubauer 

haemocytometer is 1 mm². Each quadrant is divided into 16 smaller squares. 

 

Fig. 11: Schematic representation of Neubauer counting chamber. Each larger quadrant 
in every corner of the counting chamber is 1 mm². 

 

For cell counting, 10 µl of cell culture flask solution was suspended with 90 µl 

trypan blue (1:10), then applied to each larger quadrant. Trypan blue is used to 

rule out dead cells, as only dead cells would be susceptible to trypan-blue 
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staining. An intact cell membrane would prohibit trypan-blue uptake into the vital 

cell.  

To determine the number for cells per ml in the cell suspension, the number of 

vital cells was counted for each larger quadrant. This was done by phase contrast 

microscopy with 10x magnification. The arithmetic mean of all 4 quadrants was 

calculated and multiplied by 10.000. This equals the number of cells per ml. 

Trypan-blue stained dead cells were excluded. 

 

 

 

2.3.4 Cell exposure to 5-fluorouracil: 

As the used viruses encode for a cytosine-deaminase protein, being able to 

convert 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU) to enhance the oncolytic 

activity, it was needed to examine whether the used cell lines were susceptible 

to 5-FU treatment in the first place. For this purpose, all cell lines were exposed 

to different 5-FU concentrations. Susceptibility to 5-FU was defined as reduction 

of cell mass by 50 %, compared to untreated control. 

Cells were detached from culture flasks as described in 2.3.1 and counted as 

described in 2.3.3. 3 x 104 cells were seeded in each well of a 24-well plate and 

incubated for safe adherence overnight. The following day, the culture medium 

of quadruplicates was replaced by medium containing 5-FU with concentrations 

ranging from 1 nmol/l to 1 mmol/l. The cells were incubated with the 5-FU 

containing medium for 72 hours. Remaining cell viability was measured using 

Sulforhodamine B viability assay (see chapter 2.3.9). 

 

2.3.5. Multiplicity of infection (MOI): 

Multiplicity of infection (MOI) is a standardized virological term to define a number 

of infectious viral particles in relation to a defined number of recipient cells in a 

culture.  

 

 

 
MOI =

𝑣𝑜𝑙𝑢𝑚𝑒 (𝑣𝑖𝑟𝑢𝑠)𝑥 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑣𝑖𝑟𝑢𝑠)

𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑒𝑙𝑙 𝑐𝑢𝑙𝑡𝑢𝑟𝑒)𝑥 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑒𝑙𝑙 𝑐𝑢𝑙𝑡𝑢𝑟𝑒)
 

𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
=

𝑎𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠
 x 10

5
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A MOI of 1 resembles one viral particle for every cell, that could possibly get 

infected. A MOI of 0.1 would resemble one viral particle for every 10 cells. 

 

 

2.3.6. Controlled viral infection: 

Cells were detached from culture flasks as described in 2.3.1 and counted as 

described in 2.3.3. 3 x 104 cells were seeded in each well of a 24-well plate and 

incubated for safe adherence overnight. The following day, the needed virus 

stock (either MeV-SCD, MeV-GFP or GLV-1h94) was carefully thawed and 

vortexed, as it was stored in a frozen condition. Thawed virus was diluted in 

preheated OPTI-MEM to the necessary titer, depending on the required MOI and 

added to the well plate in the same concentration for each column (Fig. 12). 

 

 

Fig. 12: Schematic representation of a 24-well plate, used for viral infection. 
Shades of grey resemble increasing viral concentration, measured in MOI. White wells 
serve as negative control. Each column, shaded in the same color, share the same MOI. 
Only arithmetic mean of quadruplicates, infected with the same MOI were accounted for 
results.  

 

The used virus was incubated at 37 °C with the cells and gently moved every 20 

minutes to provide equal viral spread as possible. Depending on the used virus, 
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at 3 hours post infection (hpi) (MeV) or 1 hpi (VACV), the virus-containing overlay 

was removed and cells were again incubated at 37 °C with preheated DMEM. 

The negative control was mock treated with PBS. The incubation time of the virus-

infected cells ranged from 24 to 96 hpi, depending on the assay. Quantification 

of cell viability was done by SRB assay (see chapter 2.3.9); quantification of MeV-

GFP primary infection rate was done by flow cytometry (see chapter 2.3.10). 

 

2.3.7. Application of prodrug 5-fluorocytosine to infected cells 

In order to evaluate the enhancement of the oncolytic effect of the usage of the 

prodrug-convertase system in MeV-SCD and GLV-1h94, the infected cells were 

incubated with 5-FC containing medium. 

For this assay, cells were distributed and infected with the virus, as described in 

2.3.6. After removal of the virus-containing overlay, the cells were further 

incubated at 37 °C with medium containing 1 mM of 5-FC for another 96 hpi. 

Remaining cell viability was measured using SRB-viability assay (see chapter 

2.3.9). 

 

2.3.8. Fluorescence microscopy 

To document and visualize the viral infection throughout the different cell lines, 

fluorescence enhanced microscopy was performed at 24 and 48 hpi with different 

MOIs. This experiment was done using MeV-GFP. 

Cells were detached from culture flasks as described in 2.3.1 and counted as 

described in 2.3.3 and seeded in each well of a 24-well plate. The cells were 

infected with MeV-GFP as described in chapter 2.3.6. MOIs ranged from 0.01 to 

10. PBS-treated cell lines served as control (mock). At 24 and 48 hpi, regular 

phase contrast microscopy was performed and several pictures were taken 

(location randomly assigned within the well) of the cell layer with an inverted 

microscope (Olympus IX 50), equipped with a digital camera (F-view, Soft 

Imaging System GmbH). With a 100 W light source (Olympus U-RFL-T), the 

exact same loci were exposed to filtered light with a wavelength of 489 nm. GFP 

fluorescence was measured at its peak with 508 nm (Tsien RY, 1998). Pictures 

of the corresponding sites were taken with the same equipment. 
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2.3.9. Sulforhodamine B (SRB) cell viability assay 

The SRB assay is a standardized cell viability assay, which can quantify viable, 

adherent cell mass at a certain time point and therefore conversely can measure 

the cytotoxic effect of a substance (Skehan et al., 1990). This assay was used to 

determine cell viability after viral infection, viral infection with added prodrug 5-

FC and after exposure to 5-FU. SRB-based dye is an anionic protein dye, which 

binds to basic amino acids, e.g. of cellular proteins under acidic conditions, 

induced by trichloroacetic acid (TCA). The amount of SRB-colored cellular protein 

serves as a surrogate parameter for remaining, viable cell mass. The quantity of 

dyed protein correlates linear with the colorimetric extinction measured by a 

photometer.  

 

For SRB assay, the cells in the 24-well plates were initially pretreated by removal 

of medium / overlay and then rinsed with 4 °C PBS. This was done to remove 

debris and dead cells from the wells. After rinsing, the plates were incubated with 

TCA for 30 minutes at 4 °C, resulting in a strong adherence of the (former) viable 

and now fixed cells to the well plate. The well plates were now washed with 

regular tap water, at least 4 times to remove remaining TCA and remaining debris 

from the plate. Plates were consecutively dried at 40 °C overnight and the now 

fixated cells / well plates could theoretically be stored limitless for further analysis. 

Usually, the following day, the cells were stained by application of 250 µl of SRB-

staining solution to each well for 10 minutes. In order to remove abundant SRB-

staining solution, the well plates were washed with 1 % acetic acid  until the 

washout became visibly clear. Afterwards, the plates were dried and the now 

SRB-stained, fixated cell layer in each well was dissolved in 1 ml of 10 mM TRIS 

base solution. 80 µl of each well was now transferred to a 96-well plate in 

duplicates. The ELISA reader (Tecan Genios Plus) could now measure 

photometrical extinction at 564 nm wavelength, which correlates with remaining 

cell mass in the examined well.  

Results were depicted in percentage by comparison to mock-treated wells, as 

absolute cell mass differed substantially in used cell lines. 
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2.3.10. Flow cytometry 

For determination and quantification of CD46 surface expression, flow cytometry 

was used for each used pancreatic cancer cell line. 

Cells were incubated at 37 °C with preheated PBS (cell culture use), 12 h before 

experiment. In contrast to cell culture, 1 ml Accutase® was used, instead of trypsin 

for detachment. Detached cells (1 ml) were suspended with 3 ml FACS-buffer 

(PBS, added with 10 % FBS) and centrifuged at 210 x g for 4 minutes. 

Supernatant was discarded, and cell pellet again suspended in FACS-buffer. 

Cells were counted as described in 2.3.3 and 5 x 105 cells were diluted in 3 ml 

PBS and again centrifuged at 4 °C at 472 x g for 5 minutes. Supernatant was 

again discarded and cell pellet was added with 10 µl Gamunex® 10%, to block 

Fc-terminals for unspecific binding and resuspended in 50 µl FACS buffer. New 

suspension was incubated for 5 minutes on ice. Then, 2.5 µl of either a PE-

conjugated human CD46 antibody or 2.5 µl of a PE-conjugated mouse IgG1-

isotype control was added and incubated for further 30 minutes on ice.  

Finally, the now stained cells were again diluted in 4 ml PBS and once more 

centrifugated at 4 °C at 472 x g for 5 minutes. Cell pellets with stained cells were 

resuspended in 500 µl FACS-buffer and measured by the flow cytometer 

FACSCalibur (Becton Dickinson). Results were calculated and graphically 

depicted with WinMDI software. 

 

Flow cytometry was also used for quantification of MeV-GFP primary infection 

rates. MeV-GFP infected cells were conditioned as described above. As MeV-

GFP infected cells emit fluorescence by GFP expression, cells didn’t have to be 

stained by antibodies and could therefore directly be measured in the flow 

cytometer. Again, results were calculated and graphically depicted with WinMDI 

software. 

 

2.3.11. Western blot analysis 

To determine and quantify protein expression over time of wild type viral genes 

and inserted transgene, western blot analysis was performed. 
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Preparation of cell lysates 

Cells were detached from culture flasks as described in chapter 2.3.1 and 

counted as described in chapter 2.3.3. 2 x 106 cells were suspended in 8 ml 

DMEM and transferred to a 10 cm petri dish. After established cell adherence the 

next day, the cell layer was rinsed with 8 ml of preheated PBS (cell culture use) 

and then infected with MeV-SCD at MOI 1, as described in chapter 2.3.6. Cells 

were lysed at 24, 48, 72 and 96 hpi in 500 µl NP40 lysis buffer, scraped off the 

petri dish and transferred into a 1.5 ml reaction tube. Cell-suspension was now 

subsequently frozen and thawed three times in a row, by shock-frosting in liquid 

nitrogen, followed by thawing in a heating block at 37 °C. The cell suspension 

was ultimately centrifuged at 16.000 x g at 4 °C for 10 minutes, allowing the 

protein-containing supernatant to be separated, collected and transferred to a 

new reaction tube.   

 

Measurement of protein content by Bradford dye assay 

To determine protein content of supernatants, proposed for western blot analysis, 

the Bradford dye assay was performed with Bio-Rad protein assay kit (Bio-Rad 

Laboratories GmbH). 

A standard curve was established by diluting a bovine serum albumin (BSA, 10 

mg/ml) stock solution, serving as control, into following concentrations: 0.05, 0.1, 

0.25 and 0.5 mg/ml in ddH2O. Bradford dye reagent was diluted 1:5 in ddH2O; 

protein-containing supernatants were diluted 1:50 and 1:00 in ddH2O. 10 µl 

ddH2O and 10 µl of each dilution, were transferred to a 96-well plate in duplicates. 

In each well 200 µl of Bradford dye was added. The ELISA reader (Tecan Genios 

Plus) could now measure photometrical extinction at 595 nm wavelength. The 

optical density of the different, defined BSA concentrations served to generate a 

standard curve, from which protein content of the supernatants could be 

calculated. 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-Page is a well-known, standardized technique to separate different proteins, 

based on their molecular weight, using electrophoresis in a polyacrylamide-based 

matrix (Laemmli UK, 1970). 

 

 

Fig. 13: Schematic representation of an electrophoreses gel cassette, filled with 
separating- and stacking SDS-polyacrylamide gel. Protein samples are placed in 
slots, as depicted and by application of voltage, migrate into the separating gel (velocity 
determined by molecular weight).  

 

For this dissertation, a 12 % polyacrylamide gel as separating and a 5 % 

polyacrylamide gel as stacking gel were used for the experiments (Fig. 13). The 

following table shows the composition of the used gels: 

 

Substance   Stacking gel (12 %) Separating gel (5 %) 

Acrylamide 30 %  0.33 ml    4.0 ml 

APS 10 %   0.02 ml    0.1 ml 

ddH2O   1.4 ml     3.3 ml 

SDS 10 %   0.02 ml    0.1 ml 

TEMED   0.002 ml    0.004 ml 

Tris (pH 6.8) 1 M  0.25 ml    - 

Tris (pH 8.8) 1.5 M  -     2.5 ml 
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The 12 % separating gel was produced according formula depicted in the table 

above. The separating gel was filled into the gel cassette of the electrophoresis 

device and covered immediately with isopropanol 70 % to level gel surface. After 

30 minutes, the polymerization of the gel matrix was finished and the isopropranol 

could be removed. The surface was now washed with ddH2O. The stacking gel 5 

% was produced according to formula depicted in the table above and cast into 

the gel cassette on top of the separating gel. By using a comb, 10 slots were 

formed during 20 minutes polymerization of the stacking gel. The now prepared 

gel cassette was placed inside the buffer tank, filled up and covered with buffer 

solution (Tris 125 mM + Glycine 950 mM + SDS 0.5 %).  

Protein-containing supernatant, measured and calculated as described in chapter 

2.3.12, was heated to 95 °C for 5 minutes in order to disrupt secondary or tertiary 

protein structures, which would hamper the analysis. After removal of the comb, 

75 µg of each sample was placed in one of the preformed slots inside the stacking 

gel. With application of 100 V voltage to the electrophoresis device, the proteins 

migrate through the separation gel with different velocity, based on molecular 

weight. Small proteins move faster than large proteins. The proteins therefore get 

separated, based on their molecular weight. 

 

Western blotting 

After separation of the proteins in the SDS-polyacrylamide gel matrix, the proteins 

are transferred from the separation gel to a polyvinylidene difluoride- (PVDF) 

membrane. This was done by electroblotting. The PVDF-membrane was placed 

on the separating gel layer, embedded between two Whatman (filter) papers on 

each side, covered with a sponge on each side. The whole sandwich-like 

composition is held together tightly by a pressure-applying device and soaked in 

transfer-buffer (Tris 48 mM + Glycine 39 mM + Methanol 20 %). By application of 

voltage, the proteins are perpendicularly blotted onto the PVDF-membrane. To 

control successful blotting, the PVDF-membrane was stained with Ponceau-S 

solution (Ponceau-S 0.1 % + acetic acid 5 %), which reversibly binds to positively 

charged amino-groups of proteins. Ponceau-S solution is highly water-soluble 

and staining was reversed by washing the PVDF-membrane with ddH2O.  
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To visualize and identify the now separated and blotted proteins, immune-

staining was performed. The protein-sample containing PVDF-membrane was 

covered in a milk solution (milk powder 5 % + TBS-Tween) in order to prevent 

unspecific antibody-binding. Afterwards, the membrane was washed twice in a 

TBST solution (TBS pH 7.4 + Tween, 0.02 %) and cut into sections, containing 

only one protein band. The primary antibodies (anti-SCD, anti-Vinculin, anti-N-

Protein) were diluted in Roti-Block and separately applied to the different 

membrane sections. After overnight incubation at 4 °C on a shaker, the antibody 

solutions were removed and washed three times with TBST for five minutes. The 

secondary antibodies (horseradish peroxidase (HRP) labeled) were also diluted 

in Roti-Block. Each secondary antibody-solution was incubated with its 

membrane section for one hour at room temperature on a shaker. The membrane 

sections were once more washed with TBST for 10 minutes. The protein bands 

were visualized via enhanced chemiluminescence (ECL). The membrane 

sections were incubated with 1 ml ECL solution for three minutes and afterwards 

fixed in a photo cassette (Dr. GOOS Suprema Universal 100).  

Finally, the cassettes / membrane sections were exposed to the high 

performance chemiluminescence film (Amersham Hyperfilm ECL, GE Healthcare 

ltd.). 
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3. Results 

3.1 Oncolytic measles vaccine virus (MeV-SCD) 

3.1.1. CD46 expression of pancreatic cancer cell lines 

CD46 constitutes the viral entry receptor for measles vaccine virus. Fig. 14a 

shows the expression rate of CD46 on the surface of all eight tested human 

pancreatic cancer cell lines originating from different types of pancreatic cancers 

(see table 1). Via flow cytometry it could be demonstrated that all of the analyzed 

pancreatic cancer cell types do express CD46. This also revealed that there are 

gross differences in levels of CD46 expression between the used different cell 

lines indicated by differences in index-numbers (arithmetic mean of anti CD46 / 

isotype control) ranging from 20.9 for Capan-1 cells (derived from liver 

metastasis) up to 55.7 for Panc-1 (derived from epitheloid pancreatic carcinoma). 

 

 

Fig. 14a:  Human pancreatic cancer cell lines express high levels of CD46 
receptors on their surfaces. Cells were stained with anti-CD46 antibody (white 
histogram) or an isotype control (red histogram) and analyzed by flow cytometry. The 
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depicted number shows the ratio of the mean fluorescence index of the ratio white 
histogram/red histogram. An arithmetic mean under 20 is considered as marginal CD46 
expression on the cell surface.  
 

 

Fig. 14b: CD46 expression rates of all tested human pancreatic cancer cell lines 
(aligned from highest to lowest expression levels). 

 

These results, summarized in Fig. 14b, indicate that human pancreatic cancer 

cell lines express high amounts of the measles vaccine virus entry receptor and 

therefore are expected to be susceptible without exception to oncolytic measles 

vaccine virus infection. In addition, it can be assumed that viral spreading from 

infected to hitherto uninfected tumor cells might be differentially effective 

depending on the CD46 expression rate of the respective human pancreatic 

cancer cell line under investigation. 

 

3.1.2. Primary infection rate of MeV-GFP 
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Fig. 15a: Primary infection rates of MeV-GFP in PDAC cell lines. All eight tested 
human pancreatic cancer cells were incubated with a measles vaccine virus encoding 
the GFP marker gene, MeV-GFP, at different viral concentrations (MOI - multiplicities of 
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infection) and compared with untreated controls (MOCK). Pictures were taken via 
fluorescence microscopy at 24 and 48 hours post infection (hpi).  
 

 

Fig. 15b: Primary infection rates of all eight tested human pancreatic cancer cell 
lines at 24 hours post infection (hpi) with MeV-GFP, analyzed via flow cytometry. 
At 24 hpi, not much replication of MeV-GFP has taken place, but expression of MeV-
GFP marker gene GFP already has been functional; therefore, levels of GFP expression 
obtained at 24 hpi reflect the amount of infectious viral particles being taken up by the 
target cells. Black bars depict results obtained at multiplicities of infection of 1 (MOI of 1; 
meaning employment of 1 infectious viral particle per targeted cancer cell), whereas 
white bars show results obtained at MOI of 10. Pancreatic cancer cell lines are aligned 
from left to right displaying highest to lowest expression levels of CD46 at MOI 1 and 10. 

 

All tested human pancreatic cancer cell lines were susceptible to measles 

vaccine virus infection. The primary infection rate was dependent on time 

(extension of time period to 48h) and quantity of viral particles used for infection 

(compare results obtained with MOI 1 versus MOI 10). For measurement of the 

infection rate, MeV-GFP was used. In Fig. 15a, viral spreading is depicted via 

fluorescence microscopy using Panc-1 tumor cells, exhibiting a much higher level 

of CD46 expression in comparison to cell line Capan-1. Results being obtained 

primarily optically by fluorescence microscopy were further quantified via flow 

cytometry (see Fig. 15b). 24 hpi, using a MOI of 1, primary infection rates were 

found to range from 24.9 % for Panc-1 to 3.6 % for Capan-1. As expected, 

infection rates were found to be increased using a higher MOI of 10.  

 

3.1.3 Cytotoxic effect of 5-FU on pancreatic cancer cell lines  

The used oncolytic virus MeV-SCD encodes the highly active suicide gene SCD 

(comprising a fusion of a yeast cytosine deaminase and a yeast uracil phospho-
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ribosyltransferase) which enables infected tumor cells to convert the non-toxic 

prodrug 5-FC into 5-FU intracellularly. Sulforhodamine-B (SRB) viability assays 

were performed to analyze the cytotoxic effect of different concentrations of 5-

FU on the defined panel of eight human (uninfected) pancreatic cancer cell lines 

(see Fig. 16). 

 

Fig. 16: SRB tumor cell viability assay with all eight tested human pancreatic 
cancer cell lines being performed at 72 hours of exposure to 5-FU (at 
concentrations ranging from 1 nmol/l to 1 mmol/l). 

 

These experiments showed that 5-FU is able to kill human pancreatic cancer cells 

in a dose-dependent manner. In all tested cell lines, 5-FU concentrations greater 

than 0.1 mmol/l were needed to decrease tumor cell viabilities to less than 50 % 

in comparison to the controls (Fig. 16). Interestingly, the susceptibilities of the 

pancreatic cancer cell lines to 5-FU treatment were not found to correlate with 

CD46 expression nor with MeV-SCD infection rates. 
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3.1.4. Oncolytic effect of MeV-SCD on pancreatic cancer cell lines 

In order to determine the oncolytic potential of MeV-SCD, the used cell lines 

were infected with MeV-SCD for 96 hpi and additional treated with or without 

the prodrug 5-FC (Fig. 17a). 

 

Fig. 17a: SRB-viability assays at 96hpi with MeV-SCD with and without addition of 
the prodrug 5-FC. Viral concentration ranges from MOI 0 (MOCK control), 1 to 10. 
Primary resistance to the oncolytic effect (horizontal dotted line) is defined by a remaining 
cell mass > 50 % of control at MOI 1, 96 hpi. 

 

 

Fig. 17b: Response to MeV-SCD-mediated oncolysis. All eight cell lines of the used 
panel of human pancreatic cancer cell lines were infected with MeV-SCD (MOI 1) and 
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incubated at 3 hpi with or without the prodrug 5-FC (1 mM). At 96 hpi, tumor cell viabilities 
were quantified using the SRB viability assay. Alignment of the eight human pancreatic 
cancer cell lines from weakest (to the left) to strongest (to the right) oncolytic effect. The 
dotted horizontal line marks the cutoff being used for definition of primary resistance to 
MeV-SCD oncolysis, i.e. more than 50 % viable tumor cells at 96 hpi in comparison to 
uninfected control tumor cells (MOCK). 

 

All eight tested human pancreatic cancer cell lines were responsive to MeV-SCD 

mediated oncolysis, albeit in a dose dependent manner (see Fig. 17a). 

Interestingly, seven out of eight tumor cell lines showed less than 50 % viability 

at 96 hpi without additional application of the prodrug 5-FC. Only one tumor cell 

line, Capan-1, displayed a high primary resistance to oncolysis by MeV-SCD with 

a viability rate > 75 % at 96 hpi. With addition of the prodrug 5-FC, the oncolytic 

effect was significantly enhanced in seven out of eight tumor cell lines. Only in 

Panc-1 tumor cells, addition of 5-FC had no additional beneficial effect; however, 

Panc-1 tumor cells had been found to be already very susceptible to MeV-SCD 

displaying the largest reduction in tumor cell mass at 96 hpi in absence of 5-FC; 

therefore, it was not expected that addition of 5-FC could enhance the extent of 

tumor cell destruction any further. 
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3.1.5. Kinetics of MeV-NP and SCD expression in the course of infection with 

MeV-SCD 

 

Fig. 18: Western blot analysis showing expression of MeV-NP (60 kDa) and SCD 
(35 kDa) at 24, 48, 72 and 96 hpi with MeV-SCD. In contrast to mock treated cells, all 
infected (MOI 1) cell lines did express wild-type viral (MeV-NP) and inserted transgene 
encoded (SCD) proteins. Viral protein expression differed from high expression already 
at 24 hpi (e.g. Panc-1) to low / moderate expression beginning at 48 hpi (Capan-1); both 
cell lines highlighted in red. Vinculin (115 kDa) served as control. 

 

In order to confirm the principle of enhanced MeV-SCD-mediated oncolysis via 

prodrug conversion, viral protein expression needed to be detected. For this 

purpose, the used eight cell lines were infected with MeV-SCD at MOI 1 and 

western blots were performed at 24, 48, 72 and 96 hpi (Fig. 18). The defined 

target proteins were the nucleocapsid-protein (MeV-NP), being expressed in the 

wildtype measles vaccine virus, and the SCD-protein (MeV-SCD), which is only 

expressed in our oncolytic measles virus by transgene insertion. Vinculin served 

as a cellular control. In all eight tested pancreatic cancer cell lines infected with 

MeV-SCD, viral protein production was detected, which indicates sustainable 

viral replication. It also became evident that viral protein production correlates 

with the oncolytic effect: Panc-1 (which was the most susceptible cell line to MeV-
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SCD mediated oncolysis without addition of prodrug 5-FC) showed massive viral 

protein production already 24 hours post infection, whereas Capan-1 (which was 

the least susceptible cell line to MeV-SCD mediated oncolysis) showed delayed 

viral protein production, starting 48 hours post infection. 

 

3.2. Oncolytic vaccinia virus (GLV-1h94) 

3.2.1. Oncolytic effect of GLV-1h94 on pancreatic cancer cell lines 

To find evidence for a general susceptibility of pancreatic cancer cells to oncolytic 

virotherapy, a second / different virus needed to be evaluated. The oncolytic 

vaccinia virus GLV-1h94 uses a different entry mechanism than the measles 

vaccine virus, but harbors the same prodrug-convertase-system as MeV-SCD.  

In order to determine the oncolytic potential of GLV-1h94, the used cell lines were 

infected with GLV-1h94 for 96 hpi and additional treated with or without the 

prodrug 5-FC (Fig. 19a). 

 

Fig. 19a: SRB-viability assays 96 hpi withGLV-1h94 with and without addition of 
prodrug 5-FC. Viral concentration ranged from MOI 0 (MOCK control), 0.001 to 0.1. The 
50 % viability is highlighted as horizontal dotted line.  
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Fig.19b: Response to GLV-1h94-mediated oncolysis. All eight cell lines of the used 
panel of human pancreatic cancer cell lines were infected with GLV-1h94 (at MOI 0.1) 
and incubated starting from 3 hpi with or without the prodrug 5-FC (1 mM). At 96 hpi, 
tumor cell viabilities were quantified using the SRB viability assay. Alignment of the eight 
human pancreatic cancer cell lines from weakest (to the left) to strongest (to the right) 
oncolytic effect. The dotted horizontal line marks the cutoff being used for definition of 
primary resistance to GLV-1h94 oncolysis, i.e. more than 50 % viable tumor cells at 96 
hpi in comparison to uninfected control tumor cells (MOCK). 
 

 

Fig. 19c: SRB-viability assays 96h post GLV-1h94 infection with and without 
addition of prodrug 5-FC. Viral concentration ranges from MOI 0.001 to 10. Primary 
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resistance to oncolytic effect (horizontal dotted line) is defined by remaining cell mass at 
MOI 0.1, 96 hours post infection > 50 % of control. 

 

All nine tested human pancreatic cancer cell lines were also susceptible to GLV-

1h94-mediated oncolysis, same as for MeV-SCD in a dose / time dependent 

manner (see Fig. 19). Because of the shorter replication cycle of vaccinia virus 

compared to measles vaccine virus, the cutoff for primary resistance was defined 

at 50 % viability at MOI 0.1 at 96 hpi (50 % viability at MOI 1 at 96 hpi for MeV-

SCD). That definition given, two out of nine pancreatic cancer cell lines were 

found to be primarily resistant to GLV-1h94-mediated oncolysis. Interestingly, it 

was again the cell line Capan-1 which showed only minimal susceptibility to this 

vaccinia virus-mediated virotherapeutic approach. The other resistant cell line to 

GLV-1h94 treatment was MIA PaCa-2, which was highly susceptible to MeV-

SCD-mediated oncolysis.  

Furthermore, the addition of the prodrug 5-FC to GLV-1h94-infected cells did not 

generally enhance GLV-1h94-mediated oncolysis. 5-FC addition only enhanced 

the oncolytic effect in four but hampered significantly oncolysis in five out of nine 

cell lines. 

Apart from Capan-1, as the most resistant cell line for both used viruses, there 

was no correlation between the oncolytic effect of MeV-SCD and GLV-1h94. 

Thus, different outcome patterns can be expected concerning the features of 

these two distinct virotherapeutic vectors in terms of resistance or susceptibility 

in human pancreatic cancer cell lines, when used under the same conditions. 

This is of great interest for the further development of the suicide gene "armed" 

virotherapy as a novel approach for the treatment of locally advanced or 

metastatic pancreatic cancer. 
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4. Discussion 

Oncolytic virotherapy is a novel and promising approach in cancer treatment. The 

concept has been preclinically investigated since the 1990s (Russel et al., 2012), 

with several clinical trials, using different viruses in different tumor entities (Haller 

et al., 2020) (Li et al., 2020) with the first virotherapeutic compound being FDA- 

and EMA-approved in 2015. An ideal oncolytic virus is able to selectively target 

cancer cells while sparing healthy tissue. The virus is replication competent in 

order to achieve a long-lasting, self-sustaining tumor control. It is easily 

administered and its genome is open for transgene-insertion in order to enhance 

the oncolytic activity or to facilitate viral spread within the tumor. Of course, the 

ideal oncolytic virus is safe to use, having only few, flu-like side effects for the 

treated patient. MeV-SCD and GLV-1h94 share many of the above listed 

characteristics of an ideal oncolytic virus and could therefore be considered as 

novel tools especially for the treatment of locally advanced or metastatic 

pancreatic cancer. 

 

This thesis work specifically investigated whether the use of two different types 

of suicide gene-encoding viruses (MeV-SCD and GLV-1h94) would overcome 

patterns of oncolysis resistance in human pancreatic cancer cell lines. For this 

purpose, a cell culture panel, consisting of nine different pancreatic cancer cell 

lines, derived from different origins (primary site and metastasis; male and female 

original hosts) was defined which should resemble a good spectrum of human 

pancreatic cancers for this in vitro study.  

The used cell lines not only differed in growth behavior and morphology, but also 

in molecular characteristics, in terms of genetic alterations. All examined cell 

lines, regardless of different distinctions, overexpressed the entry receptor CD46 

for MeV-SCD, hence making these cell lines susceptible to infections with MeV-

SCD(/-GFP). CD46 expression rates showed a linear correlation with MeV 

infection rates, thus confirming the concept of the viral entry receptor being 

essential for viral uptake and spread. We could also prove that infected cells 

started expression of viral proteins within 24 hpi. This was found to be true also 

for the inserted suicide transgene. Most importantly, the MeV-mediated oncolysis 
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also correlated with the primary infection rate, confirming our assumption, that 

infected cancer cells are unable to clear the infection and thus will be terminated 

inevitably. The oncolytic effect was found to be time and dose dependent. Only 

the cell line Capan-1 showed a primary resistance to MeV-mediated oncolysis 

with still a viability > 50 % at MOI 1 at 96 hpi. This resistance to primary oncolysis 

was overcome by addition of the prodrug 5-FC, which resulted in enhancement 

of the oncolytic potential due to an additional "local" 5-FU-mediated cytotoxic 

effect in almost all examined cell lines.  

In 1993 an experiment on the hepatopancreatic uptake and elimination of 5-FU, 

based on an animal model (mongrel dogs) was performed. Even the intravenous 

bolus administration of 15 mg/kg 5-FU, which equals the LD50 for rabbits, wasn’t 

enough to reach pancreatic fluid concentrations of 5-FU greater than 0.1 mmol/l 

(Stein et al., 1993). Therefore, it becomes evident that 5-FU concentrations 

needed to successfully treat pancreatic cancer can’t be delivered solely 

intravenously and that the possibility of locally-induced targeted chemotherapy 

with 5-FU would provide an immense benefit. 

The investigated cell lines were also found to be susceptible to treatment with the 

suicide gene-encoding vaccinia virus GLV-1h94. Of interest, the oncolytic effect 

of GLV-1h94 did not correlate with MeV-SCD-mediated oncolysis. The oncolytic 

effect of GLV-1h94 was, same as for MeV-SCD, dose dependent. Primary 

resistances of two cell lines could be overcome by a simple dose escalation 

(usage of higher MOIs). Interestingly, the application of the prodrug 5-FC 

enhanced the oncolytic activity in only four of the nine examined cell lines. 

5-FU is known to compromise viral replication (McCart et al., 2000). In vitro 

experiments with MeV-SCD, analyzing different timepoints and approaches of 5-

FC application, already have been performed. Whereas the form of application 

(pulsed vs. continuous) didn’t significantly influence the oncolytic effect, the 

timepoint was important (Yurttas et al., 2014). Application of 5-FC already at 3 

hpi hampered viral spread, probably because the antimetabolite 5-FU is also able 

to hamper viral replication. This might explain, why the DNA-Virus GLV-1h94 was 

more affected by 5-FC addition that MeV, an RNA-Virus. 
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The results of this dissertation are purely based on in vitro data, obtained from 

cell lines that were cultivated for the experiments. As mentioned in the intro-

duction (see chapter 1.1.2), the tumor-environment plays a crucial role in the 

development and sustainment of pancreatic cancer. There certainly are major 

differences between a 2-dimensional clonal cell layer in a petri dish or well plate, 

compared to a 3-dimensional tumor, with all its heterogeneity, stromal tissue and 

blood supply. A large proportion of PDAC tumor masses consists of non-

malignant myofibroblasts and extracellular matrix material (Ryan et al., 2014). 

Viral cell-to-cell spread and especially the formation of syncytia will most likely be 

hampered by the dense stromal surroundings of the actual tumor cells. This 

problem might be addressed in this dissertation by the interesting treatment 

response of the cell line Capan-1, which was the least susceptible cell line to both 

MeV-SCD and GLV-1h94 treatment. It was in fact the cell line with the lowest 

CD46 density on its surface. But as both viruses (MeV-SCD and GLV-1h94) rely 

on totally different cell entry mechanisms, the common feature might also be due 

to its specific growth pattern in cell culture. From all nine different cell lines used 

for the experiments, Capan-1 was the only cell line which did not form a coherent 

cell layer in the wells / culture flasks during the examined time span of 96 hpi. It 

grew as cell nests, each containing only few cells with large gaps between the 

nests. Since MeV-SCD not only spreads via cell lysis and release of new 

infectious viral particles, but also by cell-to-cell fusion and formation of giant-cell 

multinucleated syncytia, and vaccinia virus also spreads by cell-to-cell contact, 

passing intracellular enveloped viruses (IEV) from an infected to a neighbouring 

cell, the incoherent growth pattern of Capan-1 probably physically hampers this 

form of viral spread. Some attempts which specifically target this problem have 

already been performed by establishing in vitro 3-dimensional tumor cell cultures, 

some of which have recently been analyzed in the context of virotherapeutic 

research (Kloker et al., 2018) and by forming patient-derived pancreatic tumor 

organoids in order to predict response to (adenovirus-mediated) oncolytic 

virotherapy (Raimondi et al., 2020). Another interesting approach is the 

development of a virtual / mathematical model of how oncolytic viruses spread 
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through pancreatic cancer, which has recently successfully been developed 

(Chen et al., 2020).  

 

From a different therapeutic perspective, the tumor surrounding doesn’t 

necessarily need to be seen as a barrier for oncolytic virotherapy. In fact, many 

therapeutic compounds, like cytotoxic chemotherapy, are already naturally 

hampered by the tumor microenvironment. In this context, oncolytic virotherapy 

could be considered as an immune-modulator in a combination therapy (Tassone 

et al., 2020). This therapeutic approach has already led to some clinical trials with 

combination therapies of OV and conventional chemotherapy, (see chapter 

1.2.5), but the results have been disappointing so far. 

 

Apart from the disregard of stromal tissue in this cell-culture-based study, another 

limitation that needs to be addressed would be the missing inclusion of an 

adaptive immune system. In order to spread within a tumor and work to its full 

potential (as displayed in most cell-culture-based models), oncolytic viruses have 

to reach the tumor site. Most clinical trials examining PDAC treatment with 

oncolytic viruses eluded this problem by direct intratumoral injection (Haller et al., 

2020). Still, if the virus starts to infect the tumor (which it is supposed to do), the 

adaptive immune system will eventually get triggered, interact and try to 

neutralize the virus. Due to the cell culture approach of this thesis, this aspect 

could not be examined in this study and needs further investigations. 

 

In summary, this dissertation provides evidence for the efficacy of MeV-SCD and 

GLV-1h94 as therapeutic agents in combination with 5-FC for the treatment of 

pancreatic cancer.   

 

 

Perspectives 

At the time, one can say that there are two different approaches of how oncolytic 

virotherapy might contribute to clinical oncology in the future: improving virus 
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mediated oncolysis vs. utilizing the virus as immunomodulatory co-factor in a 

combination therapy with lesser focus on the virus-induced oncolysis. 

 

By genetic alteration / modification, the possibilities of “sharpening the weapons” 

of oncolytic viruses are sheer endless. Different strains of numerous types of 

viruses are yet to be evaluated in preclinical or even clinical trials, aiming to 

establish oncolytic viruses as therapeutic add-on or even alternative to 

conventional cytotoxic chemotherapies (Lin et al., 2023).  

For example, a recombinant version of the quite virulent vesicular stomatitis virus 

(VSV), was recently genetically modified to use the MeV-entry receptor CD46. 

This aims to improve the safety of VSV derived virotherapy by limiting side effects 

by targeting it more precisely at CD46-expressing malignant tumors. 

Interestingly, this concept worked fine with hepato-biliary and pancreatic cancer 

cells in vitro, whereas the recombinant VSV was only able to control the hepato-

biliary tumor cells, but not the pancreatic cancer cells in a mouse xenograft model 

(Nagalo et al., 2020). 

Another, much-noticed example for the therapeutic benefit of OV treatment has 

very recently been published, when 37 patients with triple-negative breast cancer 

have been treated with the HSV-1 derived oncolytic virus T-VEC in the 

neoadjuvant setting. In this study, all patients were treated with the standard-of-

care chemotherapy regimen with paclitaxel, doxorubicin, cyclophosphamide and 

pegfilgrastim in combination with (up to) five intratumoral injections of T-VEC. 65 

% of the treated patients had a clinically significant response, compared to a 

(literature based) 44 % response rate for chemotherapy only (Soliman H et al., 

2023). 

 

Virotherapy combined with immunotherapy 

One major disadvantage of in vitro models will always be the missing interaction 

of the OV with a fully intact, human host immune system, which has to be 

considered when studying a replication competent virus as a therapeutic agent. 

The fact that the only FDA- / EMA-approved virotherapeutic T-VEC showed 

clinical efficiency / benefit for the treatment of malignant melanoma, might 
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certainly be due to host-immune-system interactions. Melanomas are known for 

their high immunogenicity in comparison to other tumor entities, meaning that the 

host immune system is more likely to detect and fight melanoma cells. This has 

led to the emerging field of cancer immunotherapy, e.g. usage of immune 

checkpoint inhibition, which successfully aims to achieve tumor control by 

modulating the patient’s immune system against the tumor (Pardoll DM, 2012). 

For the discovery of the principle of checkpoint inhibition, James P. Allison and 

Tasuku Honjo were awarded with the Nobel prize in Physiology or Medicine in 

2018.  

There is evidence, that oncolytic virotherapy can contribute to an immune 

checkpoint blockade targeted therapy (Harrington et al., 2019) (Ripp et al., 2022). 

Lymphocytic infiltration of tumors seems to be associated with improved survival, 

thought to be due to increased immunogenicity by tumor inflammation (Gibney et 

al., 2016). Oncolytic viruses could be utilized to induce such inflammation, thus 

enhance the host immune response against the tumor, which could work 

synergistic with an immune checkpoint inhibition (Melcher et al., 2021). Preclinical 

experiments with an oncolytic Newcastle disease virus (NDV) showed very 

interesting results, as the intratumoral injection of the virus had led to migration 

of tumor-specific CD4+ and CD8+ to distant tumor manifestations. The 

combination of the NDV intratumoral treatment with systemic application of a 

checkpoint-inhibitor could even increase the therapeutic response (Zamarin et 

al., 2014). Another preclinical study evaluated the oncolytic potential of a 

genetically engineered orthopoxvirus, armed with a sodium iodine symporter and 

an anti-PD-L1-antibody in a PDAC peritoneal carcinosis mouse model with 

promising results (Woo et al., 2020). A recently published study utilized a 

mismatch repair-deficient colorectal carcinoma mouse model for the combination 

of immune checkpoint inhibition, low-dose chemotherapy and oncolytic HSV-1 

mediated virotherapy (El-Sayes et al., 2022). The combination therapy induced 

CD4+ and CD8+ lymphocyte as well as dendritic cell infiltration into the tumor. 

First human trials have also been attempted. An uncontrolled, phase Ib clinical 

trial (n=21), investigating a combination therapy of T-VEC and pembrolizumab for 

the treatment of melanoma showed an overall response rate of 66 % with a 
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complete response rate of 33 % (Ribas et al., 2017). Although, the enrollment 

criteria didn’t state that directly, 11 out of the 21 patients (52 %) had already been 

treated prior to the virotherapeutic treatment approach. 

Another recent multicenter, parallel-cohort, phase Ib trial used T-VEC in 

combination with the anti-PD-L1 antibody atezolizumab for the treatment of triple-

negative breast cancer (n=10) and colorectal carcinoma (n=24) which had 

already developed liver metastasis. T-VEC was administered via intratumoral 

injection. Of all patients treated in this trial, only one patient in the breast cancer 

cohort had a partial response and none in the colorectal cancer cohort (Hecht JR, 

2023). Tumoral PD1-expression was not examined in this trial, but still the limited 

antitumor activity clearly indicates that further investigation in this field is needed. 

 

One can state, that the future of oncolytic virotherapy will most likely be in the 

field of cancer immunotherapy. There is enough evidence which supports the 

idea that virotherapy may contribute to a better response to immune checkpoint 

inhibition. Although it is an emerging field, to date there are only few tumor entities 

which do respond primarily well to cancer immunotherapy. Pancreatic cancer 

remains a dismal prognosis to date. Although cancer immunotherapy can be seen 

as revolutionary, only a very small proportion of PDAC (< 2 %) show clinical 

features which may lead to immune checkpoint susceptibility (Ahmad-Nielsen et 

al., 2020). 

Virotherapy may find its clinical standing as an immune modulator, changing the 

tumors microenvironment and making it more susceptible to immunotherapy. 
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Summary 

Pancreatic cancer is one of the leading causes for cancer related death in 

Germany. Many patients already present with a locally advanced or even 

metastatic state of this dismal disease. Therapeutic options at this stage are 

limited and the benefit in terms of prolonged overall survival is still 

underwhelming.  

Oncolytic virotherapy is a relatively novel therapeutic approach for the treatment 

of extensive disease cancer. The oncolytic measles vaccine virus MeV-SCD as 

well as the oncolytic vaccinia virus GLV-1h94 encode for a clinically useable 

prodrug convertase system, enabling infected cells to convert nontoxic 5-

fluorocytosine into the well-known chemotherapeutic compound 5-fluorouracil 

intracellularly. Both viruses have been shown to exert great oncolytic activity 

against a variety of different cancer cell lines. 

This dissertation aimed to find proof if the two different suicide gene-encoding 

oncolytic viral vectors MeV-SCD and GLV-1h94 were able to infect and lyse 

pancreatic cancer cells in an in-vitro model. This was done by FACS-analysis, 

fluorescence microscopy, cell viability assays and western blotting.  

All eight pancreatic cancer cell lines were susceptible to the OV treatment in a 

dose / time dependent manner. Primary resistance could be overcome by dose / 

time escalation and activation of the prodrug-convertase system by additional 

treatment with 5-FC. With both viruses being replication competent therapeutic 

agents, their mechanism of intratumoral spreading and oncolysis differed a lot, 

leading to completely different outcome patterns.  

The finding, that both MeV-SCD and GLV-1h94 were able to infect pancreatic 

cancer cells, knowing that tumor infection can change the tumor 

microenvironment, contributing to a better immune response raises hope, that 

one day oncolytic virotherapy might function as an immunotherapy-enabler.  

Of course, this needs further evaluation / optimization, as in the future there may 

be a variety of different oncolytic viruses of different viral strains encoding for 

different transgenes to choose from. 
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