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Abstract

Cancer remains a major public health challenge and entities such as glioblastoma (GBM) and pancreatic
ductal adenocarcinoma (PDAC) are particularly difficult to treat with the currently available therapeutics:
Immune privileged locations, a challenging tumor microenvironment and often-occurring treatment
resistances underline the need for novel therapeutic strategies. Radiotherapy is a cornerstone of cancer
management and has benefited immensely from technological advances. Nevertheless, dose-limiting
toxicities and relapse due to treatment resistance are frequent. A promising approach to increase
treatment efficacy is the combination with immunotherapies. Oncolytic viruses, such as the vaccine strain
of measles virus (MeV), are one such immunotherapeutic approach: MeV has a natural cancer tropism,
lyses tumor cells and induces an anti-tumor immune response. However, MeV monotherapies have shown
limited therapeutic efficacy in solid tumors. Preclinical data indicates that combining MeV with
radiotherapy can produce synergistic effects and a favorable (innate) immune activation, although
interferon (IFN)-mediated antiviral responses can also restrict MeV replication. | thus hypothesized that
the addition of a second oncolytic vector, parvovirus, known to suppress the IFN response, could further
enhance treatment efficacy. Through RNA sequencing, | characterized the combination of MeV and
radiotherapy and observed distinct immune induction patterns in the combination. | then identified
candidate cell lines from a panel of GBM and PDAC cell lines with the desired intact IFN signaling capacity,
showing attenuation of MeV replication. In these models, | assessed cytotoxicity, synergy and the potential
mechanisms of dual (PV + MeV) and triple (radiation + PV + MeV) therapy. Dual virotherapy produced
additive cytotoxic effects alongside PV-mediated IFN suppression. While MeV replication was unaffected,
its transgene expression was markedly reduced during co-infection. Triple radiovirotherapy demonstrated
enhanced cytotoxicity and synergy in GBM cells at specific dose combinations, accompanied by modest
IFN dampening and an increase in the immunogenic cell death (ICD) marker calreticulin. | additionally
employed a heterotypic spheroid model, where the MeV-mediated IFN response was reduced when
combined with certain PV doses, but cytotoxicity was not enhanced. On the contrary, triple combinations
showed an antagonistic pattern. Finally, | generated and characterized murine cell lines expressing the

MeV entry receptor for future in vivo evaluation.

Overall, | performed a comprehensive analysis of (triple) radiovirotherapy. The variable treatment efficacy
reflects the complexity of analyzing advanced combination approaches in vitro. Nevertheless, synergistic
combinations were identified, suggesting a potential therapeutic benefit for selected cancer patients

suffering from refractory cancers such as PDAC and GBM.



Zusammenfassung

Krebs ist nach wie vor eine groBe Herausforderung fiir die 6ffentliche Gesundheit, insbesondere
Erkrankungen wie Glioblastom (GBM) und duktales Adenokarzinom des Pankreas (PDAC) sind mit den
derzeit verfligbaren Therapeutika schwer zu behandeln: Immunprivilegierte Lokalisationen, ein
schwieriges Tumormikromilieu und haufig auftretende Therapieresistenzen belegen die Notwendigkeit
neuer therapeutischer Strategien. Strahlentherapie ist ein Eckpfeiler der Krebsbehandlung und hat von
technologischen Fortschritten enorm profitiert. Dennoch treten haufig dosislimitierende Nebenwirkungen
und Rickfalle aufgrund von Therapieresistenzen auf. Ein vielversprechender Ansatz zur Steigerung der
therapeutischen Wirksamkeit ist die Kombination mit Immuntherapien. Onkolytische Viren, wie
beispielsweise der Impfstamm des Masernvirus (MeV), sind ein solcher immuntherapeutischer Ansatz:
MeV hat einen natlrlichen Tropismus fiir Krebszellen, lysiert sie und induziert eine Antitumor-
Immunantwort. Allerdings haben MeV-Monotherapien bei soliden Tumoren nur eine begrenzte
therapeutische Wirksamkeit gezeigt. Praklinische Daten deuten darauf hin, dass die Kombination von MeV
mit Strahlentherapie synergistische Effekte und eine erhdhte (angeborene) Immunaktivierung hervorrufen
kann, obwohl Interferon (IFN)-vermittelte antivirale Reaktionen auch die MeV-Replikation einschranken
kénnen. Ich stellte daher die Hypothese auf, dass die Zugabe eines zweiten onkolytischen Vektors, des
Parvovirus, von dem bekannt ist, dass es die IFN-Reaktion unterdriickt, die Wirksamkeit der Behandlung
verbessern kann. Mittels RNA Sequenzierung charakterisierte ich die Kombination aus MeV und
Strahlentherapie und beobachtete dabei Unterschiede der Immuninduktionsmuster zwischen MeV und
der Kombinationstherapie. AnschlieBend identifizierte ich aus einer Reihe von GBM- und PDAC-Zelllinien
Kandidaten mit der gewlinschten intakten IFN-Signalkapazitat, in denen die MeV-Replikation attenuiert
war. In diesen Modellen bewertete ich die Zytotoxizitat, Synergie und potenziellen Mechanismen einer
dualen (PV + MeV) oder dreifachen (Bestrahlung + PV + MeV) Therapie. Die duale Virotherapie fihrte
neben der PV-vermittelten IFN-Suppression zu additiven zytotoxischen Effekten. Wahrend die MeV-
Replikation nicht beeintrachtigt war, war die Transgenexpression wahrend der Koinfektion deutlich
reduziert. Die dreifache Radiovirotherapie zeigte bei bestimmten Dosiskombinationen eine verstarkte
Zytotoxizitat und Synergie in GBM-Zellen, begleitet von einer moderaten IFN-Dampfung und einem
Anstieg des Markers fiir immunogenen Zelltod (ICD), Calreticulin. Zusatzlich verwendete ich ein
heterotypisches Spharoidmodell, bei dem die MeV-vermittelte IFN-Reaktion in Kombination mit
bestimmten PV-Dosen reduziert war, die Zytotoxizitat jedoch nicht verstarkt wurde. Im Gegensatz dazu

zeigten Dreifachkombinationen ein antagonistisches Muster. SchlielRlich generierte und charakterisierte



ich murine Zelllinien der beiden Entitdten, die den MeV-Eintrittsrezeptor exprimieren, fir zukinftige in-

vivo Versuche.

Insgesamt habe ich eine umfassende Analyse der (dreifachen) Radio-Virotherapie durchgefiihrt. Die
variable Wirksamkeit der Behandlung zeigt die Komplexitdit der Analyse fortgeschrittener
Kombinationsansatze in vitro. Dennoch wurden synergistische Kombinationen identifiziert, die auf einen
potenziellen therapeutischen Nutzen fiir ausgewdhlte Krebspatienten mit refraktaren Krebsarten wie

PDAC und GBM hindeuten.
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Introduction

1. Introduction

1.1. Cancer is a global public health crisis
In an aging society, cancer is becoming an increasing public health concern. Already among the leading
causes of death worldwide, estimates suggest that cancer incidences will rise by 77 % until 2050. While
implementation of prevention and screening programs as well as advances in medical oncology have led
to a reduction of cancer-related deaths in high-income countries, certain cancer entities are still expected
to increase in both incidence and mortality.2® These include malignancies with less well-defined etiologies,
those requiring more invasive screening procedures, lacking reliable diagnostic biomarkers, and those

resistant to current treatment modalities or without targeted therapeutic options.

Two of these difficult-to-treat cancer entities were the focus of my PhD project: Glioblastoma (GBM) and

pancreatic ductal adenocarcinoma (PDAC).

1.1.1.  Glioblastoma
Malignant tumors of the brain have an incidence of about seven newly diagnosed cases yearly among
100,000 persons worldwide.>* 80 % of these are subsumed as “gliomas” and originate from neural stem
or glial progenitor cells. Following the 2021 WHO classification, the heterogeneous group of gliomas is
further subdivided according to histological features and molecular biomarkers. The largest subgroup is
“adult-type diffuse gliomas” and comprises 90 % of cases. Within this subgroup, glioblastoma (GBM) is a
grade IV occurrence and differentiated from a grade IV astrocytoma by its non-mutated (wildtype)

isocitrate dehydrogenase (IDH) status.>®

GBM has no clear etiology. Exposure to ionizing radiation is the only well-defined risk factor. Otherwise,
only age clearly correlates with incidence with a median age of diagnosis at 65.%” Patients can be
asymptomatic or present with focal or generalized symptoms that include headaches, seizures, sensory
loss or aphasia. GBM progresses rapidly and symptoms may thus develop accordingly within days to weeks.
Due to the aggressive nature of GBM, high occurrence of resistance to therapy and the immune-privileged
location, prognosis is poor with median survival of approximately 1.5 years and 5-year survival of only less

than 5 %.%° The latter has not significantly improved in the last decades.?

For glioblastoma, standard of care is a multimodal treatment approach: When possible, patients initially
undergo surgery with maximal tumor resection. However, this is not an option for all patients since a
patient’s general condition and/or the tumor localization/extend may not allow for surgery with an
acceptable risk and/or the preservation of sufficient neurological function. Independent of surgery,

1



Introduction

patients receive radiochemotherapy in accordance with the Stupp protocol: This most recent major
advancement in GBM therapy was the addition of temozolomide (TMZ) to the treatment regimen after a
landmark study by Stupp et al in 2005.1° Now, patients receive daily TMZ concurrently to radiotherapy
with 5 weekly doses of 2 Gy over 6 weeks, adding to a total of 60 Gy. After conclusion of radiotherapy,
adjuvant chemotherapy continues for 6 months. In the aforementioned study, this resulted in an increase
in 5-year survival from 1.9 % (radiotherapy alone) to 9.8 % (Stupp protocol).!! TMZ is an alkylating
chemotherapeutic agent and thus benefit is greatest for patients with methylation of MGMT promoter
and resulting impairs of DNA repair. Accordingly, patients with unmethylated MGMT promotor and those
with recurrent GBM after first line therapy have limited therapeutic options and are encouraged to

participate in clinical trials.

Although novel classes of drugs have transformed medical oncology over the past decade, none have yet
been approved for glioblastoma or demonstrated a substantial clinical benefit: Antiangiogenic agents,
such as bevacizumab, showed some benefit in progression-free survival, but this was accompanied by an
increased toxicity and overall survival remained unchanged.®>** Clinical phase Il trials of immunotherapies
such as immune checkpoint inhibitors (ICl) or CAR T cell therapy have not shown improvement in overall
survival. Notably, trials with oncolytic viruses (OVs) including Herpes Simplex Virus (HSV)*®, Parvovirus'®
and Poliovirus'” have shown promising results in terms of safety as well as survival and/or immune

activation.

All'in all, the limited improvement in the clinical management of GBM shows the need to investigate novel

treatment and combination regimens.

1.1.2.  Pancreatic ductal adenocarcinoma
The most common cancer of the pancreas is pancreatic ductal adenocarcinoma (PDAC), constituting more
than 90% of all cases.® 510,566 cases of pancreatic cancers were diagnosed worldwide in 2022 and there
is a 0.89 % global lifetime risk of developing PDAC with a near-equal risk (0.85 %) of dying from the
disease. Incidence is rising and PDAC is estimated to be the most common cause of cancer-related death

after lung cancer by 2030.%°

Tumorigenesis is well characterized and usually somatic: Glandular epithelial cells of the pancreas acquire
a mutation of the KRAS oncogene and subsequent mutations of tumor suppressor genes (TP53, CDKN2A
and SMAD4A) accumulate, driving progression from precursor lesions such as pancreatic intraepithelial
neoplasia to invasive carcinoma. Beyond its genetic hallmarks, PDAC develops a uniquely challenging
tumor microenvironment (TME). The TME is characterized by pronounced fibrosis, with pancreatic stellate
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cells (PSCs) transitioning from quiescence to activity, producing excessive extracellular matrix (ECM) and
increasing tissue stiffness and interstitial pressure. These changes confer resistance to drug delivery and
further complicate treatment outcomes. The PDAC TME is also notoriously immune-excluded, populated
with immunosuppressive cells—most notably tumor-associated macrophages (TAMs) and regulatory T

cells—that hinder anti-tumor immune responses.?

Risk factors for developing PDAC are well-described. Estimations indicate that up to 21-36 % of PDAC cases
could be inherited, making family history of PDAC a strong risk factor.?? Modifiable risk factors include
smoking, obesity and alcohol consumption. Despite these known risk factors and well-defined
tumorigenesis, early diagnosis remains rare: Current imaging modalities (including CT/MRI-scans of the
abdomen or (endoscopic) ultrasound) and known tumor markers (CA19-9 and CEA?®) are not suitable for
screening of asymptomatic patients due to inaccuracy, lacking specificity and overall low incidence.?* In
addition, patients usually present with non-specific symptoms such as abdominal pain, jaundice,
indigestion, or weight loss. Consequently, PDAC is often only diagnosed at advanced-stage disease, which
leads to the dismal prognosis of only 4 months median survival overall and a 5-year survival rate of 13 %.%
The latter group of long-term survivors comprises those that present with a resectable tumor and undergo

surgery without residual disease (R0).?

Standard of care depends on the stage of disease and varies between countries. In patients with localized
disease, surgery is indicated either after or before (neo-)adjuvant chemotherapy, depending on
respectability. 57 % of patients present with metastasized disease. These are currently not recommended
to undergo surgery nor be treated with curable intend. Then, palliative chemotherapy is usually advised.
Chemotherapy regimens usually include (m)FOLFIRINOX (5-fluorouracil with leucovorin, irinotecan, and
oxaliplatin) or gemcitabine-based therapies (gemcitabine/nab-paclitaxel or gemcitabine mono), based on
the general condition of the patient.?? Radiotherapy is not included as standard of care but may be added
in addition to chemotherapy for both localized or metastatic disease. However, there is limited evidence
of benefits: While a higher RO resection rate was described when chemotherapy was followed by
preoperative radiotherapy, a randomized phase 2 trial found chemotherapy alone to be more favorable

for overall survial.?6%’

Novel treatment strategies include targeted therapies. A promising target is KRAS as it is mutated in 88 %
of PDAC cases.?? Long deemed an undruggable target, recent advances have changed this perspective.?®
Now, several mutation-specific RAS inhibitors are evaluated preclinically and clinically, but none have been

approved for application in PDAC thus far. Other immunotherapies, including cellular therapies and ICls,
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are evaluated in clinical trials, but PDAC is a particular difficult target entity due to the challenging TME
described above. So far, only a subset of patients with deficiencies in the DNA repair machinery have
benefitted from ICl application.?>3° Certain OVs have shown promising data in clinical trials. Among them
parvovirus®, HSV-1%2 and reovirus®2. Of note, the latter has shown substantial therapeutic benefit in a

phase I/Il trial in combination with chemotherapy and ICl, which led to FDA fast-track designation.

In summary, PDAC remains a clinical challenge. The disease’s aggressive biology, complex tumor
microenvironment, and lack of early diagnostic tools contribute to its dismal prognosis, underscoring an

urgent need for improved risk stratification and novel therapeutic interventions.

1.2. Conventional therapeutic strategies and their limitations

Surgery, chemotherapy and radiotherapy have been the cornerstones of cancer management for decades.
Surgery has the longest-standing historical background in cancer therapy. It remains the treatment-of
choice for localized, solid tumors, offering the highest likelihood of complete remission in early-stage
disease.3* However, for disseminated or advanced disease, surgical intervention is often not feasible. For
these cases, the introduction of chemotherapy in the mid-20th century has transformed cancer treatment
and enabled systemic therapy. Its use, whether as adjuvant (after complete resection to reduce
recurrence), additive (after non-complete resection), neoadjuvant (to enable surgery or increase the
likelihood of complete resection), or palliative therapy, may eradicate micrometastasis and enhance
survival in many tumor types.* However, chemotherapy is toxic and not only affects tumor cells; its side
effects may severely reduce the quality of life of cancer patients or lead to the necessity to discontinue
the chemotherapy. In addition, resistance to chemotherapies occurs frequently and is the reason for 90 %

of tumor relapses.3¢37

Radiotherapy as the third pillar of conventional cancer therapies complements these therapeutic

approaches.

1.2.1. Radiotherapy
The accidental discovery of “X-Strahlen” by Wilhelm Conrad Réntgen in the late 19™ century® was a
breakthrough for medicine as a therapeutic as well as diagnostic tool. Awarded with the very first Nobel
Prize in physics in 1901, the impact of his discovery was clear to contemporary colleagues. Since then, the
use of X-rays and other forms of ionizing radiation and has evolved and advanced technically. Today, it
benefits 50 % of cancer patients that receive radiotherapy at least once during the course of their

disease.3940
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Radiotherapy utilizes high-energy radiation beams (including photons or charged particles) to elicit DNA
damage. The photon or charged particle carries enough energy to eject electrons from atoms in their path,
leaving them ionized. This energy deposition is described as “linear energy transfer” (LET). When this
occurs in biological tissues, the effects may be direct or indirect: Direct effects occur when the released
electrons directly ionize DNA, inducing strand breaks. Indirect effects arise when the electron interacts
with the abundantly present water molecules in the tissue, generating reactive oxygen species (ROS). ROS
damage cellular components, including DNA, proteins, and lipids. The relative contribution of these
mechanisms depends largely on the radiation beam: low-LET radiation such as X-rays and gamma rays
primarily induces indirect effects, whereas high-LET modalities such as proton or carbon-ions produce a
greater proportion of direct DNA damage due to their denser ionization tracks. Eventually, both effects
result in accumulation of DNA double strand breaks, accumulation of cells in G2/M cell cycle phase with

subsequent G1 arrest and senescence, apoptosis or immunogenic cell death (ICD).4*44

In addition to this well-described direct cytotoxic effect, a second mechanism of action has emerged more
recently: Described as the “abscopal effect” radiotherapy can induce a systemic anti-tumor
(immune)response. Preclinical and clinical data of various entities report on remission of metastasized
tumors after application of localized radiotherapy.*® One proposed mechanism is the IFN-mediated
immune induction through the cytoplasmic DNA sensor cGAS and as such a secondary effect of the DNA
damage.®® In general, the mode of cell death associated with irradiation is considered immunogenic and
can thus elicit a “in-situ vaccination” effect.*” Currently, studies focus on optimal dosing and fractionation

regimens to maximize the immune induction by radiotherapy.

Radiotherapy is not inherently cancer-specific. However, certain properties of a cancer cell render them
more susceptible to the radiation-induced damage than the adjacent healthy tissue: Cancer cells divide
faster, resulting in a higher ratio of cells in the G2/M phase, which is characterized by reduced DNA repair
activity. Secondly, cancer cells often harbour defects in their DNA repair pathways or in proteins regulating
cell cycle checkpoints, compromising their ability to maintain genomic integrity following irradiation.*
Additionally, technological advances have further improved precision and therefore safety of radiotherapy
delivery: Precise, computed tomography (CT)-guided treatment planning, adjusted to the individual
patient and treatment response foreshadowed personalized therapeutic approaches and reduced side
effects.* The introduction of intensity-modulated radiotherapy (IMRT), where the radiation beam is
segmented and differentially modulated for maximal dose delivery to the tumor, has expanded the

application of radiotherapy to tumors adjacent to radiosensitive organs. >
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A diverse set of radiotherapeutic treatment modalities are in clinical practice. Broadly, these can be
categorized into external beam radiotherapy (EBRT) and internally delivered radiation. Brachytherapy is
an example of the latter, where a sealed radioactive source is positioned inside or in close proximity to a
tumor. Clinically, it is most frequently applied in small gynecologic and prostate tumors.> EBRT remains
the most widely used form of radiotherapy and is further subdivided in dependence on the radiation
source. Most common and cost-effective is the use of photons (X-rays). In addition, the use of protons or
heavy ions is available to an increasing number of patients. Their primary advantage over photon-based
techniques is the superior dose distribution within a tissue. X-rays deliver their maximal dose in close
proximity to their entry point into tissue and exponentially loose energy thereafter. Protons and heavy
ions increase in dose release after entry up to a specified depth (“bragg peak”) and subsequently suddenly
drop in energy deposition. This property results in minimal exit dose and allows for precise tumor
irradiation while sparing surrounding normal tissues. However, less than 1 % of radiotherapy patients

receive particle radiotherapy since only limited centers worldwide offer the required technique.>

Even with technical advances and a variety of radiation types to choose from, limitations of radiotherapy
remain. Certain cancer entities (such as PDAC) are characterized by a hypoxic TME. In these entities, the
indirect effect of radiation through ROS production is less efficient. Additionally, tumors may upregulate
DNA repair mechanisms to build radioresistance during the course of treatment. And, thirdly, although
advanced technologies has improved safe radiotherapy delivery, its effect on healthy tissue and

occurrence of secondary malignancies because of previous radiotherapy, remain major limitations.*>

All conventional therapeutic approaches have major limitations. The untargeted approach of going for the
fast-dividing cells causes severe side effects due to toxicities on physiologically fast-dividing cells and
limitations when certain cancer (stem) cells are not rapidly dividing and causing treatment resistances

instead. Other therapeutic modalities were desired, that can attack the cancer more elegantly

1.3. Immunotherapies

Development of cells with aberrant signaling and tumorigenic potential occurs constantly in the human
body. Usually, immune cells can clear these, recognizing tumor-associated antigens (TAA) and prevent
tumor formation. This concept was experimentally confirmed when lymphocyte-deficient mice were
shown to be markedly more susceptible to chemically induced tumor formation.>® In 2011, Hanahan and
Weinberg declared “avoiding immune destruction” as an emerging hallmark of cancer, underscoring the
pivotal role in tumor development.>® This avoidance can occur via a variety of mechanism, including the

release of immunosuppressive cytokines, regulation of immune checkpoints, downregulation of major
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histocompatibility complex (MHC) molecules and recruitment of immunomodulatory cell populations. >’

Counteracting these evasion strategies is the goal of immunotherapeutic approaches.

Accordingly, the field of immunotherapies is diverse. Clinically, the most advanced strategy is the use of
immune checkpoint inhibitors (ICl). This antibody-mediated inhibition of upregulated immune checkpoints
to enhance T cell response against cancer was awarded the Nobel Prize in 20188 and has transformed
clinical oncology. In certain cancer entities, long-term survival can be achieved, even in patients with
recurrent disease, and ICls have been incorporated into standard of care as first-line therapies.>>%! To date,
10 ICls are approved in by the Food and Drug Administration (FDA) and many more are assessed in clinical
trials.>”. Another promising approach is adoptive cell therapy (ACT). ACT aims to activate, enrich or modify
patient-derived immune effector ex vivo and reinfuse them to enhance tumor cell killing. One ACT strategy
is to engineer a patient’s T cells with an artificial chimeric antigen receptor (CAR) to target TAAs and has
been FDA approved for hematological malignancies, but remains of limited success in solid tumors.>” Of
note, while several immunotherapeutic approaches have been assessed clinically for PDAC and GBM, none

have shown a therapeutic benefit over standard-of-care.®*°
One interesting immunotherapeutic approach is the use oncolytic viruses (OVs) to target tumor cells.

1.3.1.  Virotherapy
The first observations of (viral) infections that induce cancer remissions date back to the late 19%
centrury®? long before the instrinsic connection of the immune system and cancer was unraveled and
immunotherapeutics were envisioned. Viruses were not (well) understood, but case reports continued to
describe remission of cancer (often hematologic variants) occurring concurrently with infections.®® With
increasing knowledge of viral biology, interest in virotherapy surged in the 1950s with multiple “clinical
trials” evaluating the anti-tumor effect of viruses.®#®> However, durable tumor responses were rare and
frequently accompanied by severe adverse effects due to the uncontrolled pathogenicity of the viral
agents. The field fundamentally changed in the 1990s, when advances in cell culture techniques and DNA
engineering allowed the attenuation, production and rational modification of OVs. © Since then, an
expanding array of viruses has been tested preclinically and clinically, covering the whole spectrum of
virology.®® A milestone in the field was the FDA- and European Medicines Agency (EMA) approval of the
herpes simplex virus type 1 (HSV-1)-derived talimogene laherparepevec (T-VEC) for recurrent malignant

melanoma in 2015.%7

Virotherapy offers an intriguing dual mechanism of action (Figure 1-1, adapted from Dittus et al®®): OVs
selectively infect cancer cells, replicate and, as part of the viral life cycle, induce cell lysis. Initially this
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“oncolytic” property was the only described mechanism. With increasing knowledge of the role the
immune system plays in tumor clearance, a second mechanism became clear:*® OV-mediated tumor cell
lysis can alert the immune system through release of cytokines, pathogen- or danger-associated molecular
patterns (PAMPs and DAMPs) and TAAs. This will in turn recruit immune cells formerly excluded from the
tumor to the tumor microenvironment and can elicit an anti-tumor immune response. This may also be
referred to as “in situ vaccination” when OVs act as the adjuvant to prime immune cells to recognize the

tumor and induce immunological memory.”®

For clinical application, the tumor-selectivity is a major determinant of safety. The mechanism by which
this is conferred differs between OVs. Selectivity can be mediated at the entry level, when viral entry

receptors are overexpressed on tumor cells (e.g. junctional adhesion molecule A’s(JAM-A), overexpressed

Oncolysis o Anti-tumor immune response

)

Cold tumor Immunogenic cell death Hot tumor In situ vaccination effect

Figure 1-1: Dual mechanism of oncolytic virotherapy

The oncolytic viruses selectively infects tumor cells, inducing their lysis. In addiaion, the immunogenic nature of the induced
cell death results in release of cytokines and tumor associated antigens (TAA), attractingimmune cells to the previously “cold”
tumor microenvironment. Then, an anti-tumor immune response is induced and the tumor can be cleared by the immune
system. An in situ vaccination effect is induced, eliciting aimmunological memory. Graph created in biorender, adapted from
Dittus et al.6®

and conferring poor prognosis for a variety of cancer types’! is the entry receptor of reovirus’?). Post-entry
selectivity may occur through viral dependence on cell replication, thus targeting fast-dividing cells’® or by
exploiting deficits in antiviral signaling cascades that tumor cells often acquire.” Certain OVs possess these
properties naturally (such as reovirus’® and parvovirus’®), others are engineered for enhanced tumor-

selectivity (like HSV-175).
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Beyond conferring oncotropism, viruses can be engineered for different purposes. A common approach is
to encode therapeutic transgene to enhance immune induction or overall efficacy.”’ Transgene may
include cytokines”’, bispecific antibodies to attract immune cells’®, ICIs’® or prodrug convertases®. The
transgene capacity varies widely across viral backbones from a few hundred nucleotides (for small OVs
such as parvovirus®) to 40 kilobases (vaccinica virus 82). This underlines the versatility of OVs that can and

should be selected depending on the entity and the envisioned therapeutic strategy.

1.3.1.1. Oncolytic Measles Virus
One promising candidate in the OV toolbox is the oncolytic measles virus (MeV). Just like other OVs, the
potential of MeV as an anti-cancer agent was first observed when a natural measles infection coincided
with a cancer case. The most famous case study is one of a young boy in Kampala, Uganda, who suffered
from Burkitt’s Lymphoma and experienced a complete tumor remission when he also had a systemic
measles infection.®® For virotherapeutic purposes, attenuated vaccine-derivatives of the wild-type measles

virus are used.

Wild-type measles virus is a highly contagious strictly human pathogen that causes a severe systemic
disease. A highly effective vaccine was introduced in the 1960s and has prevented an estimated 60 million
deaths just in the 21° century. Nevertheless, more than 100,000 annual deaths worldwide are still caused

by the virus.84#°

MeV is a member of the Paramyxoviridae family of the Morbilivirus genus. It has non-segmented single
stranded (ss) RNA genome of negative polarity (Figure 1-2B, figure equally printed in %). The 15,894
nucleotides encode for six structural and two regulatory proteins. In addition, regulatory elements on the
3’ leader (Id) and 5’ trailer (tr) end of the genome play an important role in viral genome replication and

transcription.®’
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The assembled virion (Figure 1-2A) has a size of 100-300 nm in diameter and is enveloped by the lipid
membrane of the cell it budded from. Inside, the RNA genome is packed by nucleoproteins (N) binding six
nucleotides each. Additionally, the large protein (L) and its accessory phosphoprotein (P) are bound to the
packaged genome, forming the ribonucleoprotein complex (RNP). L, P and N together form the viral RNA-
dependent RNA polymerase. The polymerase transcribes the genome from the 3’ end. Stop signals are
located at the 5’ end of each open reading frame (ORF), where transcription halts and polyadenylation
occurs. The stop signal is followed by three nucleotides forming an intergenic region. At each intergenic
region, the polymerase has a certain chance of falling off, which leads to a transcription gradient from the
3’ to 5’ end of the viral genome. When enough N protein is expressed in the cell, it may bind nascent 3’
RNA immediately, which leads the polymerase to skip all stop signals and transcribe through intergenic
sequences giving rise to full-length antigenomes for replication.®® A single virion can contain multiple RNPs,
making it a polyploid virus.®> When an RNP is fully assembled, it binds the matrix protein (M) and attaches
to the membrane, which inhibits viral transcription and initiates viral budding.®® Hemagglutinin (H) and
fusion protein (F) are transmembrane gylcoproteins and exposed on the enveloped viral particle. They are
responsible for attachment and entry into cells. To this end, H binds to its target receptor CD150 (signaling
lymphocytic activation molecule (SLAM), expressed on macrophages, dendritic, B and T cells) or Nectin-4
(expressed on epithelial cells) and a transformational change of F enables entry. This fusion occurs

between viral particles and host cells for viral entry and equally between infected host cells that express

Figure 1-2: Graphical representation of measles virus particle and genome

(A) The assembled MeV particle with the six structural proteins: The fusion protein (F) and hemagglutinin (H) are exposed on
the surface of the host- derived lipid membrane, that constitutes the viral envelope. The matrix protein (M) is attached on
the inside. The ssRNA genome is packaged by the nucleoprotein N and the viral polymerase complex of the large protein (L)
and poshoprotein (P) is associated, together forming the ribonuceleoprotein (RNP) complex. (B) The genomic structure of
MeV with leader (Id) at the 3’ and trailer (tr) at the 5’ end. In addition to the 6 structural proteins, the open reading frame
(ORF) of P also encodes for the C and V protein. Graph created in biorender.com and equally used ingé,
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the viral proteins and their neighboring cells expressing CD150 or Nectin-4. This leads to the formation of
large multinucleated cellular complexes, syncytia, which are a hallmark of MeV infection.®! The two non-
structural proteins, V and C, are involved in immune evasion and counteract the cellular IFN response.®

MeV’s life cycle is strictly cytoplasmic.®®

The vaccine strains that are employed as oncolytic vectors have distinct differences to their wild-type
counterpart. These are a result of the attenuation process of serial passaging on non-human cells. This
makes it a feasible and safe vaccine as well as OV candidate.®® Most notably, MeV vaccine strains have an
additional entry receptor, CD46, which is expressed on all nucleated cells and found to be overexpressed
across a multitude of cancer entities.%°®> A second important difference between wild-type and vaccine
strains are mutations in the C and V proteins that counteract antiviral signaling. These mutations render

MeV highly IFN-sensitive and lead to attenuation in cells that have intact IFN signaling.®®

MeV has been tested extensively in preclinical settings. A variety of cancer entities are permissive to MeV
infection and MeV can elicit a strong cytotoxic effect. Various approaches of retargeting, arming and
combining MeV have been undertaken in vitro and in vivo. Those strategies were recently reviewed in %
and %7, Equally, MeV is currently under clinical investigation for several entities. Very promising case
reports in regard to therapeutic efficacy have been published®®* accompanied by an excellent safety

profilel®

1.3.1.2. Oncolytic Protoparvovirus
Protoparvoviruses are very different, yet promising OV candidates. First isolated from transplanted human
tumors, they were briefly believed to be oncogenic.’® This was quickly dismissed?®? and it was discovered
that those viruses had a natural affinity for human cancer cells and, in fact, elicited an oncosuppressive

effect.’3103

Protoparvovirus is a genus within the large parvovirdiae family, more specifically the parvovirinae
subfamily. Two viruses of the rodent protoparvovirus have been studied most extensively in an oncolytic
context: H-1 parvovirus (H-1PV) and minute viruses of mice (MVM). They are pathogenic, even lethal, for
rodent embryos and neonates, but do not cause symptoms in adult animals or humans.®! H-1PV’s natural
host is the rat, while MVM preferentially infects murine cells. Both have a strong oncotropism and infect
human cancer cells.®* The virus employed in all experiments involving human cancer cell lines in this thesis
was H-1PV and will be referred to as “PV” in the following sections. When MVM was used for experiments

in murine cell lines, it is referred as MVM.
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PV has a single-stranded DNA genome of approximately 5.1 kilobases. The viral genome is organized in
two transcription units for non-structural (NS) and structural (VP) viral proteins under the control of the
P4 or P38 promoter, respectively. The NS unit encodes for NS1 and NS2, the VP unit encodes for VP1 and
VP2 as well as the small alternatively translated (SAT) protein. The coding sequence is flanked by terminal

106

palindromes that have a role in genome replication.’® (Figure 1-3, adapted from and

)'81

viralzone.expasy.org/199

Figure 1-3: Graphical representation of parvovirus (PV) particle and genome

(A) The assembled PV particle is non-enveloped and icosadhedral and contains the ssDNA genome (B) The PV genome
structure is flanked by palindromic sequences. It has two transcriptional units for non-strucutrual (NS) and structural proteins
(VP) under the control of distinct promoters, p4 and p38. The NS ORF encodes for NS1 and NS2 protein, the VP ORF encodes
for VP1, VP2 and SAT. Figure was generated in biorender, adapted from 106 and viralzone.expasy.org/199, last visited on 19t
October 2025; SAT — small alternatively translated

Specific entry receptors for H-1PV and MVM have not been characterized, but the binding of the virus
particles to the cell surface is dependent on sialic acid.®” After entering the cell, viral particles are
transported into the cell nucleus. Replication is dependent on the expression of S-phase proteins. Until
the host cell enters S-phase, the virions are silent and do not integrate into the host DNA. Then, exploiting
the cellular replication and transcription machinery, viral genomes are replicated via doublestranded DNA
(dsDNA) intermediates and transcription of the P4-promoter controlled genes is initiated. NS1 is expressed
and interacts with several cellular factors to transactivate the P38 promoter and induce transcription of

VP1 and VP2. Once proteins are translated, they are shuttled back into the nucleus, where progeny virus
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particles are assembled and actively released into the cytoplasm. The SAT protein has only recently been
discovered and is not yet well-characterized. The interaction of the viral NS1 protein with the cellular
replication machinery is complex and not yet fully elucidated. Ultimately, it leads to cell cycle arrest and

the induction of a DNA damage response, which results in cell lysis.®

The oncotropism of PV is mainly driven by the S phase dependency on the post entry level. A second
mechanism that drives tumor selectivity is its interaction with the cellular antiviral response. PV elicits and
IFN response in untransformed cells, but can prevent induction of IFN stimulated genes (ISG) in tumor
cells. The mechanism by which PV achieves this is not fully understood yet. Interestingly, preinfection with

PV is sufficient to prevent IFN signaling in response to common triggers. 1%

Preclinical studies in immortalized cell lines, patient-derived tumor models, and mouse (MVM) and rat (H-
1PV) models have demonstrated therapeutic efficacy in a variety of tumor entities, such as melanoma,
breast cancer, glioblastoma, and pancreatic carcinoma.” The safety of the application in humans has also
been demonstrated in two clinical studies conducted at Heidelberg University Hospital, in which patients
with recurrent glioblastoma (ParvOryx01, Phase I/1l) or inoperable metastatic pancreatic carcinoma
(ParvOryx02, Phase Il) were treated with H-1PV. In addition to the promising safety data, signs of an

induced immune response were also observed.63!

1.3.1.3. IFNs and oncolytic virotherapy
The interplay of type-I interferons (IFN) and oncolytic virotherapy is complex. As the first line of defense
against virus infections, active IFN signaling can prevent susceptibility to OVs and limit their therapeutic
efficacy. On the contrary, for OV-mediated immune induction of an adaptive immune response, IFN
signaling is vital. Additionally, restricted intrinsic IFN signaling in cancer cells conveys a safety aspect, when
applying IFN-sensitive viruses. Thus, the modulation of the IFN response has been an active area of

research in the virotherapy field.10-11!

Viral infections in IFN-competent tumor cells are sensed by pattern recognition receptors (PRR).
Depending on the viral genome, these include retinoicacid-inducible gene-1 (RIG-I) or melanoma
differentiation associated protein 5 (MDA-5) to sense foreign RNA or cyclic GMP-AMP synthase (cGAS) to
sense damaged or foreign DNA. Activation of PRRs triggers downstream signaling cascades leading to
nuclear translocation of the transcription factors nuclear factor kappa B (NFkB) and IFN regulatory factors
(IRF) 3 and 7.12 In the nucleus, they induce transcription of IFNB1 and members of the IFNA family. Once
translated, these IFNs are released from the cell and induce autocrine and paracrine signaling by binding

their receptor, a heterodimer of IFN-a receptor 1 and 2. Ligand binding induces activation of the receptor-

13



Introduction

associated kinases tyrosine kinase (TYK) 2 and janus kinase (JAK) 1, which in turn leads to phosphorylation
of signal transducer and activator of transcription (STAT) 1 and 2. Phosphorylated STAT1 and STAT2 bind
IRF9, forming the interferon-stimulated gene factor 3 (ISGF3). ISGF3 translocates to the nucleus and binds
IFN-stimulated response elements (ISREs). ISREs are consensus sequences in the promoter regions of IFN
stimulated genes (ISGs). When the complex binds an ISRE, transcription of the ISG is induced. Now, a broad
range of ISGs is transcribed, including classical antiviral effectors like the interferone-induced
transmembrane protein family (IFITM) and protein kinase R (PKR), chemokines such as C-X-C motif
chemokine 10 (CXCL10) or multifunctional proteins like 1ISG15. Notably, several components of the
signaling cascade, such as STAT1, are themselves ISGs, forming a positive feedback loop that amplifies the
response. The coordinated expression of these ISGs establishes an antiviral state and can severely limit

viral replication 113114

Different strategies have explored the modulation of the IFN response to increase OV efficacy or safety.
One approach involved engineering the IFN-sensitive Newcastle disease virus (NDV) to encode the
influenza A NS1 protein, a known antagonist of the IFN response. This enhanced virus replication and
cytotoxicity and elicited a stronger T cell mediated immune response in vivo. 1*> On the contrary, another
strategy aims to increase IFN signaling to improve viral safety. For instance, vesicular stomatitis virus (VSV)
has been engineered to express IFN-B, thereby restricting viral spread in normal tissues and reducing
systemic toxicity in preclinical models and clinical trials.!**'” Together, these examples illustrate the
complex, context-dependent interplay between IFN signaling and virotherapy, emphasizing the need for

rational, spatiotemporally controlled modulation of this pathway.

1.4. Radioviroherapy

Virotherapy offers many advantaged, including an excellent safety profile observed in clinical studies to
date.’® However, only isolated cases of long-term remissions have been reported!'® and substantial
therapeutic benefit and objective response rates are often limited, when OVs are applied as
monotherapies.’? In addition to encoding transgene to enhance therapeutic outcomes, combination

therapies are investigated. Among these, radiotherapy is a promising combination partner.?!

The rational to investigate radiovirotherapy as a promising combination approach is multifaceted: Practical
reasons include the comparatively low cost, the widespread availability of centers technically equipped to
deliver radiotherapy and the high number of patients that receive radiotherapy during the course of their
disease.?® Additionally, the distinct and non-overlapping spectra of adverse events between radio- and

virotherapy reduces the likelihood of dose-limiting toxicities in the combination.2#123
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Beyond practical considerations, the combination also has the potential to synergize mechanistically OVs
may enhance the radiosensitivity of tumor cells, while radiotherapy can facilitate viral spread by disrupting
tumor architecture and modulating the tumor microenvironment.?* Both therapies elicit immunogenic
cell death and could induce enhanced immune activation.*” Multiple preclinical and clinical trials have thus

investigated radiovirotherapy.

Oncolytic adenoviruses have been assessed in combination with radiotherapy for two decades.'?® An
adenovirus engineered to express wild-type p53 conferred a radiosensitizing effect on NSCSL tumor cells,
but not untransformed lung fibroblasts'?® Goerger et al. showed that the combination led to a delayed
tumor growth of patient-derived xenografts of human glioma in vivo.??” For PDAC, Dai et al. showed
synergy of vaccinia virus and radiation. They observed increased levels of apoptosis in vitro and a

prolonged survival of mice bearing human pancreatic tumor xenografts!?

Promising preclinical data has led to several clinical studies investigating radiovirotherapy. While safety
was shown for the combination of radiotherapy and T-VEC!?, HSV-113° and Vaccinia virus*®!, no study
showed a therapeutic benefit. Notably, a study employing an adenovirus and radiotherapy in pediatric
patients with diffuse intrinsic pontine glioma did see induction of T cell activity and tumor response to the
treatment, but this was also associated with adverse events.'®? This underlines the needs to rationally

modify such treatment regimens to enhance therapeutic efficacy while maintaining safety.

No clinical studies have evaluated the combination of MeV or PV with radiation, but there is promising
preclinical data: Radiovirotherapy with PV elicited enhanced cytotoxicity in radioresistant and

16

radiosensitive glioma cultures.'® MeV has been investigated in combination with radiotherapy in

136 and head and neck squamous cell carcinoma (HNSCC)*3°. Previous

glioma®3*134 PDAC%, prostate cancer
work within our group and of my Master’s thesis showed synergy in PDAC and HNSCC, accompanied by
enhanced levels of immunogenic cell death and innate immune activation.®®!3> However, the assessment
of the combination in an immunocompetent syngeneic murine model of HNSCC showed no therapeutic
benefit compared to monotherapy with radiation. Albeit enhanced TILs and anti-viral immune induction
was observed, this did not confer enhanced survival.’*® Building on these findings, | aimed to rationally

modify the combination regimen to further improve its efficacy. The investigation of this modified triple

radiovirotherapy approach constituted the central objective of this thesis.
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2. Aim of the Study

Promising preclinical data indicates the benefits of combining radiotherapy and immunotherapeutic
approaches, specifically oncolytic virotherapy. While we and others have observed enhanced cytotoxicity
and favorable immune induction patterns, in-depth and transcriptome-wide analysis of the combination
of MeV and radiotherapy has not yet been undertaken. In addition, we hypothesize that the induction of
innate immune signaling at early time points of MeV infection might hamper the replication of the
oncolytic virus and ultimately decrease immune induction and therapeutic efficacy. | thus want to assess
if modulation of the early IFN response can boost radiovirotherapy. Since the onco-selectivity is a key
advantage of oncolytic viruses in general and MeV specifically and is demonstrated by an excellent safety
profile in clinical studies, | aim to transiently and tumor-selectively dampen the IFN response by applying

a second oncolytic virus with that property, namely parvovirus.
The following aims are thus addressed in this thesis:

Analysis of the transcriptional alterations induced by the combination of MeV and radiotherapy
Identification of candidate tumor cell lines with intact intrinsic capacity to induce IFN signaling

Assessing cytotoxic effects and potential synergy of dual virotherapy of PV and MeV

Ll S

Assessing cytotoxic effects, potential synergy and underlying mechanism of triple radiovirotherapy

By comprehensively analyzing the rationally modified radiovirotherapy in terms of cytotoxicity, synergy
and mechanism of action, we hope to provide preclinical data to underline the potential of

radiovirotherapy in translational efforts.
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3. Materials & Methods

3.1. Materials

3.1.1.

Cell lines

Table 1: Cell lines, media and seeding density

Origin & Tissue Medium 96- 12-well 6-well  Supplier
well
us7 Human GBM DMEM 1*10* 1*10° - R. Cattaneo, Mayo Clinic,
Rochester, MN
U251 Human GBM DMEM 1*10* 1*10° 3*10° Christiane Opitz, DKFZ,
Heidelberg
U373 Human GBM DMEM 1*10* 1*10° = Laurent Daeffler, IPHC,
Strasbourg, France
BxPC-3 Human PDAC RPMI 2*10% 1.5%10° 4.5*10° ATCC, Manassas, VA
T3M4 Human PDAC RPMI 1*10* 1*10° - Zahari Raykov, DKFZ,
Heidelberg
GL261 Murine GBM DMEM 1*10* 1*10° - Laurent Daeffler, IPHC,
Strasbourg, France
PDA30364 Murine PDAC DMEM 1% 1*10* 1*10° - Rienk Offringa, DKFZ,
Sodium Heidelberg®’
Pyruvate
m24192 Murine PDAC DMEM 1*10% 1*10° - Rienk Offringa, DKFZ,
Heidelberg
Vero African Green DMEM 2*10* - - ATCC, Manassas, VA
Monkey Kidney
Epethial
ASAN- Human PDAC - - - - Used in spheroid
PaCa (patient-derived) experiments, provided by
Assia Angelova'®
HUVEC Primary human - - - - Used in spheroid
endothelial cells experiments, provided by
(not malignant) Assia Angelova
MRC-5 Human - - - - Used in spheroid
fibroblasts (not experiments, provided by
malignhant) Assia Angelova
Volume for culture 100 1ml 2 ml
Volume for infection 50 pl 200 ul 500 pl
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3.1.2. Chemicals and reagents

Table 2: Chemicals and reagents

Material

Catalog No / Manufactrure

4’,6-diamidino-2-phenylindole (DAPI)

4’,6-diamidino-2-phenylindole (DAPI)

4-20% Mini-PROTEAN TGX stainfree protein Gels

4568093, Bio-Rad Laboratories

Acetic Acid

3738.4, Carl Roth GmbH

Antibiotic antimycotic solution (ABAM)

A5955, Sigma-Aldrich

Bacillol

973380, Hartmann

Bovine serum albumin (BSA)

A9418, Sigma-Aldrich

Clarity Max™ Western ECL Substrate

1705062, Bio-Rad

Crystal violet (powder)

C6158, Sigma-Aldrich, Saint Louis, MO/USA

Dako fluorescence mounting medium

$3023, Agilent, Santa Clara, CA/USA

Dimethyl sulfoxide (DMSO)

D2438-5X, Sigma-Aldrich

Dulbecco’s Modified Eagle’s medium (DMEM)

31966, Gibco Life Technologies

Dulbeccos’s phosphate-buffered solution (D-PBS)

14190-144, Gibco Life Technologies

ELISA Stopsolution

SS04, Thermo Scientific

Elution buffer (EB)

19086, Qiagen, Hilden, Germany

ERDRP-0519

HY-102074, MedChem Express

Ethanol (for experiments)

32221, Sigma-Aldrich

Ethanol, denatured (for cleaning)

1.00974, Sigma-Aldrich

Fetal calf serum (FCS)

P40-37500, PAN-Biotech GmbH, Aidenbach,
Germany

Fugene® HD transfection reagent

E231A, Promega, Madison, WI/USA

Halt™ Protease and Phosphatase Inhibitor Cocktail

(100X) 78440, Thermo Scientific

Hoechst 33342 H1399, Invitrogen Life Technologies
IFN-B, recombinant #AF-300-02B, Peprotech

Incidin Rapid 3025510, Ecolab

Methanol, purity above 99.9% 4627.2, Carl Roth GmbH
Opti-MEM™ 51985, Gibco Life Technologies
Oxywipes PZN 18703096, Dr. Schumacher

Paraformaldehyde (PFA) solution, 4%

19943, Affymetrix, Santa Clara, CA/USA

Polybrene (Hexadimethrene bromide)

TR-1003, Sigma-Aldrich

Power SYBR™ Green PCR Master Mix

4367659, Applied Biosystems

Precision Plus™ protein all blue standards

1610373, Bio-Rad Laboratories

Protease Inhibitor Cocktail cOmplete™ Ultra tablets

5892970001, Roche, Basel, Switzerland

Puromycin dihydrochloride

A11138-03, Gibco Life Technologies

RIPA Buffer R0278, Sigma-Aldrich
RNAlater 1017980, Qiagen
RNAse H MO0297L, New England Biolabs

Roswell Park Memorial Institute (RPMI) 1640

61870, Gibco Life Technologies

ROTI®-Stock, 10x tris-buffered saline-tween (TBST)

1061.1, Carl Roth GmbH

Rotiphorese® SDS-PAGE

3060.1, Carl Roth GmbH

Skim milk powder, blotting grade

T145.2, Carl Roth GmbH

Sodium pyruvate

11360, Gibco Life Technologies
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TMB substrate solution

N301, Thermo Scientific

Triton™ X-100

X100, Sigma-Aldrich

Trypan Blue solution, 0.4%

T8154, Sigma-Aldrich

Trypsin-ethylenediaminetetraacetic acid (EDTA)

solution, 0.05%

25300, Gibco Life Technologies

Tween 20

655204, EMD Milipore Corp

B-mercapoethanol, purity above 99%

M7522, Sigma-Aldrich

3.1.3. Kits
Table 3: Kits
KMaterial Catalog No / Manufactrure
BCA Protein Assay Kit 71285-3, Merck Millipore
CellTiter-Glo® 3D Cell viability Assay G9681, Promega
Human CXCL10/IP-10 DuoSet ELISA DY266, R&D
Human IFN-beta DuoSet ELISA DY814, R&D

Qubit RNA IQ Assay Q33221, Thermo Fisher Scientific
RNAse free DNAse 79254, Qiagen
RNeasy Plus Mini 74136, Qiagen

Trans-Blot Turbo RTA Midi 0.2 um PVDF Transfer Kit

1704273, Bio-Rad Laboratories

XTT Zell Proliferation assay

Biotium, 30007

3.1.4. Machines

Table 4: Machines

Material Catalog Number

Cell sorter BD FACSAria™ II

Chemi-Doc Imaging System 12003154, Bio-Rad Laboratories
Flow cytometer BD CANTO II

IncuCyte SX5, Sartorius

gPCR cycler CFX96, Bio-Rad Laboratories, Inc.

Spectrophotometer (Plate Reader)

M?200, Tecan Trading AG, Switzerland

3.1.5. Software

Table 5: Software

Software Version Supplier

ChatGPT GPT-5 Open Al

FACS Diva software Version 8.0.1 BD Bioscience

F1JI Version 2.1.0 Open Source

FlowlJo V10 BD Bioscience

GraphPad Prism 10.5.0 Graph Pad, San Diego, CA/USA
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1Control Software

Version 3.9.1.0

Tecan Austria GmbH

Rstudio

2025.05.1 Build 513

Posit Software

3.1.6.

Table 6: Antibodies

Antibodi

es

Application and
Antibody Description dilution Manufacturer
detects Ser51-phophorylation;
Anti pEIF2a rabbit polycloncal antibody WB, 1:500 #9721, Cell signaling
mouse, monoclonal IgG2ak,
Anti Puromycin clone 12D10 WB, 1:10,000 MABE343, Sigma-Aldrich
12238, Cell Signaling
Anti-human calreticulin | Rabbit IgG, clone D3E6 IF 1:100 Technology
mouse monoclonal IgG1 k, sc-166755, Santa Cruz
Anti-human ISG15 clone F-9 WB, 1:1000 Biotechnology Inc.
mouse monoclonal IgG1 k, sc-464, Santa Cruz
Anti-human STAT1 clone C-136 WB, 1:1000 Biotechnology Inc.
Rat (SD) IgG2b, clone 2.4G2
Anti-mouse CD16/CD32 | (murine FC block) FC1:100 553142, BD biosciences
anti-mouse IgG HRP Horse, secondary antibody,
antibody HRP-coupled for WB WB, 1:20000 7076, Cell Signaling
Anti-NS1 SP8, rabbit polyclonal serum 1:20000 provided by Jorg Nlesch
Anti-rabbit IgG (H+L)- A11012, Invitrogen Life
Alexa Fluor® 594 Goat, secondary antibody IF 1:200 Technologies
anti-rabbit IgG HRP Goat, secondary antibody,
antibody HRP-coupled for WB WB, 1:2000 #7074, Cell Signaling
APC anti-human CD46 | Mouse IgG1, FC 1:100 352405, Biologend
APC Mouse 1gG1, k Isotype Ctrl Antibody (0.2 mg/mL) FC 1:100 400120, Biolegend
mAB anti-beta-actin mouse monoclonal IgG1, clone
POD AC-15 WB, 1:20000 A3854, Sigma-Aldrich
3.1.7. Oligonucleotides
Table 7: Oligonucleotides
Target Direction Sequence Annealing temperature
[°cl
ACTB for TCATTGCTCCTCCTGAGCGCA 54
rev CTAGAAGCATTTGCGGTGGAC
CXCL10 for GCTTCCAAGGATGGACCACA 60
rev GCAGGGTCAGAACATCCACT
DDX58 for TGCGAATCAGATCCCAGTGTA 60
rev TGCCTGTAACTCTATACCCATGT
ISG15 for CGCAGATCACCCAGAAGATCG 52
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rev TTCGTCGCATTTGTCCACCA
IFITM1 for TCGCCTACTCCGTGAAGTCT 52
rev TGTCACAGAGCCGAATACCA
IFNB1 for gacgccgcattgaccatcta 60
rev ccttaggatttccactctgact
MeV for GGCCCAGCAGAGCAAGTGATG 60
rev TTCCCAAAGTTTCAGCGTCAT
PKR for ACGCTTTGGGGCTAATTCTTG 52
rev CCCGTAGGTCTGTGAAAAACTT
TLR3 for TTGCCTTGTATCTACTTTTGGGG 60
rev GCAGGGTCAGAACATCCACT

3.1.8.  Plasmids

Table 8: Plasmids

Name

Description

pcDI-DsRed2

Eukaryotic expression vector encoding a variant
of the Discosoma red fluorescent protein

pCG-L Eukaryotic expression vector encoding MeV L protein
pCG-N Eukaryotic expression vector encoding MeV N protein
pCG-P Eukaryotic expression vector encoding MeV P protein

pcMeVac 1d-EGFP

Eukaryotic expression vector encoding for antigenome of MeV Schwarz vaccine strain

3.1.9.  Viruses

Table 9: Viruses

Virus

Description

LV-105 hCD46
BC1

Replication-deficient lentivirus encoding human CD46 isoform BC1, kindly provided by
Johannes Heidbiichel

MeVac 1d-EGFP

Measles Schwarz vaccine strain virus encoding for eGFP in ATU downstream of leader

Parvovirus

H-1PV parvovirus, generated and provided by Barabara Leuchs
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3.2. Methods

3.2.1. Cell Culture

3.2.1.1. General handling
For routine cell culture, | cultured cells in tissue culture flasks (T-75) at 37°C with 5% CO; in a humidified
incubator with 12 ml of cell culture medium. Cell lines and matched media are summarized in (Table 1). |
performed all cell culture under sterile conditions (laminar flow hood) and in accordance to biosafety level
1 or 2 (BSL1/2) regulations, depending on the requirements of the experiment. Bacillol AF was used as
standard disinfectant, Incidin Plus or Oxywipes were used after use of non-enveloped viruses. | changed
the medium regularly and subcultured cells at a ratio of 1:2 to 1:100, depending on the cell lines growths
kinetics and experimental needs when cells reached a conflucency of ca. 90 %. For subculture, | washed
the cells once with D-PBS and added 3 ml of Trypsin. Once cells detached, | inactivated the trypsin by
addition of 7 ml serum-containing medium. | returned the resulting cell suspension to the flask at the
indicated ratio. To count cells, | mixed 10 ul of cell suspension with Trypan-Blue for live dead
discrimination at a 1:2 ratio. | added 10 pul to a Neubauer hemocytometer and averaged the count across
the four corner grids. Since each grid holds 0.1 mm?3, | multiplied the resulting number with 10* to calculate

the cell number per ml.

For long-term preservation, | froze 10° cells in 1 ml culture medium additionally supplemented with 5 %
dimethyl sulfoxide (DMSO) slowly cooling them at a rate 1°C per minute by using a CellCamper® freezer
box (Neolab) at -80°C. After 1-4 days, | transferred the frozen cell suspensions to liquid nitrogen for long-
term storage. To thaw cryopreserved cells, | placed the vials in a waterbath at 37°C until fully thawed and
added the cell suspension dropwise to prewarmed medium in a culture flask. After 24 h, | changed the

medium.

The cell lines were routinely tested for Mycoplasma contamination. To facilitate this, | harvested
supernatant of cultured cells at least 24 h after a medium change and inactivated it at 95°C for 10 min.
Mycoplasma detection by PCR was performed by lab technicians. For additional quality control, the cell
lines were authenticated and tested for contaminations in services provided by Multiplexion (Heidelberg,

Germany). 139140

3.2.1.2. Treatment and virus infection
If not stated otherwise, all treatments followed the following schedule (Figure 3-1): | initiated the
treatment ca. 24 h after cell seeding. When | performed X-ray irradiations, | used the MultiRad 225 system
(Faxitron Bioptics, LLC., Tucson, AZ/USA), placed the culture dishes inside the cabinet using shelf position
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4 and irradiated at a dose rate of 2.151 Gy/min. | used a 0.5 mm copper filter and a fixed voltage of 200
kV and current at 17.8A. For drug or virus treatments, | removed the culture medium, washed cells once
with D-PBS and added the respective treatment in OptiMEM: For viral infections, | adjusted the virus
concentration (plaque forming units (PFU)/ml for PV stocks and cell infectious units (ciu)/ml for MeV) to
the correct multiplicity of infection (MOI). After 1 h (PV) or 2 h (MeV) of incubation at 37°C with 5% CO, |
removed the inoculant and replaced it with culture medium. For treatment with Poly(IC), | diluted stock
solution in OptiMEM to the indicated concentration and added it directly to the cells. For 12- and 96-well
formats, technical triplicates were prepared and averaged (96-well) or pooled (12-well) for measurements

or harvests, respectively.

Figure 3-1: Schedule for (R)VTx treatments

| performed combination treatments with the following schedule: | seeded cells and initiated treatment 24 h later. Radiation was
applied first, directly followed by infection with Parvovirus. 24 h thereafter, | applied MeV. | harvested and performed readouts
at various timepoints within the treatment window (“post radiation” (p.r.)) and after completion of the treatment (“post

treatment” (p.tr.))

3.2.1.3. Cytotoxicity assays for monolayer cultures
To determine cytotoxic effects of the treatment applied in monolayer cultures, | performed either XTT or
crystal violet assays. For either assay, | seeded and treated cells in 96-well plates as described above and

incubated them thereafter for the time indicated.

XTT assay exploits the ability of dehydrogenases in metabolically active cells to reduce tetrazolium salts to

orange-colored formazans. In contrast to the classical MTT, the tetrazolium salt XTT (2,3-bis(2-methoxy-4-
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nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) vyields a water-soluble
formazan upon reduction. Then, by measuring the optical density using a spectrophotometer, the colored
product can be quantified without the need for a solubilization step.**! To perform the XTT assay, | added
activation reagent to XTT solution at a ratio of 1:200. Subsequently, | added 50 pl of the solution to the
100 pl medium in each well and included controls with medium only for background subtraction.
Approximately 2 h after addition of XTT solution, | read the optical density at 450 nm with 640 nm as

reference wavelength.

To perform crystal violet assays, | washed the cells once with PBS and fixed them with 4 %
Paraformaldehyde (PFA) for 30 minutes. After removal of PFA, | stained the cell layer with crystal violet
solution (0.5 % crystal violet powder in 1:1 H,0 and Methanol) and incubated for 15 minutes at room
temperature. After removal of the staining solution, | washed twice with water and dried the plates
overnight. | took images for qualitative assessment and subsequently dissolved the stain in with 10 % acetic

acid in H,0. | measured OD at 590 nm with a spectrophotometer.

3.2.1.4. (Fluorescent) microscopy and live cell imaging
For routine observation of cells in culture and experiments, | used a Zeiss Axiovert 40. For image
acquisition, | used a Zeiss Axiovert 200 microscope. Since the virus construct | routinely used encoded for
eGFP, | could visualize viral spread through fluorescent microscopy. As fluorescence source, | used either
a mercury short-arc based Zeiss HBO 100 or LED-based X-Cite Xylis Il. Images were acquired with Zeiss

AxioVision Software.

For real-time imaging over longer periods of time, | used a SX 5 IncuCyte. | plated cells in 96-well plates
and treated them as described above. | acquired 4 images per well with the 10x objective every 2-3 hours
over 3-7 days. For data analysis, | used the IncuCyte software, keeping parameters constant for each cell
line and experiment performed. | analyzed phase and eGFP area as measures for cytotoxicity and viral
transgene expression, respectively. To quantify and compare viral transgene expression between

treatment groups, | calculated the area under the curve (AUC) using GraphPad Prism.

3.2.1.5. PDAC spheroids
To better model the complex interaction of dual viro- or triple radiovirotherapy, | used heteregenous PDAC
spheroids. Spheroids were provided by Assia Angelova and her team. They generated the spheroids with
1*10* PDAC cells (ASAN-PaCa cell line!3®), 2*10* endothelial cells (HUVEC) and 3*10*fibroblasts (MRC-5)
using the hanging drop method.'*? 24 h later, they transferred the spheroids in a U-Bottom 96-well plates.

On the day of the transfer, | initiated the treatment following the same schedule as described for the
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monolayer experiments (Figure 3-1). For virus infection, | diluted the required amount of virus in OptiMEM
and directly added 10 pl of virus suspension to the spheroids which were cultured 70 pl medium. |
calculated the MOI to the total cell number (6*10* cells) not just PDAC cells. | performed all experiments

with technical triplicates.

| conducted sampling for RNA and ELISA in parallel: At the indicated timepoints, | pooled the technical
replicates in 1.5 ml cups and centrifuged for 5 min at 300 g. | transferred the supernatant to PCR stripes
for ELISA and directly froze at -80°C. | washed the remaining pellet with PBS and finally resuspended in 200
ul RNAlater. | continued as described in the respective sections with RNA isolation and ELISA (3.2.3.1 and
3.2.3.4).

To analyze cytotoxic effect of the treatment, | performed CellTiterGlo® 3D assays. The reagent used in this
assay is lytic and quantifies cellular ATP through a luciferase reaction. After equilibrating the reagent and
plate to room temperature, | added the reagent to each well in an amount equal to the amount of culture
medium. | mixed by orbital shaking for 5 mins using the plate reader. Subsequently, | let the plate rest for
25 mins and then transferred the mix to white 96-well plates. | recorded the luminescence with the Tecan

plate reader set to an integreation of 4 seconds per well

3.2.1.6. Generation and characterization of murine PDAC and GBM cell lines stably
expressing human CD46
For assessment of MeV treatment in syngeneic murine tumor models, murine cell lines are required that
stably expressed MeV entry receptor human CD46. To this end, | performed lentiviral transduction of

murine cell lines, followed by (single) cell sorting and characterization of the resulting clones.

As murine PDAC models, | used the PDA30364 cell line and m24192, both generated in the lab of Rienk
Offringa and generously provided. Both cell lines are generated from primary pancreastic tumors of
genetically engineered C57BL/6-Ly5.1 mice.’®” For GBM, | used the GL261 cell line, equally of a C57BL/6

background, which was acquired and provided by Laurent Daeffler.

To stably transfect the cell lines with human CD46, | used lentiviruses previously generated in the lab by
Johannes Heidblichel. These replication-deficient lentiviruses encode the BC1 isoform of human CD46. For
lentiviral transduction, | seeded the cell lines in 12-well plates. When cells reached 70 % confluence, |
washed the wells with D-PBS and added 800 pl cell-specific medium containing 8 pg/ml polybrene and
lentivirus stock at a dilution of 1:100. One day later, | changed the medium. Once cells reached confluence,
| transferred them to T25 and subsequently to T75 cell culture flasks. Once cell reached confluence in T75

flasks, | performed fluorescence-activated cell sorting (FACS). | harvested cells and counted cells, as
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described above. | used 6*10° cells as input for cells to be sorted. | centrifuged the cell suspension at 300g
for 5 minutes and washed once with D-PBS. | suspended in 100 pl D-PBS/10° cells and added murine FC
block at a dilution of 1:100. After 5 minutes of incubation, | stained cells with anti-CD46 antibody or isotype
control for 30 minutes at RT in the dark. Subsequently, | added 500 ul D-PBS and spun the cells down at
300g for 5 minutes. | removed the supernatant and resuspended in 500 ul D-PBS containing 0.1 pg
DAPI/ml. | incubated samples for 5 minutes in the dark and finally added 1 ml D-PBS. | then centrifuged
the cells again at 300g for 5 minutes, removed the supernatant and resuspended in 500 pl D-PBS. |
transferred the samples into FACS tubes. | used a BD FACSAria to sort cells and performed single cell as
well as bulk sorting into 96-well plates containing cell-specific medium, 30 % FCS and 1 % antibiotic
antimycotic solution (ABAM). | incubated the plates and observed the growth of single cell clones or bulk
populations daily. | let cells outgrow from 96- to 48-, 12-, 6-well formats and finally into T25 and T75 culture
flasks, when the clones or bulk-sorted populations reached sufficient confluence. To characterize the
generated cell lines for CD46 expression, | performed flow cytometry by staining the cells with CD46

antibodies as described above and analyzing the samples on a FACS Canto II.

3.2.1.7. SUNnSET assay
To assess treatment-induced changes in the protein synthesis rate, | performed “surface sensing of
translation” (SUnSET) assays following the published protocol.'*® The assays exploits the structural analogy
of puromycin to aminoacyl-tRNAs. This results in the incorporation of puromycin into nascent proteins
through non-hydrolysable peptide binding during translational elongation. This terminated elongation and
puromycin-labeled proteins are released from the ribosome. Low concentration of puromycin do not alter
the overall protein synthesis rate, which can thus be assessed by quantifying puromycin-labeled proteins.
To perform the assay, | seeded and treated cells as described above. 48 h after completion of treatment, |
added puromycin directly to each well at a final concentration of 5 pg/ml. After exactly 15 minutes of
incubation, | removed the medium, washed cells with cold PBS and continued with cell lysis by RIPA buffer,

SDS-PAGE and Western Blot and quantification, as described in 3.2.3.5.

3.2.2.  Virological methods

3.2.2.1. Rescue of recombinant measles virus
To generate recombinant measles virus particles, | followed the previously published protocols.'** Briefly,
| seeded 5*10° Vero cells per well of a 6-well plate. Once attached, | prepared the following transfection

mix:
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Table 10: MeV rescue transfection mix

Reagent Volume [amount]

NPL Mix 11 pl [containing 500 ng each pcDIMER N and P and 100 ng pcDIMER L]
Mev antigenome X ul [containing 5 pg]

pcDI-dsRed 1 ul [containing 100 ng]

DMEM 200 pl

FuGene HD 18.6 pl

First, | added plasmid components to DMEM, mixed and centrifuged briefly. | then added the transfection
reagent. After mixing and brief centrifugation, | incubated the transfection mix for 25 minutes at RT. In the
meantime, | changed the mediium of seeded Vero cells to 1.8 m| DMEM per well containing 2 % FCS and
50 pg/ml Kanamycin (transfection medium). | then added the transfection mix dropwise, rocked the plate
gently and incubated at 37°C. | changed medium on the next day to 2 ml of fresh transfection medium. |
observed the cells daily for syncytia formation or eGFP expression, when the MeV construct containing
eGFP was rescued. When a sufficient amount of syncitia was present (usually 4-6 days after transfection),
| scraped the cells into the medium, resuspended the mixture and either directly transferred for a first viral

passage (VP1) or frozen at -80°C.

3.2.2.2. Propagation of virus constructs
For the VP1, | seeded 2.5*10° Vero cells on a 10 cm dish. 24 h thereafter, | removed the medium and
thawed or directly added the rescue suspension mixed with OptiMEM in a total volume of 4 ml. Two hours
after the inoculation, 1 added 6 ml of DMEM containing 10 % FCS. | again incubated the VP1 at 37°C until
the cell layer was completely infected. Then, | removed the medium completely, added 500 pl of OptiMEM,
scraped the cells, transferred them to a 1.5 ml Eppendorf cup, vortexted and froze the suspension rapidly
in liquid nitrogen. After at least 24 h at -80°C, | thawed the suspension in a 37°C water bath, vortexed and
centrifuged at 5000 g for 10 minutes at 4°C. | aliquoted the supernatant and determined the viral titer (see
3.2.2.3). To propagate viruses, | performed up to three additional viral passages. To generate VP2 and
subsequent passages, | seeded 5*10° Vero cells in 15 cm dishes. 24 h after seeding, | added the previous
at an MOI of 0.03 in 8 ml OptiMEM. After ca. 7-8 h, | added 8 m| DMEM 10 % FCS. | observed the infection
progression daily and harvested, when 90 % of Vero cells were in syncytia with a tense membrane
structure. Then, | completely removed the media and scraped the cells. | collected the virus suspension
from all plates and snap froze the pooled suspension in liquid nitrogen. Once thoroughly frozen, |

transferred it to -80°C. Later, | aliquoted the suspension in cryotubes for storage at -80°C. | determined
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the titer of each aliquot size and determined titer stability after storage of the suspension at 4°C for 72 h.

| only used passages of stable titer and minimal vial-variability for experiments.

3.2.2.3. Virus quantification (serial dilution titration)
| determined viral titers (colony-infecting units per ml) by serial dilution titration assay: Vero cells were
harvested and concentration adjusted to 2*10° cells/ml. For each virus suspension to be quantified, |
prepared a 96-well plate containing 90 pl of DMEM wit 10 % FCS per well. | vortexed the virus suspension
briefly and added 10 pl virus solution to each well of the first column. | mixed thoroughly and transferred
10 pl to the wells of the next column. | repeated this until the final column. | then directly added 100 pl of

the prepared Vero cell suspension to each well and incubated the plate at 37°C for 72 h.

After 72 h, | read the titers by counting the number of syncytia formed in each well of the column showing

a countable amount of syncytia. By averaging the counted number across the 8 replicates in the column,

the titer can be determined (Figure 3-2).
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Figure 3-2: Plate Layout for virus quantification and titer determination

3.2.2.4. Multi-step growth curves
To test permissiveness of different cell lines to virus infection and replication, | performed multi-step
growth curves. Here, cells are infected at a low MOI to allow for multiple rounds of infection. | seeded

2*10° cells per well of a 6-well plate and infected the cells 24 h later at an MOI of 0.03 with MeV IdeGFP.
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When | removed the inoculum after the infection, | added only 1 ml of culture medium to maximize the
viral particle concentration. At 24, 36,48, 72 and 96 h p.i., | observed the cells and infection progress under
the fluorescent microscope and harvested cells by scraping and resuspending them in the culture medium.
| transferred cells to 1.5 ml Eppendorf cups and snap froze them in liquid nitrogen. | then stored them at -
80°C. Once all time points were collected, | quantified the viral particles by serial dilution titration following
the previously described protocol, in principle (3.2.2.3). | only used 5 dilution steps and thus titrated two

samples per 96-well plate.

3.2.3. Molecular Biology Techniques

3.2.3.1. RNA isolation
To harvest cells for RNA isolation, | washed cells once with D-PBS and added Trypsin. Once cells detached,
| pooled replicate wells (usually 3 wells of a 12-well plate) and spun the suspension down at 300 g for 5
mins. After washing the cell pellet once with D-PBS, | resuspended the pellet in 200 ul RNAlater and stored
the samples at -20°C until RNA isolation. For RNA isolation, | thawed the samples on ice and spun them
down at 5,000g for 5 minutes. | removed the supernatant and resuspended the pellet in the RLT plus buffer
of the RNeasy Plus kit, containing 10 ul B-Mercaptoethanol per 1 ml buffer. | homogenized the resulting
lysate through a QlAshredder column by centrifugation at 16,000 g for 2 minutes. All subsequent steps
were performed with the RNeasy Mini kit in accordance to the manufacturers instructions. For all sampes,
an additional on-column DNAse digest was performed with the RNAse free DNase Kit (Qiagen) as described
in Appendix D of the manufacturers handbook. | eluted twice with 30-50 pl RNAse free water, reusing the
eluate. | determined the RNA concentration with a Nano-Drop ND-1000 spectrophotometer at 260 nm

wavelength.

3.2.3.2. cDNA Synthesis and gPCR
For synthesis of complementary DNA (cDNA), | used the Maxima H Minus First Strand cDNA Synthesis Kit
in accordance to the manufacturers instructions. | used 500 ng of RNA as input, whenever sample
concentration permitted. Otherwise, | adjusted the input amount to match the lowest sample and used a
minimum of 200 ng. When priming for a RT-gPCR of cellular targets or Protoparvovirus, | used random
hexamer and oligo(dt) Primers. For Measles-specific priming, | used the primers as described Table 7:
Oligonucleotides. After completion of cDNA synthesis, | treated the samples with RNAse H for 30 minutes
at 37°C for digestion of RNA. For gPCR, | prepared a 20 pl reaction in triplicates per sample, containing 10
ul Power SYBR Green PCR Master Mix, 1 pl each of forward and reverse primer and 6 pl of sterile water. |
then added 2 pl of the template cDNA. For the gPCR reaction, | used the Bio-Rad CFX96 Real-Time system

at the indicated condition (Table 11). | extracted cycle threshold values (Ct) using the automated baseline
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correction and threshold setting of the CFX Maestro software. | calculated 22 and 2%, where applicable,

using ACTB as reference gene.

Table 11: gPCR cycling conditions

Temperature | Time [s] Ramp rate
[°cl [°C/s]
Preincubation 95 15 mins 4.4
Denaturation 95 15 1 40
Annealing Ta 30 1
Elongation 70 30 1
Melting Curve Analysis | 65-95 0.5
3.2.3.3. Bulk RNA sequencing

For bulk RNA sequencing, | treated U251 cells as described above with 5 Gy irradiation and subsequent
infection with MeV at MOI 0.1. Samples were harvested 48 h after completion of treatment. Three
biological replicates were prepared and RNA was isolated as described above. | confirmed RNA quality and
integrity using Qubit RNA 1Q Assay. | diluted samples to 70 or 80 ng/ul, and handed them over to the DKFZ
Next Generation Sequencing Core Facility (NGS CF) for library preparation and sequencing. Library
preparation was performed following the TruSeq Stranded mRNA protocol (lllumina) and a NovaSeq 6000

on a 5S4 flow cell in a 100 bp paired-end mode. At least 100 Million reads were obtained per sample.

3.2.3.4. ELISA
To detect released CXCL10 and IFN-B in the supernatant of treated cells and spheroids, | performed
enzyme-linked immunosorbent assays (ELISAs). | collected the medium of cells 48 h p.tr. and spheroids 72
h p.tr. and centrifuged it at 5000 g for 5 minutes at 4°C. | then aliquoted sample and froze them at -80°C

until analysis. Each sample only underwent one freeze-thaw cycle.

ELISAs were performed in accordance with the manufacturer’s protocol using half-well plates. Briefly, |
coated plates by diluting the capture antibody in PBS at a ratio of 1:120 and added 50 ul of the solution to
each well. | sealed the plate and incubated at room temperature over night. On the next day, | aspirated
the coating solution and washed plates three times with 0.05 % Tween20 in PBS (wash step).l then blocked
plates with 1 % BSA in PBS (sterile-filtered; reagent diluent) for at least one hour at room temperature.
After three washes with washing buffer, | added 50 ul of standards and samples (supernatant of cells was

diluted 1:20 or 1:100 for CXCL10 ELISA), sealed the plates and incubated over night at 4°C. On the next
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day, | removed samples and standards, washed plates and added the detection antibody, diluted 1:60 in
reagent diluent. After 2 hours of incubation at room temperature, | repeated the wash step and added 50
ul streptavidin-HRP diluted 1:40 in reagent diluent to each well. | incubated plates 20 minutes and
performed a thorough wash step. | then added 60 ul TMB substrate solution and observed plates until a
color reaction was visible in the lowest standard condition. | then added 30 pl stop solution and read the
OD at 450 nm with reference reading at 570 nm using a spectrophotometer. To analyze data, | generated
a standard curve from the OD measurements using a 4-parameter logistic curve fit with GraphPad Prism

and then calculated the inferred concentration of the samples, taking the dilution factor into account.

3.2.3.5. Protein extraction, SDS-PAGE and Western Blot
When analyzing protein expression, | treated cells in accordance to the experimental setup as described
above and harvested the cells at the specified time-point. | removed the supernatant and washed the wells
once with cold PBS. | lysed the cells directly in the wells by adding RIPA buffer containing either Protease
Inhibitor Cocktail cOmplete™ Ultra tablets or Halt™ Protease and Phosphatase Inhibitor Cocktail. The latter
was used when protein extraction for analysis of phosphorylated EIF2a. | let the plates incubate on ice for
10 minutes and subsequently scraped the cells from the bottom of the well. | transferred the lysates to
1.5 ml Eppendorf cups and centrifuged them in a precooled centrifuge at 13.000 rpm for 10 minutes at

4°C. | stored them at -20°C until further analysis.

| quantified the protein content of each sample in 1:10 dilution using a bicinchoninic acid (BCA) protein
assay, following the manufacturer’s instruction. | measured the absorbance at 562 nm using a
spectrophotometer and calculated the protein concentration for each sample. Then, | prepared equal
amounts of protein by diluting the lysate in PBS as required and added 4x Laemmli Buffer. | boiled the
samples at 95 °C for 5 minutes and loaded the denatured proteins onto a precast 4-20 % polyacrylamide
gel. | separated the proteins by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
at 300 V for 35 minutes. | used the Precision Plus™ protein all blue standards as size marker. Once the
separation was complete, | activated the gel in accordance to the manufacturer’s instruction to allow for
total protein quantification later on. To blot the proteins onto a polyvinylidene fluoride (PVDF), | used the
Bio-Rad Trans-Blot turbo system as per manufacturer’s protocol. Blotting was done with the preset mixed
molecular weight settings. Once blotted, | visualized total protein using the ChemiDoc Imaging System and
subsequently blocked the membrane for 1 h in blocking buffer (5 % milk powder in tris-buffered saline-
tween (TBS-T)). | diluted primary antibodies in blocking buffer at the indicated dilution (Table 6:
Antibodies) and incubated the membrane with the antibody overnight on an orbital shaker at 4°C. After

washing the membrane 3x with 1x TBS-T for 10 minutes each, | added secondary horseradish-peroxiade
31



Materials & Methods

(HRP)-linked antibody diluted in blocking buffer for 1 h at room temperature, again placing the membrane
on an orbital shaker. After three additional washes with 1x TBS-T for 10 minutes each, | performed
chemiluminescent imaging by adding ECL substrate onto the membrane and recording the signal with the
ChemiDoc Imaging System. In addition to the total protein quantification, | also reprobed the membrane
for B-Actin: | washed the membrane again 3x 10 minutes with TBS-T and added the anti-B-Actin antibody
conjugated to peroxidase in 5 % milk TBS-T. | incubated the membrane for 90 minutes at RT and performed
three wash steps for 10 minutes with TBS-T thereafter. | again detected the chemiluminescent signal as
described before. | quantified the Western Blot band intensities with FlJl software by measuring the mean
band intensity of the target protein band against their background and normalizing to the respective

measurement of the B-Actin band and background.

3.2.3.6. Immunofluorescence
As a marker of immunogenic cell death (ICD), | analyzed extracellular (ectopic) expression of calreticulin
(CALR) via immunofluorescence staining. | seeded cells on cover slips (631-0125, VWR, Radnor, PA/USA)
in 6-well plates. Twenty-four hours later, | initiated treatment as described above. | incubated plates for
48 h at 37°C with 5% CO,. After the incubation period, | removed the medium from each well, washed
twice with 1 ml D-PBS and fixed cells with 4 % PFA in D-PBS for 15 minutes. When the staining was not
continued immediately, | added 3 ml D-PBS to each well and the space inbetween wells on the 6-well plate
and sealed the plate with parafilm. | kept the plate in the fridge untl staining for a maximum of 2 days. |
then washed three times and blocked cells with blocking buffer, containing 2 % BSA and 0.1 % Triton X-
100 in D-PBS. | incubated plates for 60 minutes at RT. To stain cells, | diluted the primary antibody in
antibody dilution buffer (0.1 % Triton X-100 and 1 % BSA in D-PBS) at the indicated dilution (Table 6:
Antibodies). After another three wash steps with D-PBS, | added 30 pl of primary antibody to each well. |
included a control without primary antibody to control for unspecific binding of the secondary antibody. |
placed parafilm cut-outs of 2x2 cm on top of the cover slips to allow for optimal spread of the antibody
solution across the cover slip. | then added D-PBS to the space between wells and elevated the lid with
toothpicks to prevent draining during the incubation time. | incubated the cells with primary antibody
solution over night at 4°C. | then removed the parafilm cut outs, washed the wells with D-PBS three times
and added secondary antibody, again diluted in antibody dilution buffer, containing Hoechst at a 1:500
dilution. Again placing parafilm cut outs on top of cover slips, | incubated the plates for 90 minutes at RT
in the dark. Subsequently, | removed the cut outs, washed three times with D-PBS and prepared the slides:

Well by well, | added one drop of mouting media on top of a microscope slide and used forceps to place
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the cover slip on the mounting media “face-down”. | removed air bubble by carefully shifting the cover

slip. I let the media harden for ca. 2 h at RT and stored the slides in the fridge.

To acquire images, | used a Zeiss cell observer microscope of the core facility for light microscopy with a
LED module Colibri.2 as a fluorescence source. To quantify the signal, | analyzed the images in FlJI. To this
end, | performed grey scale transformation of the single-channel fluorescent images of the Hoechst and
CALR channel. | measured CALR fluorescent intensity and counted nuclei in the Hoechst channel with the

“Analyze Particles” function. | then normalized CALR intensity to nuclei count.

3.2.1.  Use of large language models
| used ChatGPT (GPT-5, OpenAl) for text refinement. No conceptualization, experimental design, data
analysis (except for R code trouble shooting, see section below) or figure generation was performed with
artificial intelligence. | wrote all text passages of this thesis myself. If ChatGPT was employed, | used them
as input for minor text refinement and rephrasing. No text passages of this thesis were generated de novo

by ChatGPT or other large language models.

3.2.2.  Statistical Analysis
| visualized and analyzed data using GraphPad Prism 10.5.0. Depending on the experimental setting, | used
one-way or two-way ANOVA, adjusted for multiple comparison testing using Tukey’s.multiple comparison
post-hoc test. | set alpha to 0.05 and report on multiplicity-adjusted p-values. For visual clarity, | only depict
the most relevant comparisons in the graphs using one star for all p-values indicating significance (*).

Additional significances may be reported either in the text or supplementary figures, where indicated.

3.2.3.  Analysis of RNA sequencing data
Initial data processing was performed by the Omics-IT and Data Management CF following their One Touch
Pipeline.* Reads were aligned to the human genome (build 37, version hs37d5) and feature count data
was provided. | performed subsequent analysis using R with RStudio using the EdgeR package and
following the suggested workflow.*¢4” Marie Szczeponik contributed to the R script. | visualized the
results of MDS, GO analysis and DEGs in volcano plots with the R package ggplot2 (v3.3.3).2#® Pheatmap
was used to generate heatmaps (version 1.0.13). | performed gene set enrichment analysis with GSEA
v4.4.0 with the Molecular Signature Databases (MSigDB) “Hallmark” gene set collection.}**° | used

ChatGPT (GPT-5, OpenAl)to troubleshoot code errors and refine graph aesthetics.
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4. Results

Previous work conducted in our group showed synergy when combing radio- and virotherapy. While
combination treatment did not alter radiosensitivity or virus replication, it did enhance cytotoxicity in vitro
and showed increased immune induction in vitro and in vivo.'® Building on this, | aimed to modify the

combination regimen to further boost the observed synergy.

4.1. Transcriptomic analysis reveals enhanced immune induction of radiovirotherapy
To comprehensively analyze the combination of measles virus (MeV) and radiotherapy and deduct
mechanisms of action that could be exploited to rationally modify and improve it, | conducted a bulk RNA
sequencing experiment: | isolated RNA from combination-, mono-, and untreated cells. Library preparation
and RNA sequencing was performed by the NGS core facility of the DKFZ. The Omics IT and Data
Management Core Facility performed initial data processing, providing feature counts data for each

sample. | conducted further analysis using the edgeR package in R with Rstudio.

For quality control of the data and to assess similarity of replicates or treatment groups, | conducted a
multidimensional scaling (MDS) analysis (Figure 4-1 A). The replicates of each treatment group clustered
together, while untreated and combination-treated samples, as well as mono therapy groups showed
maximal distance in dimension 1 or 2, respectively. Thus, the global transcriptional patterns induced by

each treatment seem to be distinct and reproducible.

Next, | assessed differentially expressed genes (DEGs) in pairwise comparisons. The volcano plots (Figure
4-1 B) show up- or downregulated genes between all treatment groups individually. While all treatments
and comparisons show altered transcript levels to some degree, the number of differentially expressed
genes varies. Virus treatment predominantly induced gene expression: The number of downregulated
genes is comparatively low with 6 when comparing combination to radiotherapy (reflecting the changes
attributable to the addition of virotherapy) and 36 in the comparison to mock. Irradiation on the other
hand not only induces the expression of more genes (377 vs. 232 in the mock-comparisons), but also leads
to the downregulation of a higher number of genes (221 in radio versus mock and 154 in combi versus
virus). In line with the MDS analysis, the genes influenced by the respective treatment seem to be distinct
between radio- and virotherapy: The combination shows the highest number of DEGs (683 upregulated
and 295 downregulated in the mock comparison), even exceeding the addition of virus- or radiotherapy

influenced genes. This indicates minimal overlap between the DEGs in either monotherapy group.
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Figure 4-1: RNA sequencing of RVTx-treated cells reveals altered transcriptional patterns

lirradiated U251 cells at 5 Gy and infected 24 h thereafter with MeV (MOI 0.1). | harvested cell pellets 48 h p.tr. and isolated
total RNA. Bulk RNA sequencing was performed using NovaSeq 6000 S4 (paired end; 100bp reads). (A) MDS analysis was
performed for the individual replicates of each treatment group (B) Volcano plots show DEGs comparing all treatment groups.
Significantly up- (orange) and down- (blue) regulated genes are marked and their number given. Thresholds: logFC -1 or 1;
p-value 0.05

After this analysis of global transcript patterns, | investigated which transcripts specifically show the most
differential expression in the combination treatment. To this end, | focused on the top 50 DEGs in the

comparison of RVTx- to mock-treated samples and analyzed their expression across all treatment groups
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(Figure 4-2). Euclidian clustering was applied for both sample groups (columns) and genes (rows). For the
top 50 DEGs, | saw a pattern aligning with the conclusions of the MDS and volcano plot analysis: Replicates
clustered together and both radiotherapy and virotherapy contributed to the gene expression of the
combination-treated group, thus clustering between the two monotherapy groups. Only one transcript
(RP11-496D24.2) among the 50 was downregulated in the combination, the other 49 showed increased
transcript levels. Among the upregulated genes in the combination-treated samples, three distinct
subgroups were defined: One driven by virus treatment (33 genes), one driven by irradiation (9 genes) and
a third where gene expression was comparably low in both monotherapies (7 genes). A majority of the
genes upregulated in the combination in a virus-driven manner were ISGs (members of OAS and IFIT family
as well as ISG15, MX2, DDX58, ZBP1 etc). Among the upregulated genes influenced by irradiation were
also immune-related genes such as cytokines (/L8 and CCL20), but also a more diverse set of genes
including some related to ECM architecture (COL5A3), tissue remodeling (KRT75) and the complement
system (F13A1). Lastly, the third subgroup entails genes associated with inflammation (SAA1 and SAA2),
cytokines (CCL8 and CSF2) and immune suppression (IL1RN, NT5E). Notably, when | sorted the list by FDR,

most DEGs had a MeV-driven differential expression (Figure 7-1).

Overall, analysis of the top 50 DEGs reveals strong immune induction in the combination treatment,
influenced by both treatment modalities individually. Possibly, this enhanced immune induction in turn
induces negative feedback loops and upregulation of immune suppressors specifically in the combination

treated condition.
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Figure 4-2: Top 50 DEGs of the RVTx-treated sample are mostly immune-related

| treated and prepared samples as described in the legend to Figure 4-1. The heatmap shows Z-Score normalized expression of
the top 50 DEGs of the combination versus mock comparison for all samples. | selected the top 50 DEGs based on logFC values
among significant (FDR < 0.05) differentially expressed |logFC| > 1) genes. | applied Euclidian clustering across rows (genes) and
columns (samples).

For a comprehensive analysis of the functional consequence of the observed transcriptional changes, |

performed Gene Ontology (GO) term and gene set enrichment (GSE) analysis (Figure 4-3).
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GO term analysis among the DEGs in combination versus mock-treatment, exclusively found terms related

to viral infection and innate immunity among the top 20 (Figure 7-3). To get a broader understanding of

the underlying mechanisms, | additionally compared combination to the MeV-treated condition to deduct

the impact of the addition of irradiation (Figure 4-3 A and B). Still, the majority of enriched GO terms

remains related to immune signaling in this comparison. The terms are not directly entailing antiviral
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Figure 4-3: Immune pathways are strongly upregulated in RVTx treated cells
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| treated and prepared samples as described in the legend to Figure 4-1. Top 20 GO terms by p value that are (A) up- or (B)
downregulated in combination vs. versus virus comparison. Top (C) and bottom (D) three hallmark gene sets of of the GSEA
analysis comparing the combination to the three other treatment groups. GO - Gene ontology; NES - Normalized Enrichement

Score; FDR - False Discovery Rate (q value)
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response, but broad categories such as “cytokine receptor binding” or “immune system response”.
Additionally, more general cell signaling and proliferation processes as well as GO terms related to cell
death were enriched in this DEG comparison (“cell migration”, “regulation of cell population proliferation”,
“programmed cell death”, “cell death”, “apoptotic process”). Of the GO terms that were enriched among
the downregulated genes, the majority were related to metabolic processes and pathways (“organic

metabolic pathways”, “carboxylic acid metabolic process”). This could indicate a stress response and

resulting metabolic shutdown.

For GSEA, | compared the gene expression of combination-treated samples to all other groups and tested
the enrichment of the “Hallmark” gene sets provided in the MSigDB (Figure 4-3 C and D). | found three
hallmark pathways to be highly enriched and sharing a FDR of 0.0. All three were indicative of activation
of the innate immune system: “Interferon alpha response” (NES 6.87), “inflammatory response” (NES 3.89)
and “IL6 JAK STAT3 pathway” (NES 3.11). The three most enriched hallmark gene sets in the other
treatment groups (and therefore depleted in the combination) were metabolic pathways (“bile acid
metabolism” (NES -1.77, FDR 0.0), “peroxisome” (NES -1.77, FDR 0.0) and “fatty acid metabolism” (NES -
1.63, FDR 0.002)).

Thus, both GO term analysis and GSEA revealed a very similar pattern: The combination treatment induced
innate immune signaling to a greater extent than either monotherapy and metabolic processes were

reduced, possibly due to stress response and apoptotic signaling.

All in all, both monotherapies seem to contribute to the transcriptional alterations that are apparent in
the combination treatment. The RNA sequencing results are in line with the previously established
mechanism of action of RVTx: Increased (innate) immune induction and higher levels (immunogenic) cell
death occur in combination-treated cells. Especially the enhanced induction of innate immunity might be
a double edged sword in the RVTx setting: While IFN-signaling is known to enhance induction of the
adaptive immune system and is necessary to drive the tumor microenvironment to a more
immunonogenic phenotype, it also interferes with viral replication and might hamper replication and
spread of the highly IFN sensitive MeV. This underlines the potential of modifying the combination regimen

to control the timing of the IFN response for optimized efficacy.

This solidified our hypothesis: Transient, tumor-cell specific reduction of IFN signaling through
Protoparvovirus might increase MeV replication and spread and ultimately yield higher treatment efficacy.

To study this hypothesis in vitro, cell lines capable of mounting an IFN response were required.
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4.2. |dentification of candidate cell lines for the assessment of triple radiovirotherapy

To choose candidate cell lines for testing our hypothesis of the triple radiovirotherapy approach, |
performed an initial screen in a panel of GBM (U87, U251, U373) and PDAC (BxPC-3, T3M4) cell lines with
the goal to identify one cell line per entity. To this end, | analyzed baseline and induced levels of IFNB1 on
transcript level. Additionally, | analyzed a selection of ISGs on transcript and protein level to confirm intact
downstream signaling. Finally, | investigated variation in MeV permissiveness of the cell lines through
multi-step growth curves and assessed the effect of IFN-B pretreatment on MeV replication by

guantification of genomes through RT-qPCR

4.2.1. Levels of intrinsic IFN signaling vary between cell lines

4.2.1.1. Baseline and induced levels of IFNB1 and ISGs on transcript level
To compare cell lines in their intrinsic ability to mount an IFN response, | treated cells with MeV and the
known IFN-inducer Poly(IC), a synthetic double-stranded RNA.**>2 | performed RT-gPCRs for IFNB1 and
selected ISGs (Figure 4-4)

Baseline, non-induced, levels of IFNB1 transcripts differed in a 200-fold range between U87 (lowest) and
T3M4 (highest), but the differences did not reach statistical significance (Figure 4-4 A). Induced levels of
IFNB1 varied in regard to stimulus and intensity: At the time point investigated, Poly(IC) treatment resulted
in an 30-fold increased IFNB1 expression only for U251 cells. All other cell lines showed a limited induction
of no more than 4-fold. This was independent of the concentration of Poly(IC) applied and the differences
between cell lines were not statistically significant. On the other hand, all cell lines showed an increase in

IFNB1 transcripts in response to MeV infection. This ranged from 80-fold for U87 to 6000-fold for U251.
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Figure 4-4: Cell lines vary in their intrinsic capacity to induce IFNB1transcript levels.

usz U251 uin BxPC-3 Tamd

I isolated RNA 48 h after treating cells with either 10 or 50 pg/ml Poly(IC) or MeV. RT-gPCR analysis compared levels of IFNB1
transcripts. (A) 2-2¢T, normalized to ACTB, values are depicted for untreated samples of the cell line panel to show baseline
IFNB1 levels. (B) Fold changes of IFNB1 levels compared to untreated samples in response to the respective treatment. Mean
and standard deviation of two independent experiments are shown * - p< <0.000001
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However, the increase compared to mock- or Poly(IC)-treatment only reached significance in U251 cells.
Equally, the induction of IFNB1 in response to MeV was significantly increased in U251, compared to all

other cell lines (Figure 4-4 B).

Since the concentration of Poly(IC) did not affect induction levels, | used 10 pg/ml in all subsequent

experiments.

Next, | analyzed transcript levels of a selection of ISGs to observe whether the cell lines were able to induce
downstream signaling upon the IFN stimulus. Targets included EIF2AK2 (PKR), IFITM1 and ISG15 and were
analyzed by RT-qPCR (Figure 4-5).
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Figure 4-5: Cell lines vary in their intrinsic capacity to induce ISG signaling

| isolated RNA 48 h after treating cells with either 10 pg/ml Poly(IC) or MeV. Through RT-qPCR analysis, | compared levels of
(A) EIFAK2, (B) ISG15 and (C) IFITM1 transcripts. 2-22CT values, normalized to ACTB and mock-treated controls, in response to
the respective treatment are depicted. Mean and standard deviation of two independent experiments is shown. * - p<0.05;
Statistical significance was assessed for all group comparisons; only selected combinations are shown in the figure for clarity.

All cell lines showed a trend towards increased levels of the target transcripts upon MeV infection. The
range of induction was different for each target: IFITM1 showed highest induction levels ranging from 2-
to 530-fold, ISG 15 showed a 10- to 270-fold increase and EIF2AK2 levels were 1.5 to 6-fold induced. While
MeV-mediated induction of EIFAK2 was significant for 4 out of 5 cell lines, induction of ISG15 and IFITM1
was significant for two and one cell line only, respectively. The only cell line that showed significant

induction for all ISG targets assessed was U251. Equally, the relative expression after MeV infection was
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highest in U251 for all targets, when compared to the other cell lines (all significances are shown in Figure

7-2).

Similar to IFNB1, ISG transcript levels were less elevated in response to Poly(IC). Compared to mock, only
U251 cells had significantly higher expression levels. Interestingly, U373 showed a different (albeit non-
significant) pattern: Here, Poly(IC) treatment induced a similar or higher fold change of target transcripts

compared to MeV infection.

In summary, the tested cell lines showed different induction patterns of the transcript levels of IFNB1 and
selected I1SGs: While all cell lines showed at least 80-fold induction of IFNB1, induction of ISGs was more
variable. Only U251 cells showed robust and significant induction of IFN signaling in response to the

applied stimuli, especially MeV.

Finally, | wanted to compare the induction pattern of IFNB1 and ISGs side by side for each cell line. Since
MeV is the IFN stimulus in the RVTx setting, | focused on the transcript levels in response to MeV. | log-
transformed and normalized the expression levels of each target and generated a heat map (Figure 4-6).
Clearly, U251 has the highest expression level across all targets in response to MeV, making it a good
candidate for GBM to evaluate intact IFN signaling in the RVTx setting. For PDAC, the difference between
cell lines was less pronounced. Both cell line showed similar, intermediate induction of IFNB1. BxPC-3 had

slightly higher induction levels of EIF2AK2 and IFITM1.

IFNBt? 15615 BEIF2AK2 IFITM1

Figure 4-6: Overview of MeV-mediated signaling induction on transcript level

To integrate the data gathered on the transcript level, | log-transformed and normalized the expression levels of each target
in response to MeV across the cell lines tested. The highest fold change for each target is set to 100 %, the lowest to 0 %. The
heat map depicts the percentages for IFNB1, ISG15 EIF2AK2 and IFITM1 across the five cell lines.
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4.2.1.1. Baseline and induced levels of ISGs on protein level
Next, | tested whether these pattern were also present on the protein level. To this end, | performed SDS-
PAGE and Western Blot analysis of two ISGs, STAT1 and ISG15 (Figure 4-7).
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Figure 4-7 Western Blot analysis confirms differences in ISG induction between cell lines

| treated cell lines with MeV at MOI 0.1 or 10 pg/ml poly(l:C) and collected cell lysates 48 h p.tr.. | performed SDS-PAGE and
Western Blot of and detected STAT1 and ISG15 on the membrane. B-Actin served as loading control. One representative
Western Blot is shown (A). | quantified band intensities for STAT1 (B) and ISG15 (C), normalizing to B-Actin and mock-treated
cells, where possible. Mean and standard deviation of two replicates are shown. Two-way ANOVA with Tukey’s multiple
comparisons test was used; * - p < 0.05
Both STAT1 and ISG15 showed similar induction patterns: | observed an increase of both targets in U251,
BxPc-3 and T3M4 cells in response to MeV. U251 and T3M4 cells also showed increased levels of the
targets in response to poly(IC). U87 showed no induction of either ISG in response to either stimulus and,
similar to the transcript level, U373 showed a stronger induction in response to poly(IC) than MeV

treatment.

To quantify the protein levels, | analyzed the band intensities using FlJI software. | measured mean grey
intensities of bands versus background and normalized the data: STAT1 is also detected in mock-treated
samples, so | normalized to both loading control and the uninduced state. Non-induced levels of ISG15
were not reproducibly detectable for any of the targets. Thus, | could only normalize protein levels to the
loading control B-Actin. (Figure 4-7 B and C). Overall, the quantification was in line with the previous

observations. Again, only MeV-driven induction in U251 cells was statistically significant for both targets.
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For STAT1, this increase was significantly higher in U251 cells than in all others, except BxPC-3, where the

difference did not reach significance.

All'in all, the induction of ISG on the protein level was comparable to what | had observed on the transcript
level. All cell lines showed some intrinsic IFN signaling in response to either poly(IC) or MeV. Nevertheless,

U251 clearly showed highest levels of IFN signaling on both transcript and protein level.

Markedly, U373 showed a different pattern than all other cell lines and reproducibly mainly induced ISGs
in response to poly(IC). Poly(IC) and MeV are sensed by different nucleic acid sensors inside the cell, which
led me to the hypothesis that U373 might have different levels of certain pattern recognition receptors
(PRR). Thus, | compared baseline and induced levels of TLR3 (sensing poly(IC)) and RIG-I (sensing MeV)
between U373 and BxPc-3 cells (Figure 7-4). In contrast to the hypothesis, BxPC-3 showed higher levels of
both PRRs at baseline. DDX58 levels were higher than TLR3 levels in U373 (Figure 7-4 A). And while, again,
treatment with poly(IC) elicited a higher fold change for the targets in U373 cells, the pattern was very
similar between TLR3 and DDX58. | observed the strongest induction at the 12 h timepoint and subsequent
reduction of the Poly(IC)-induced fold change. Equally in BxPC-3, Poly(IC) induced higher levels for both
PRRs at the 12 h timepoint. However, for the other three timepoints MeV elicited the stronger induction
in that cell line. All in all, no difference in the baseline or induced states of TLR3 or DDX58 can be observed
between the cell lines. Transcript levels of the PRRs seem to be independent of the different response to

the two stimuli.
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4.2.2. Levels of intrinsic IFN signaling influence susceptibility to MeV infection
Having thoroughly analyzed the ability to induce IFN signaling, | analyzed the consequence for
permissiveness to MeV. | microscopically observed differences in infection patterns and performed multi-
step growth curves to observe viral replication kinetics by quantifying infectious viral (progeny) particles

at certain time points after infection (Figure 4-8).
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Figure 4-8: MeV permissiveness in candidate cell lines

(A) | observed cell morphology (phase contrast) and eGFP expression (fluorescence microscopy) after infection with MeV at
MOI 0.03. Time point 48 h p.i. is shown. 5x objective, scale bar: 200 um. (B) | infected candidate cell lines with MeV Id eGFP
at an MOI of 0.03. 24, 36, 48, 72 and 96 h p.i,. | harvested samples and performed subsequent serial dilution titration assays

When | observed cells infected with MeV at MOI 0.03 microscopically, | saw differences in infection pattern
and MeV-encoded eGFP expression: By far, infection was most widespread and eGFP signal strongest in
U87 cells. eGFP signal was very weak in U251 cells, the other three cell lines showed intermediate eGFP
expression. While U87 morphology does not allow for formation of large syncytia structures, the cell
membrane appeared very tense and some multi-nucleated structures are observable. U373 and T3M4
cells both show formation of characteristic syncytia. In U251 and BxPC-3 cells, on the other hand, mostly

single cells show eGFP expression and most cells retain their individual membrane structure.
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In the multi-step growth curves, results were mostly in line with these observations: U251 gave rise to the
least amount of progeny particles and the concentration dropped early at the 48 h time point. BxPC-3 also
showed limited permissiveness to MeV infection, both cell lines had a maximum progeny virus titer of
around 500 ciu/ml. T3M4 showed a 4-log higher peak of infectious units, possibly due to the formation of
larger syncytia in that cell line (phase image T3M4 in Figure 4-8 A). U87 and U373 showed intermediate
progeny virus titers, peaking at around 0.5-1*10* ciu/ml and progeny production was sustained longer

compared to BxPC-3 and U251.

Additionally, | tested the effect of pretreatment with IFN-B on MeV replication. To this end, | treated cells
with 10 ng/ml IFN-B and infected 16 h later with MeV at MOI 0.1. | quantified viral genomes by RT-qPCR

(Figure 4-9).
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Figure 4-9: Effect of IFN-8 pretreatment on MeV replication in cell line panel

| seeded cells and pretreated with 10 ng/ml recombinant IFN-B 16 h prior to infection with an MOI of 0.1. | harvested cells 48
h after and isolated RNA. MeV genomes were quantified by RT-gPCR. *: p < 0.05 (ratio paired t test) (A) 22t values of MeV
genomes, normalized to ACTB are shown with and without pretreatment with IFN-B. (B) Foldchanges of data depicted in (A);
*: p <0.05 (one-way ANOVA with Tukey’s multiple comparisons test)

For all cell lines, pretreatment with IFN-B resulted in a decrease of viral genomes (Figure 4-9 A). The
difference was larger for U251 and BxPC-3 cells and only reached significance for the latter (p=0.0265).
Equally, comparing the fold changes of MeV genomes in pretreated over non-pretreated cells between

the cell lines showed that IFN-B had the largest effect on meV replication in U251 and BxPC-3 cells (Figure
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4-9 B). Again, only BxPC-3 cells showed a significant reduction and only in comparison to U373 and T3M4

cells.

All in all, the comprehensive analysis of the the cell line panel revealed differences in their capacity to
induce IFN signaling: Among GBM cells, U251 showed the highest increase in IFNB1 on transcript level and
ISG on transcript and protein level. The cell line was also less permissive to MeV infection and showed a
strong (albeit non-significant) effect of IFN- pretreatment on MeV replication. In terms of IFN signaling
induction, the picture was less clear for the PDAC cell lines tested. Both showed an intermediate induction
of the tested target transcript and proteins. However, BxPC-3 was less permissive to MeV and showed a
significant reduction of MeV replication when pretreated with IFN-B. Thus, the following experiments of
evaluating the effect of a transient IFN dampening on the radiovirotherapy treatment regimen was carried

out in U251 and BxPC-3 cells.

Lastly, | investigated whether replication of MeV was required to elicit the strong IFN response. To this
end, | used ERDRP-0519, an inhibitor of Measles Virus interfering with the viral RNA-dependent RNA
polymerase. When the inhibitor is applied, the virus can enter the cells, but transcription and replication
is inhibited. | measured the transcript levels of IFNB1 after MeV infection in presence or absence of ERDRP-
0519 by RT-qPCR (Figure 7-5). As expected, the inhibitor itself elicited no increase in IFNB1 levels. MeV
infection, on the other hand, yielded a significant increase. Strikingly, treatment with the MeV polymerase
inhibitor resulted in a significant decrease of 10- (U251) or 100-fold (BxPC-3) of IFNB1 transcripts. This
clearly indicates that presence of MeV genomes is not sufficient to trigger an IFN response, but replication

and/or transcription is required to drive a strong IFN response.

4.3. Dual virotherapy: Analysis of cytotoxicity and underlying signaling
To investigate the effect of the addition of Protoparvovirus (PV) to the RVTx treatment regimen, | initially
tested the combination of the two viruses to optimize the dosing. Since the rational of combining these
oncolytic vectors was the IFN-dampening effect of PV, | applied PV 24 h before MeV to allow for sufficient

expression of viral proteins to elicit their effect.

47



Results

4.3.1. Limited cytotoxic effects of dual virotherapy

To analyze the cytotoxic effect on the two cell lines, | performed XTT assays (Figure 4-10). | measured the

metabolic activity of the cells on day 5 and day 7 p.tr..
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Figure 4-10: Cell viability after dual virotherapy in U251 and BxPC-3 cells

| assessed cytotoxic effects of the treatment with PV and MeV by XTT assay. | infected cells with PV and 24 h thereafter with

MeV. MOlIs of each virus are indicated. On day 5 and 7 p.tr., | analyzed the metabolic activity of the cells. Data is normalized

to the average of the mock-treated samples for each time point. N=3 technical replicates.
The treatment effect differed between the cell lines: On day 5, cytotoxic effects were very limited in U251
cells. Only the combination of the highest PV and MeV dose (MOI of 6 and 1, respectively) showed a
reduction of metabolic activity, compared to mock. On day 7, overall cytotoxicity remained low, but a PV-
dependent decrease in viability was observable. An MOI of 6 for PV reduced viability to 76 %. With the
highest MOI of 1 for MeV this was further reduced to 54 %. All other dose combinations only reduced
viability to approximately 90 %. MeV alone had no effect on U251 cells at either time point. On the
contrary, only MeV as a monotherapy elicited a cytotoxic effect on BxPC-3 cells for both time points. Here,
| observed dose-dependent reduction in metabolic activity to 65 % or 75 % on day 5 and day 7, respectively,
for the highest MOI of MeV. Treatment with PV did not greatly enhance the cytotoxicity. The combination
of the highest doses of the viruses showed an additional 10 % reduction on both days. PV alone increased
the metabolic activity of the cells for all MOls. | tested the dual virotherapy approach with a variety of dose

combinations and repeatedly saw the pattern shown and described here (data not shown)
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All'in all, only a limited combined effect in terms of cytotoxicity was measurable. While the highest dose-
combination did yield the greatest effect for all cell lines and time points, this was only a marginal increase
compared to the effect of monotherapy with one virus. Interestingly, the cell lines showed different

sensitivities to the viruses: U251 was more sensitive to PV treatment, BxPC-3 to MeV treatment.

4.3.2. Transient synergy of dual virotherapy

In addition to evaluating the cytotoxic effect of the dual virotherapy, | analyzed the synergy of the two
viruses in the cell lines tested. To this end, | used the web application of SynergyFinderPlus. As input, |

combined the cytotoxicity data of all virus dose combinations | tested and used the ZIP model for synergy

calculation (Figure 4-11).
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Figure 4-11: Synergy analysis of dual virotherapy in U251 and BxPC-3 cells

Using the SynergyFinderPlus web application, | analyzed the cytotoxicity data for synergy between the two viruses. 3D plots
of synergy scores based on the ZIP synergy model are depicted for all dose combination of PV and MeV that | investigated.
Analysis was undertaken separately for U251 and BxPC-3 and for day 5 and day 7. ZIP scores around O (white) indicate an
additive effect, negative values (green) antagonism and positive values (red) synergy.
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| observed higher synergy scores for both cell lines at day 5, with ZIP scores of 8.81 (BxPC-3) and 17.31
(U251), suggesting synergistic interaction between the viruses at this time point. By day 7, however, ZIP
scores had decreased or even turned negative, indicating additive or antagonistic effects and thus a
transient pattern of synergy. Given the very limited cytotoxicity observed at the earlier time point, these
synergy scores should be interpreted with caution, particularly regarding their biological relevance. For a
combination therapy to be considered effective, both sensitivity (cytotoxic impact) and synergy are

required—a prerequisite not fulfilled in the case of the dual virotherapy tested here..

In addition to the schedule used above where | added PV 24 h prior to MeV infection, | also tested the
simultaneous application of the two viruses (Figure 7-6). The pattern | observed was similar to the schedule
used above: BxPC-3 cells were mostly sensitive to MeV, U251 to PV infection. Equally in the synergy
analysis, | observed high synergy scores at the early timepoints and additive or slightly antagonistic synergy

scores for the later time point.

4.3.3.  Mechanistic analysis of dual virotherapy
The hypothesis underlying the dual virotherapy approach was the transient IFN dampening by PV and
subsequent increase in replication of the IFN-sensitive MeV. | thus investigated the effect of dual
virotherapy on IFNB1 transcripts and ISG and effector CXCL10 as well as MeV replication via quantification

of MeV genomes, MeV-derived transgene expression and production of progeny particles.

4.3.3.1. PV-mediated dampening of IFN signaling in dual virotherapy
To observe whether the hypothesis of transient IFN-dampening by PV holds true in the dual virotherapy
setting, | performed RT-qPCR of IFNB1 and CXCL10 transcripts (Figure 4-12).

As expected, PV alone elevated neither IFNB1 nor CXCL10 transcript levels, compared to mock-treated
cells. This was true for the time-point of MeV infection (24 h p.PV) and 48 h thereafter. MeV infection, on
the contrary, increased IFNB1 levels 690- or 307-fold and CXCL10 levels 83- or 654-fold in BXxPC-3 or U251
cells, respectively. Interestingly, when both viruses were applied IFNB1 and CXCL10 levels remained
significantly elevated compared to PV or mock treated cells. However, the addition of PV reduced the
IFNB1 induction 35 % (BxPC-3) or 48 % (U251) compared to MeV-infection. Equally, CXCL10 levels were
reduced ca. 47 % in both cell lines. This PV-mediated decrease was statistically significant in U251 cells for
IFNB1 and BxPC-3 cells for CXCL10 (all significant combinations are shown in Figure 7-7). Thus, PV could

not abolish the IFN-induction MeV elicits, but did indeed reduce IFN signaling.
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Figure 4-12: Induction of INFB1 under dual virotherapy

I infected cells with PV at MOI 2 (U251) or MOI 5 (BxPC-3) and 24 h later with MeV at an MOI of 1 (both cell lines). | harvested
RNA 24 h after PV infection (time point of MeV infection) and 48 h after completion of treatment. | analyzed transcript levels
of IFNB1 and CXCL10 via RT-qPCR for BxPC-3 and U251 cells. Average of two independent experiment is depicted, error bars
indicate standard deviation. m - mock, PV - Parvovirus, MeV - Measles Virus, p.PV - post PV infection, p.tr. - post treatment;

* - p <0.002 in two-way ANOVA with Tukey’s multiple comparisons test; significance only shown for selected combinations
for clarity

4.3.3.2. Effect of dual virotherapy on MeV replication and transgene expression
Since MeV is very sensitive to IFN signaling, | next assessed whether the slight reduction of IFNB1 and
downstream signaling could enhance MeV replication and spread. To this end, | performed RT-gPCR of

MeV genomes in cells after dual virotherapy and observed transgene expression in time-resolved live cell

microscopy.

RT-qPCR of MeV genomes showed no effect of the preinfection with PV (Figure 4-13). Normalized to ACTB
transcripts, BxPC-3 cells showed slightly higher fold changes of MeV, compared to U251, which is in line
with the higher sensitivity of that cell line to MeV. However, neither cell line showed an in- or decrease of

MeV genomes when PV was also present. Thus, for the time point observed, the PV-mediated dampening

of IFN signaling did not elicit an advance for MeV replication.

51



Results

BxPC-3 U261
g b E b ® Mev
o ok ©® PViMeV
E8 o014 2 o014
2 §§
3B :
ig 0.01- Eg 0.01-
& 0.001- 0.0014
48 h p.tr. 48h ptr.

Figure 4-13: MeV genome under dual virotherapy

| infected cells with PV at MOI 2 (U251) or MOI 5 (BxPC-3) and 24 h later with MeV at an MOI of 1 (both cell lines). | harvested
RNA 48 h after completion of treatment. | used a MeV-specific primer for cDNA synthesis and quantified MeV genomes via
gPCR. 2-2Ct values (normalized to ACTB) of two independent replicates are shown with standart deviation. PV — Parvovirus;
MeV — Measles virus

| additionally assessed the effect of concomitant PV infection on MeV spread through its transgene
expression. The MeV construct used encodes for eGFP and | could thus observe the eGFP signal over time
to assess viral spread and kinetic. To this end, | used an IncuCyte and measured phase and eGFP area every
two hours over the course of 7 days. To normalize for cytotoxic effects, | divided eGFP area by the phase
area for each time point. For visual clarity, | only depict treatment conditions where | infected with a MeV

MOI of 1 (Figure 4-14; other MeV MOlIs in appendix figure Figure 7-8).

MeV kinetics were largely comparable across treatment groups: eGFP expression became detectable
around 22 h post-treatment, accompanied by a sharp increase in eGFP/phase area. This signal then
plateaued and either rose only slightly (BxPC-3) or declined again (U251). Although the overall kinetics
were similar, the absolute eGFP/phase values differed markedly between groups. Increasing PV doses

consistently reduced MeV spread, with the effect being more pronounced in U251 than in BxPC-3 cells.

To quantify this difference, | compared the area under the curve (AUC) for each condition. Compared to
MeV monotherapy, AUC values decreased dose-dependently to 86 %, 75 %, and 69 % in BxPC-3, and to 77
%, 49 %, and 28 % in U251 cells. This inhibitory effect of PV was independent of MeV dose: even at lower
MOls, where eGFP expression was already reduced, PV further suppressed MeV transgene expression in a

dose-dependent manner (Figure 7-8)
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This strong inhibition was unexpected and not consistent with gPCR data for MeV genomes or progeny
particle titers. | therefore hypothesize that PV-induced cellular stress responses, including translational

shutdown, may impair MeV transgene expression without equally affecting genome replication or virus

production.

Figure 4-14: MeV transgene expression in dual virotherapy

| infected cells with PV at the indicated MOIs and infected with MeV at an MOI of 1 24 h thereafter. | place the plates in an
IncuCyte and measured phase and eGFP area over the course of 7 days. | normalized eGFP expression to phase area and
plotted it over time. For statistical analysis, | calculated the AUC and compared between treatment groups by One-way

ANOVA with Tukey’s multiple comparison test. * - p-value < 0.000028; AUC - Area under the curve; PV - Parvovirus; MeV -
Measles virus; MOI - multiplicity of infection

Taken together, the effects of dual virotherapy in the two cell lines were complex. Cytotoxicity was limited
and strongly influenced by the variable sensitivity of each cell line to one of the viruses. Synergistic
interactions were only transient, with little biological relevance. Although PV reduced IFN signaling in

combination treatments, this did not enhance MeV replication; instead, PV negatively affected MeV

transgene expression.

However, these results may in part reflect limitations of a 2D monolayer system. The two viruses have
distinct requirements for efficient replication: PV replicates S-phase dependently and thus benefits from

low seeding density, allowing for multiple division cycles before a high confluence is reached. MeV, on the
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other hand, relies on cell-to-cell contact and syncytia formation, which is optimized by ~70% confluence
at the time point of infection. These opposing requirements complicate assessment of dual virotherapy in
monolayer cultures and may lead to over- or underestimation of treatment efficacy. To overcome this, |

employed a 3D heterotypic PDAC spheroid model for a final evaluation of the dual virotherapy approach.

4.3.4. Dual virotherapy in 3D PDAC model
The spheroids, composed of PDAC cells, endothelial cells and fibroblasts, better resemble a patient’s tumor
and its microenvironment and allow for heterogeneous cell cycle distribution in outer rim versus spheroid
core. In the spheroid model, | assessed cytotoxicity, synergy, INF induction and MeV-transgene expression

under dual virotherapy.

| assessed cytotoxic effects with CellTiterGlo® 3D, measuring ATP content of lysed spheroids in a luciferase-
based assay (Figure 4-15 A and extended dose range in). The spheroids were sensitive to treatment with
both viruses and showed dose-dependent decrease in cell viability. At the higher MOI, the effect of
monotherapy with MeV was higher than PV, resulting in a 75 % or 51 % reduction in cell viability,
respectively. When the two viruses were combined, no additional cytotoxic effect was observed; cell
viability remained similar to that of the most effective monotherapy. | also extended the PV dose range
further (Figure 7-9). Still, MeV monotherapy elicited a stronger effect than PV-treatment. On the contrary,
higher PV doses (MOI 16 and 64) reduced MeV-driven cytotoxicity. Using all dose-combinations as input
for synergy analysis with SynergyFinderPlus, this also led to negative synergy scores for the dose
combinations with high PV MOlIs. This resulted in an overall ZIP score of -12-37, indicating a slightly

antagonistic combined effect (Figure 4-15 B).

| also investigated the effect on transcript levels of IFNB1 and the downstream effector CXCL10 on day 3
p.tr.. Similiar to the monolayer culture, PV treatment elicited no induction of either target. MeV, on the
hand, dose-dependently increased transcript levels to a maximum of 163- or 15-fold for IFNB1 and CXCL10,
respectively. Interestingly, the previously observed (slight) reduction with the addition of PV was only
observable in the combination of an intermediate MeV and high PV dose. This was the case for both targets

tested. All other combinations elicited an even stronger induction compared to MeV monotherapy.

54



Results

A B ZIP Score -12.37
Day 5 ]
150

100 O ® No MeV
e MeV MOI 0.05
e MeV MOID.5

Synergy Score

50

Lumlnescent signal
Normallzed to mock

No PV PV MOI 2 PV MOI 20

C IFNB1 CcXCL10
100

=y
(=]
(=3
[—]

¢ No MeV
e MeV MOI 0.05
10 e MeV MOI 0.5

-
[=4
(=]

rel. expresslon CXCL10

rel. expression IFNB1
228G hormalized to mock
]
2-28C hormalized to mock

e
-

NI
T g’
WP FE

Q.\QA\%

N2 St Sghd S

> f\o & L O e
‘x@\\:\‘; EFEF ¥
<

S
Ros
FFE

St
Figure 4-15: Dual virotherapy in heterotypic spheroid model

| treated PDAC spheroids, composed of PDAC cells (AsAnPaCa), endothelial cells (HUVEC) and fibroblasts (MRC-5) in a ratio
of 1:2:3, with PV and MeV. (A) 5 days post treatment with the two viruses at the indicated MOls, | performed the ATP-based
cytotoxicity assay CellTiterGlo® 3D. Mean and standard deviation of three technical replicates is shown. (B) | performed
synergy analysis with the SynergyFinderPlus web application using cytotoxicity data from CellTiterGlo® 3D assays of all tested
dose-combinations in the spheroid model. | used the ZIP model for synergy calculation. ZIP scores around 0 (white) indicate
an additive effect, negative values (green) antagonism and positive values (red) synergy. (C) 3 days p.tr., | harvested spheroids,
pooled technical triplicates, isolated RNA and performed RT-gPCR on IFNB1 and CXCL10. . 2-22CT values, normalized to ACTB
and mock-treated controls, in response to the respective treatment are depicted.

In addition to cytotoxicity and analysis of IFN signaling, | also observed the spheroids microscopically after
the treatment with the two viruses (Figure 4-16). Phase-contrast imaging revealed spheroid size and
integrity as indicators of cytotoxic effects. In untreated spheroids and at early time points, the outer rim
appeared sharp and well-defined, whereas higher viral MOls reduced spheroid integrity. This effect was
particularly pronounced in MeV-treated spheroids at 14 days post-treatment, which appeared less
compact and were surrounded by single cells detached from the dense core. These morphological
indicators of cytotoxicity were consistent with CellTiter-Glo® 3D assay results, which showed MeV
monotherapy to be the most effective. Fluorescence microscopy further confirmed MeV infection through
detection of MeV-encoded eGFP. At 2 days post-treatment, eGFP intensity correlated with MeV MOI, with
the strongest signal observed at MOI 0.5. Interestingly, co-treatment with high-dose PV suppressed MeV

transgene expression at this early time point. However, at later time points, eGFP dynamics changed: in

55



Results

the presence of PV, eGFP signals was sustained longer or peaked later, suggesting a shifted expression

pattern under combination treatment.

Interestingly, this is not in line with the observed transgene expression in the monolayer culture (Figure
4-14), where the kinetic was similar across combination-doses but the eGFP area was reduced dose-
dependently. Possibly, this is because multiple rounds of infection may occur in the spheroid model when

the virus penetrates deeper, still viable, cell layers of the spheroids.

All in all, the dual virotherapy approach with PV and MeV yielded only limited synergistic effects. In the
monolayer culture, cytotoxic effects remained modest overall, with U251 cells showing higher sensitivity
to PV and BxPC-3 cells to MeV. Synergy analysis revealed transient synergistic interactions at early time
points, but these were not sustained and often shifted to additive or antagonistic effects later on.
Mechanistically, PV partially dampened the MeV-driven IFN response, however this did not translate into
enhanced MeV replication; instead, PV dose-dependently suppressed MeV transgene expression, possibly
through PV-induced cellular stress and translational inhibition. In PDAC spheroids, similar to the PDAC cell
line, MeV was more cytotoxic than PV, and combinations at higher PV doses even reduced MeV efficacy,
resulting in antagonistic synergy scores. Imaging and eGFP expression dynamics suggested that PV alters

the temporal pattern of MeV spread rather than amplifying it.

Overall, these findings indicate that while PV can modulate the IFN response, its combination with MeV in
the dual virotherapy does not improve cytotoxic efficacy and may even counteract MeV transgene
expression at higher doses. The cell-type—specific sensitivities observed nevertheless informed the dosing

of the triple radiovirotherapy.
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Figure 4-16: Microscopic observation of spheroids under dual virotherapy

| infected heterotypic PDAC spheroids with PV at MOI 2 and 20 and 24 h later with MeV at MOI 0.05 and 0.5. | took images 2,
6 and 14 days after treatment of phase contrast and fluorescent signal in the eGFP channel. 20x objective, scale bar indicates
100 um
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4.4, Triple radiovirotherapy: Analysis of cytotoxicity and underlying signaling
Previous work within the group and of collaboration partners around Laurent Daeffler at IPHC in
StraBbourg found the combination of MeV or PV with ionizing radiation synergistic (Derani et al,
manuscript in preparation; Daeffler et al, manuscript in preparation). The application schedule proofed
relevant especially for the combination of PV and radiation: Only simultaneous application (i.e. PV
infection immediately after irradiation) elicited enhanced and meaningful cytotoxicity and synergy. For the
combination of MeV and radiotherapy, a synergistic effect was observable independent of the order of

application.

Based on that data, | investigated the triple combination of PV, MeV and radiotherapy, despite the mixed
results of dual virotherapy described here. For triple radiovirotherapy, | first irradiated cells, immediately
followed by PV treatment and infected 24 h thereafter with MeV. This schedule is subsequently referred
to as triple radiovirotherapy. | assessed cytotoxicity with XTT and crystal violet assays, analyzed synergy
and performed experiments concerning the underlying mechanism, including the effect on IFN signaling,

replication of the two viruses and immunogenic cell death (ICD).

4.4.1. Combined cytotoxic effects of radio- PV- and MeV-therapy
| initially assessed the cytotoxicity of the triple combination using XTT assays (Figure 4-17). To account for
differences in cell line sensitivity, | slightly adjusted the viral doses, increasing the MOI of PV for BxPC-3
and the MOI of MeV for U251. Each virus alone induced cytotoxicity in both cell lines, and radiation at 5 Gy
also reduced viability in BxPC-3 cells at both time points and in U251 cells at day 5. High-dose combinations
produced a strong cytotoxic effect, reducing cell viability to nearly 0 % in both cell lines at both time points.
In U251 cells, this effect was mainly driven by PV infection, which alone caused marked cytotoxicity at an
MOI of 2. On day 5, cytotoxicity increased dose-dependently across all treatment modalities. By day 7,

however, cells—particularly U251—showed partial recovery.

Since calculation of the ZIP score for synergy assessment requires three or more doses for each
component, | could only calculate the less robust highest single agent (HSA) score for these XTT-based
cytotoxicity datasets (HSA plots and scores for day 7 depicted in Figure 7-10). The HSA synergy analysis
revealed scores of 36 or 22 for BxPC-3 and U251 cells, respectively, for the combination with 5 Gy radiation,
indicating a highly synergistic combined effect of the triple combination. With these promising preliminary

findings, | further extended the dose combinations tested to perform more robust synergy analysis.
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Figure 4-17: Initial assessment of triple radiovirotherapy by XTT

| assessed cytotoxic effects of the triple combination of radiation, PV and MeV by XTT assay. | irradiated cells, then immediately
infected with PV and 24 h thereafter with MeV. MOls of each virus and radiation dose are indicated: On day 5 and 7 p.tr., | analyzed

the metabolic activity of the cells. Data is normalized to the average of the mock-treated samples for each time point and shown
in heat maps. N=2 biological replicates.

To test extended dose combinations of five viral MOls and 4 radiation doses, | performed crystal violet
assays. Again, | seeded cells and irradiated 24 h later, immediately followed by PV infection. After another
24 h, | infected the cells with MeV. Five days after completion of the treatment, | stained the cells with
crystal violet and quantified the signal by dissolving the stain in acetic acid and measuring the OD value.

Heat maps and bar graphs show the resulting cell viability data, normalized to untreated cells (Figure 4-18).
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Figure 4-18: Cytotoxicity analysis of expanded dose combinations via crystal violet assays

| performed crystal violet assays to assess cytotoxicity of expanded dose combinations of the triple radiovirotherapy on U251-
(A-B) and BxPC-3 (C-D) cells. | irradiated cells at 1, 2, 5 or 8 Gy and immediately infected cells with PV at the indicated MOI.
24 h later, | infected cells with MeV at the indicated MOI. 5 days after treatment, | stained the cells with crystal violet. | let
the stain dry and dissolved it in acetic acid to quantify through measurement of the OD. OD values, normalized to non-
irradiated, non-infected cells are depicted in heat maps (A, C). Selected dose combinations are shown in bar graphs for better
visualization (B, D). N=3 biological replicates, mean (A-D) and standard deviation (B, D) is shown.
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In BXxPC-3 cells (Figure 4 17 B), a gradual decrease in cell viability was observed with increasing irradiation
doses. This reduction was enhanced, when cells were also infected with PV. The addition of MeV at
different MOls further decreased viability. | detected a similar pattern in U251 cells (Figure 4 17 A),
although the overall reduction in viability was less pronounced at lower radiation doses, compared to

BxPC-3.

| selected dose combinations of intermediate viral MOls for clearer visualization of these effects (Figure 4
17 B, D): Irradiation or viral infection alone led to a moderate decrease in viability, whereas combinations

of irradiation with PV and MeV resulted in the lowest cell viability.

All in all, a combined cytotoxic effect of the triple combination was observable and dose combinations
could be identified, where monotherapy was of limited toxicity, but combination resulted in markedly

decreased cell viability.

4.4.2. Triple radiovirotherapy is synergistic in U251 cells
| then used the cell viability data gathered on the extended dose combinations to assess whether the
observed combined cytotoxic effect was synergistic. To this end, | performed synergy analysis using the
ZIP synergy model in SynergyFinder 3.0. | analyzed three replicates separately and depict the individual ZIP
score values and their mean with standard deviation in Figure 4-19. For visualization of the individual dose-
synergy relation, | additionally used averaged cytotoxicity data of three replicates as input and thereby

calculated a single synergy score for the triple combination at each radiation dose (Figure 7-11)
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Figure 4-19: Synergy analysis of triple radiovirotherapy

| calculated synergy using the ZIP model in SynergyFinder 3.0. Using the replicates of the cytotoxicity analysis in crystal violet
assays as individual inputs, | derived synergy scores of the two viruses at each radiation dose applied. Depicted are the individual
synergy scores of the three replicates with mean and standard deviation for BxPC-3 and U251.
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Synergy scores differed between the two cell lines tested: For BxPC-3, the triple combination did not yield
synergy scores above 10, which would be considered robustly synergstic. On the contrary, synergy scores
were around 0 for most combinations or even below 0 at higher radiation doses. Thus, the combined effect

of the triple combination therapy in this cell line does not go beyond an additive one.

U251 cells, on the other hand, showed robust and reproducible synergy scores of 10 and above for the
combination of the two viruses with 1 and 2 Gy and around 8 for the combination with 5 Gy. Thus, the

three treatment modalities appear synergistic in this cell line at certain dose combinations.

Cytotoxicity and synergy analysis of triple virotherapy again revealed a variable pattern between cell lines:
While | detected combined cytotoxic effects in both cell lines and triple therapy reproducibly resulted in
the largest decrease of cell viability, the combination was synergistic in U251 cells only. | next assessed

whether the underlying signaling and effect on viral replication would also reflect these observed patterns.

4.4.3. Mechanistic analysis of triple radiovirotherapy

4.4.3.1. Triple virotherapy and IFN signaling
For the combination of MeV and radiation, previous results within the group (Derani et al, manuscript in
preparation) and the transcriptome analysis presented in this thesis (section 4.1), suggested increased
levels of (innate) immune signaling under combination treatment. In the dual virotherapy approach, |
could detect a trend of PV-mediated dampening of IFNB1 and downstream signaling. | thus analyzed

transcript levels of IFNB1 and CXCL10 in the triple radiovirotherapy approach (Figure 4-20).

In line with the previous results, PV alone did not induce levels of IFNB1 or CXCL10 at any time point
measured. Adding radiation, however, increased transcripts of both targets up to ca. 15-fold in presence
and absence of PV. Infection with MeV drove the strongest induction of both CXCL10 and IFNB1 at all time
—points, which was slightly enhanced when cells were also irradiated. As before, cells infected with both
viruses showed elevated levels of the target transcripts, but slightly reduced compared to infection with

MeV only. This was independent on the addition of radiotherapy.

However, these observations were only a trend. | observed significant increases or decreases only for
limited combinations. Interestingly, only combinations of radiotherapy and MeV elicited a significant
increase, (5 Gy for IFNB1 and 2 Gy for CXCL10). MeV infection without radiotherapy did not elicit a
significant increase for any target, cell line or time point. Equally, only the triple combination at 5 Gy

showed a significant decrease in CXCL10 levels, compared to radiation at 5 Gy with MeV infection. In terms
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of kinetic, | observed the highest fold changes of target transcripts at 48 h p.tr. The described pattern of

PV-mediated reduction of MeV-induced IFNB1 and CXLCL10 transcripts was present at all time points
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Figure 4-20: Assessment of IFNB1 and CXCL10 on transcript level under triple radiovirotherapy

| treated cells with 2 or 5 Gy of radiation, immediately followed by PV infection at MOI 2 (U251) or 5 (BxPC-3). 24 h later, |
infected cells with MeV at MOI 0.1. | harvested cell pellets 24, 48 (BxPC-3 and U251) and 72 h p.tr.(U251 only) and isolated
RNA. By RT-gPCR, | assessed IFNB1 and CXCL10 transcript levels. N=3 biological replicates for most time points; N=2 biological
replicates for 48 h IFNB1 (BxPC-3) or CXCL10 (U251) and 72 h IFNB1 (U251); N=1 for CXCL10 at 48 h (BxPC-3) or 72 h (U251).
* - p<0.05; only shown for comparisons of non-infected cells to the respective MeV or combi-infected treatment group and
for MeV-infected cells with the respective combi-infected condition. Celine Bauer has performed several cDNA syntheses for
the RT-qPCRs shown here.
In addition to the analysis of transcript levels of IFNB1 and CXCL10, | also assessed the release of these
cytokines under triple radiovirotherapy. To this end, | performed ELISAs on the supernatant of triple

radiovirotherapy-treated cells (Figure 4-21).

Neither IFN-B nor CXCL10 was detectable in the supernatant of U251 cells treated with PV or radiotherapy
alone or in combination. CXCL10 was present at levels close to the detection limit in BxPC-3 cells under
these conditions. In line with the observations on the transcript level, MeV- infection resulted in the
release of both cytokines. This was sustained in dual viro- and triple combination therapy. However, the
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addition of PV, independent of radiotherapy, reduced the levels of secreted IFN-B and CXCL10 for both cell

lines. Again, this effect was not statistically significant and replicates differed largely. The trend, however,

remains observable and reproducible across assays on transcript and protein level.
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Figure 4-21: Release of CXCL10 and IFNB- in triple radiovirotherapy
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| measured the concentration of CXCL10 and IFN-B in the supernatant of BxPC-3 and U251 cells 48 h after completion of triple
radiovirotherapy through ELISA. The graphs show mean and standard deviation of two or three biological replicates. PV -

Parvovirus; MeV - Measles Virus; Stefanie Sawall performed one replicate of IFN- and CXCL10 ELISAs.

To further investigate the contribution of interferon signaling to the efficacy of triple radiovirotherapy, the

combination treatment was tested in cell lines with reduced ability to mount an interferon response. From

the initial candidate screen, U87 (GBM) and T3M4 (PDAC) cells were selected, as both exhibited lower

levels of intrinsic interferon signaling and showed less attenuation of MeV replication. In these models, |

evaluated triple radiovirotherapy for its cytotoxic effects and the degree of treatment synergy (Figure

4-22).
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Figure 4-22: Cytotoxicicty and synergy of triple radiovirotherapy in cell lines with reduced IFN signaling

| treated U87 and T3M4 cells with the triple radiovirotherapy regimen. | applied 1- 8 Gy of radiation, PV doses ranging from
MOI 0.2-16.2 (U87) or MOI 0.74-60 (T3M4) and MeV at MOlIs 0.12-1. | measured cytotoxicity with crystal violet assay on day
5, quantifying the residual stain by dissolving in acetic acid and measuring the OD. Heat maps show the average of two
independent replicates. Using the replicats as individual inputs for synergy analysis, | calculated ZIP synergy scores. In the bar
graphs, the individual values, their mean and standart deviation are depicted. PV — Parvovirus; MeV — Measles virus; MOI —
multiplicity of infection

| treated the cells in the triple combination regimen. On day 5, | fixed and stained remaining cells with
crystal violet and quantified the dissolved stain through measurement of the OD. U87 cells showed high
sensitivity to MeV infection, a MOI of 0.11 resulted in near-complete eradication of cells. PV-infection also
reduced cell viability to nearly 0 % for the highest MOI of 16.2. T3M4 cells showed a reverse pattern here,
highest cytotoxicity levels were reached at the intermediate PV MOI of 6.6, the highest MOI of 1 of MeV
resulted in 25 % cell viability. Compared to U251 and BxPC-3 cells, U87 and T3M4 cells were more sensitive
to treatment with the virus monotherapies. Radiation also showed a dose-dependent cytotoxic effect,

which was similar for the two cell lines.
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Strikingly, the cytotoxicity pattern of the combinations was uniform: combining the treatment modalities
did not substantially enhance the effect beyond that observed with the most potent single treatment. Cell
viability was therefore primarily determined by the strongest monotherapy in each setting, with limited
additional reduction achieved through combination. This is also reflected in the synergy scores. The scores
are very similar across radiation doses ranging from -2 to -6 for U87 and -1 to -3 for T3M4, suggesting a

slight antagonistic effect of the treatment components.

Compared to the results obtained in U251 and BxPC-3 cells, the observed effects in U87 and T3M4 are
strikingly different. The pairs resemble each other more in the supposed classification | undertook here
based on their IFN signaling pattern than their entity. For the IFN-reduced cell lines, mainly the high
sensitivity to one viral construct seemed to dictate the treatment efficacy and in a result, the synergy

score.

4.4.3.2. Effect of triple radiovirotherapy on MeV and PV replication

| next assessed the effect of the triple combination regimen on the replication of the two viruses.

To quantify PV under triple radiovirotherapy, | performed western blots to detect the viral NS1 protein
(Figure 4-23). | harvested cell lysates 48 h after completion of the treatment and performed SDS-PAGE
followed by western blot, probing for the NS1 protein with a polyclonal antibody. On the membrane, a
band at 80 kDa was visible only in PV-infected conditions, indicating expression of PV NS1 protein and
specificity of the antibody to the PV protein (Figure 4-23 A). | quantified the band intensities and
normalized the signal to B-Actin. Variance between replicates was high, | thus indicate samples of the same
run by connecting them with a grey line (Figure 4-23 B). Overall NS1 expression was lower In BxPC-3 cells,
which is in line with the generally reduced susceptibility of the cell line. The addition of MeV did not alter
PV protein expression in U251 cells. In one of three replicates, radiation reduced NS1 expression to ca.
50 %. In BxPc-3 cells, a trend towards decreased NS1 expression in presence of MeV was observable. This

effect did not reach statistical significance.

Overall, PV replication, as indicated by NS1 expression, was not affected by either radio- or MeV-therapy

alone or in combination.
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Figure 4-23: PV protein expression under triple radiovirotherapy

| treated irradiated cells with 5 Gy and immediately infected with PV at an MOI of 2. 24 h later, | infected cells with MeV at
an MOI of 1. | harvested cell lysates 48 h p.tr. | performed SDS-PAGE and western blot to analyze expression of the PV NS1
protein (A). | quantified the band intensities in PV-infected conditions using FlJI software and normalized it to B-Actin. A grey
line connects samples from one experiment (B). Mean of replicates is indicated by the bar N=3 for U251 and N=2 for BxPc-
3. PV — Parvovirus; MeV — Measles virus; P+M — Parvo and measles virus; Katja Kerner and Stefanie Sawall performed SDS-
PAGE and western blotting for 2 of the 3 replicates shown here.

To assess the effect of the triple combination on MeV replication, | quantified MeV progeny particles.
Importantly, | applied radio- and PV-therapy at doses comparable to those for the other mechanistic
assays, but reduced the MeV MOI to 0.03. The use of this low MOI permitted multiple rounds of replication
and infection, thereby emphasizing the effect on MeV replication capacity rather than initial cell

susceptibility. | finally determined MeV infectious particles by serial dilution titration assays (Figure 4-24).

MeV progeny particle production was largely unchanged by the addition of either PV or radiotherapy or
its combination. For U251 cells, a non-significant trend towards decreased MeV replication was observable
when cells were also irradiated with 5 Gy, irrespective of PV infection. On the contrary, MeV replication
seemed slightly enhanced in BxPC-3 at the high PV doses with increasing irradiation dose. Again, this effect
was not statistically significant. All in all, MeV replication was stable across all treatment conditions and

no consistent differences between the cell lines were detectable.
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Figure 4-24: Effect of triple radiovirotherapy on MeV replication

| seeded cells in 6-well plates, and irradiated them with 2 or 5 Gy on the next day, immediately followed by PV infection at an
MOI of 0.2 or 2. 24 h later, | infected cells with MeV at an MOI 0.03. 48 h afer completion of the treatment, | scraped cells
and snap froze them to release viral particles. | then performed serial dilution titration assays to determine the concentration
of infectious MeV particles in each condition. N=3 biological replicates; mean and standard deviation is depicted.

As a second measure of MeV replication, | assessed the signal of MeV-encoded eGFP using live-cell imaging
with the IncuCyte. eGFP is expressed in MeV-infected cells and can thus indicate MeV spread. eGFP
expression was normalized to cell confluence (phase area) to correct for cytotoxic effects, and the eGFP

area/phase metric was monitored over 7 days following treatment (Figure 4-25 A).

The addition of PV reduced MeV eGFP expression in a dose-dependent manner in both cell lines. High PV
doses (MOI 2 and 20 for U251; MOI 5 and 50 for BxPC-3) led to an almost complete loss of detectable eGFP
signal. In U251 cells, eGFP kinetics differed between radiation doses: The increase in eGFP signal and
spread occurred earlier and reached higher levels when cells had been irradiated, independent of the
radiation dose. By contrast, eGFP kinetics in BxPC-3 cells were largely uniform in non-irradiated conditions

and at 2 Gy, whereas irradiation with 5 Gy markedly reduced eGFP spread.

| assessed the cumulative eGFP area (AUC, Figure 4-25 B) to quantify these differences. The analysis
confirmed the strong suppressive effect of PV. In addition, the radiation-associated increase in MeV spread

in U251 cells was statistically significant, as was the reduction of eGFP expression in BxPC-3 cells at 5 Gy.

All in all, the effect of triple radiovirotherapy on MeV replication and spread was complex: | could not
observe an effect on progeny particle production. On the contrary, eGFP signal as an indicator of MeV
spread, was highly influenced by both radiation and PV: In U251 cells, radiation increased MeV spread,
while high-dose radiation decreased viral spread in BxPC-3 cells. For both cell lines, however, additional
infection with PV, especially at high doses, led to loss of eGFP signal. This strongly confirmed the findings
in the dual virotherapy setting and led me to investigate the hypothesis of a PV-mediated integrated stress

response (IRS) and translational shutdown.
68



Results

Figure 4-25:MeV transgene expression and spread under triple radiovirotherapy

| treated U251 and BxPC-3 with triple radiovirotherapy and placed the plates in an IncuCyte to image every 4 hours over the
course of 7 days. | used the Incucyte Software to quantify phase and eGFP area. | plotted eGFP area normalized to phase area
against the time p.tr. (A). For statistical analysis, | calculated the AUC and compared between treatment groups by two-way
ANOVA with Tukey’s multiple comparison test (B). * - selected significances; AUC - Area under the curve; PV - Parvovirus;
MeV - Measles virus; MOI - multiplicity of infection

4.4.3.3. Translational Shutdown
A common marker for translational shutdown is phosphorylation of the a-subunit of the eukaryotic
initiation factor 2 ((p)elF2a). To investigate this in the context of dual viro- or triple radiovirotherapy, |
performed western blot analysis of the most common phosphorylation site, a serine at position 51 of
elF2a. However, | did not observe any increase in pEIF2a (Figure 7-12). | did observe a band at 38 kD3,
which reflects the correct size of the target protein. However, no increase in band intensity was observable

with virus infection or under treatment with the positive control, tunicamycin, compared to untreated
69



Results

cells. In general, the detection of pEIF2a by western blot was difficult. To generate the image of the
depicted membrane and observe any signal at the expected height, | exposed it for 50 mins. Possibly, this
extended exposure time resulted in detection of background binding to non-phosphorylated EIF2a. With
these technical difficulties, | was not able to draw conclusions on whether increased pEIF2a was present
and whether translational shutdown could be the cause of the observed PV-mediated decrease in MeV

transgene expression.

In a second attempt, | aimed to assess the protein synthesis rate using the Surface sensing of translation
(SUNnSET)-assay. To this end, | treated cells with dual virotherapy and added puromycin 15 minutes prior
to harvesting the cells. The aminonucleoside puromycin is incorporated into nascent proteins and can
subsequently be detected through western blot analysis. The band intensity is then a direct marker of the
current protein synthesis rate within the cells (Figure 7-13). For U251 cells, the band intensity of
puromycilated proteins varied in no observable pattern related to the treatment: Certain samples showed
no incorportation of puromycin. The strongest signal, indicating the highest synthesis rate, was observable
with the combination of an MOI of 0.1 for MeV with an MOI of 20 for PV. The weakest band, on the
contrary, was observable in the combination of an MOI of 1 for MeV and 0.2 for PV. In BxPC-3 cells, the
signal was more uniform: All conditions showed incorporation of puromycin. In these cells, PV-
monotherapy elicited an increased signal with all other conditions showing a similar band intensity. This

was not in line with the observations of the eGFP signal decreasing in dual-virotherapy treated cells.

All in all, technical difficulties with both assays limited the interpretability of the results. Neither p-elF2a
detection nor the SUnSET assay provided consistent or conclusive evidence, and thus no firm conclusions
could be drawn regarding translational shutdown as a mechanism for the PV-mediated reduction in MeV

transgene expression.
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4.4.3.4. Immunogenic cell death
A proposed mechanism for the synergy of MeV and radiotherapy was the induction of immunogenic cell
death (ICD). Here, enhanced levels of extracellular calreticulin (CALR), a well-established marker of ICD,
were detected in combination-treated cells. | thus also assessed extracellular CALR in the triple

radiovirotherapy setting via immunofluorescence (IF) staining (Figure 4-26).
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Figure 4-26: Immunofluorescent staining of extracellular calreticulin under triple radiovirotherapy

| stained cells 48 h p.tr. with triple radiovirotherapy with a CALR-specific antibody. | stained nuclei with Hoechst. | acquired
images with a fluorescence microscope. Only CALR channel (detected by secondary antibody conjugated to Alexa Fluor 594)
is depicted here. For quantification, | normalized the signal in CALR channel to cell number of the same image frame via the
Hoechst stain. N= 2 independent experiments, mean and standard deviation is shown; scale bar = 100 um. Images acquired
with Zeiss Cell Observer with Colibri.2 module

| could detect extracellular CALR in both cell lines. However, the fluorescent signal was weak and | thus
increased exposure time, which also resulted in a higher background signal. Nevertheless, foci of CALR
signaling can be observed in the images. Especially in U251 cells, these foci are more pronounced in the

samples infected with both viruses.
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| quantified the signal using FlJI and grey-scale conversion of the single-channel images. | normalized the
fluorescent intensity of the CALR channel to nuclei count. For U251 cells, the strongest CALR signal is
detected in the combination of 5 Gy irradiation with both viruses. BxPC-3 cells show the strongest signal

in the combination of the two viruses with 2 Gy irradiation.

While these results might indicate enhanced levels of ICD in the combination-treated samples, the high
background and variance between replicates make a strong deduction on the mechanistic implication

difficult.

4.4.4.  Advanced models
For a final assessment of triple radiovirotherapy, | wanted to employ more advanced models to capture
the complex interaction of a triple combination approach with the tumor microenvironment and host
immune system. To this end, | used heterotypic PDAC spheroids to recapitulate the three-dimensional
architecture and stromal-tumor interplay characteristic of PDAC more accurately. Additionally, |

generated murine cell lines suitable for assessment of triple radiovirotherapy in syngeneic murine models.
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4.4.4.1. Spheroids
The spheroid model previously employed in the dual virotherapy context was again provided by Assia
Angelova and her team. | treated spheroids with the triple combination regimen, in accordance to the

schedule described earlier. | measured cytotoxicity with the CellTiterGlo® 3D assay (Figure 4-27).
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Figure 4-27: Heterotypic PDAC spheroids as 3D model to assess cytotoxic effects of triple radiovirotherapy
Heterotypic spheroids, comprised of PDAC cells, endothelial cells and fibroblasts, were provided by Assia Angelova

and her team. | performed triple radiovirotherapy and measured cytotoxicity with the CellTiterGlo® 3D assay 5

days p.tr. N=3 biological replicates; mean and standard deviation is depicted. PV — Parvovirus; MeV — Measles
virus; MO — Multiplicity of infection

All three monotherapies elicited a cytotoxic effect, showing cell viability of 26 %, 21 % and 75 % in response
to the highest dose of PV, MeV and radiotherapy, respectively. Spheroids were especially sensitive to MeV
infection, the MOI of 0.01 reduced cell viability to 33 %. At lower viral doses, toxicity was slighty enhanced
by addition of the other virus. Radiation did not further enhance the cytotoxic effect. All in all, the triple

combination did not yield significant improvements in regard to cytotoxicity.
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For robust synergy calculation, | further extended the dose range, applying 5 viral doses and 4 radiation
doses. Additionally, | extended the incubation time until cytotoxicity measurement to 15 days to allow for
multiple rounds of infection for the low virus doses applied. | measured cytotoxicity with CellTiterGlo® 3D

assay (Figure 4-28 A).
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Figure 4-28: Extended dose range and synergy calculation for PDAC spheroids

| treated PDAC spheroids with triple radiovirotherapy with extended dose combinations, ranging from 1-8 Gy for radiotherapy,
MOI 0.5 to 40.5 for PV and MOI 0.0025 to 0.2 for MeV. 15 days p.tr., | analyzed cytotoxicity with CellTiterGlo® 3D assay (A).
Based on the cytotoxicity data, | calculated synergy using the ZIP model in SynergyFinder3.0. Negative values (green) indicate
antagonism, values around 0 (white) indicate an additive effect, positive values (red) indicate synergy (B). N=3 technical replicates

MeV induced a pronounced cytotoxic effect in spheroids, reducing cell viability to approximately 40% even
at the lowest MOI tested. Spheroids also displayed sensitivity to high-dose irradiation, with cell viability
reduced by 90% at 8 Gy. PV treatment resulted in dose-dependent toxicity, although cell viability remained
at about 45% at the highest PV dose. Interestingly, the combination of MeV and PV reduced the cytotoxic
effect observed with MeV alone, and intermediate viral doses resulted in nearly 70% cell viability 15 days
post-treatment. Only the highest MeV dose consistently eradicated cell viability. This observation
appeared specific to combination of the two viruses, as the dose effect of the triple combination remained

stable at the higher radiation doses.
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In line with these observations, the synergy analysis with the ZIP model of synergy in SynergyFinder3.0
revealed highly antagonistic synergy scores for the two viruses with no or low radiation. Increasing
irradiation doses slightly improved the scores, reaching values around —5; however, the interaction

remained within the antagonistic range (Figure 4-28 B).

| also observed spheroid integrity in phase-contrast microscopy and MeV-encoded eGFP through
fluorescent microscopy (selection of dose combinations in Figure 7-14). Similar to the observations in the
monolayer setting, | saw inhibition of MeV transgene expression in presence of PV. On day 6, the eGFP
expression was unchanged in irradiated spheroids. On day 12, only MeV monotherapy showed sustained
eGFP signal. However, the cytotoxicity measured 2 days later showed only 12 % survival in the 5 Gy and
MeV combination, compared to 30 % in the MeV monotherapy. Thus, the observed radiotherapy-

mediated reduction in eGFP signal could also caused by increased cytotoxicity.

Overall, the analysis of extended dose combinations of triple radiovirotherapy in PDAC spheroids
demonstrated a negative impact of adding PV to the radiovirotherapy regimen. The timing of cytotoxicity
measurements appeared to strongly influence the outcome: at 5 days post-treatment, the combined
cytotoxicity was modest, but limited additive effects were observable. Over time, however, spheroids
appeared to recover from PV-mediated cytotoxicity, which in turn diminished the cytotoxic effect induced

by MeV.

In addition to the cytotoxicity analysis, | analyzed IFNB1 induction on the transcript level and release of
CXCL10 in spheroids under triple radiovirotherapy. | performed these analyses on spheroids 72 h p.tr.
(Figure 4-29)

On the transcript level, PV alone had no effect and radiation only slightly induced IFNB1. MeV, on the other
hand, dose-dependently induced IFNB1 up to 700-fold. The dual virus combination still elicited an increase,
compared to mock or radio and PV monotherapy. Low-dose PV further elevated the IFNB1 fold change
(not significantly, but reproducibly across MeV and radiation doses), while high-dose PV slightly dampened
the IFNB1 induction. The reduction was only significant in the comparison of low-to high dose PV at the
highest radiation and MeV dose. All in all, the effects of triple radiovirotherapy on IFNB1 signaling on

transcript levels were comparable with the observations in dual virotherapy and the monolayer setting.
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Figure 4-29: IFN signaling in 3D PDAC spheroids under triple radiovirotherapy

| harvested spheroids and their supernatants 72 h after triple radiovirotherapy. (A) | isolated RNA and performed RT-qPCR to
analyze transcript levels of IFNB1. 2-2ACt yalues, normalized to ACTB is depicted. (B) | performed ELISA to measure CXCL10 in the
supernatant of spheroids. N=3 biological replicates for both experiments. Mean and standard deviation is depicted. Stefanie
Sawall performed one replicate of CXCL10 ELISAs.

| assessed CXCL10 release by the spheroids under triple radiovirotherapy by ELISA. Neither PV nor radiation
led to an increase of CXCL10 in the medium, compared to untreated spheroids. On the contrary, MeV-
mediated CXCL10 release was detectable. Interestingly, for the lower MeV dose, PV treatment reduced
CXCL10 release dose-dependently. That effect was stronger with no or low-dose irradiation. For the higher
MeV dose, the effect of PV addition was variable: No difference was observable in non-irradiated cells, a
PV dose-dependent reduction was observable in cells irradiated with 2 Gy and only the high PV dose
reduced CXCL10 release in cells irradiates at 5 Gy. However, none of these effects reached statistical

significance and variance between replicates was high.

Taken together, IFN and downstream effector signaling was mainly MeV-driven, also in the spheroid
context. The addition of PV modulated the response at certain dose combinations but only to a limited

degree and mostly without reaching significance.

The synergy of triple radiovirotherapy that | observed in U251 cells was not present in the spheroid model.
While combined cytotoxic effects of the three treatment modalities could be observed, this was restricted
to a limited number of dose combinations and only observable at an early time point p.tr. Equally, the
mechanistic analysis of IFNB1 and CXCL10 did not reveal a strong and reproducible effect of the triple

combination.

In the spheroid model, PDAC cells, endothelial cells and fibroblasts could contribute to the observed IFN
signaling and CXL10 release and express eGFP through MeV infection. To shed light on what cell type within
the spheroid is susceptible to MeV and elicits the IFN induction, | analyzed MeV infection and IFN signaling
in the heterotypic triple spheroids and the respective mono-spheroids of AsAN-PaCa, HUVEC and MRC-5

cells (Figure 7-15 and Figure 7-16).
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| microscopically observed the eGFP signal in MeV-treated spheroids 72 h post infection (Figure 7-15). In
triple and tumor spheroids, | observed eGFP signal. In tumor spheroids, the signal appeared stronger and
more foci of eGFP signal were observable. In MRC-5 and HUVEC spheroids, on the other hand, no foci were
present within the dark spheroid mass. Only background eGFP, likely from the viral stock solution the

spheroids were treated with, can be seen.

In addition, | analyzed ACTB and IFNB1 transcripts in triple and mono-spheroids (Figure 7-16). ACBT
transcripts could be detected in all four spheroid types, resulting in exponential increase of signal in the
amplification curves and a specific peak in the melt curve analysis. Analysis of IFNB1, on the contrary, only
revealed a signal in triple spheroids and tumor cells. The exponential increase in MRC-5 and HUVEC
samples in the amplification plot occurred after more than 30 cycles and the melt peak analysis showed
off-target peaks. Two peaks appear around the temperature that would be specific for IFNB1 transcript.

These were likely carry-overs from other wells and only present in one of three technical replicates.

The analysis of monotypic spheroids strongly suggested that only the tumor cells are susceptible to MeV

infection and contribute to the IFN response observable in the spheroid model.

4.4.4.2. Generation of murine tumor models
MeV is strongly host-restricted and requires the expression of certain entry receptors to infect a cell. In
the context of oncolytic virotherapy with MeV, the most important entry receptor is hCD46, being
overexpressed by a variety of human tumor entities. Mice are not a natural host of MeV and it is thus
necessary to generate murine cells stably expressing hCD46 to test MeV in mouse models. To this end, |
lentivirally transduced murine GBM and PDAC cell lines to allow for subsequent in vivo experiments of

triple radiovirotherapy in immunocompetent mouse models of these entities.

| used murine cells with a C57BI/6 background, namely GL261 (GMB), PDA30364 and m24192 (both PDAC).
After lentiviral transduction, | performed single cell or bulk sorting on CD46-positive cells and expanded
the derived clones. | then assessed hCD46 expression via flow cytometry and susceptibility to MeV

infection, comparing the transduced clones to their parental counterparts (Figure 4-30).

Analyzing the transduced clones by flow cytometry after staining with a hCD46 antibody revealed that all
cells expressed hCD46, while the parental counterparts did not. The degree of hCD46 expression differed
markedly between clones: Some had a uniform and high expression, others clones had a more

heterogeneous population. This pattern remained stable after 2-3 months in culture (data not shown).
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Figure 4-30: Generation of murine cell lines stably expressing hCD46

I lentivirally transduced the murine cell lines GL261, PDA30364 and m24192 to express MeV entry receptor hCD46. | single-
cell and bulk sorted CD46-positive clones and characterized the expanded cell populations for presence of the transduced
receptor by flow cytometry. Additionally, | observed susceptibility to MeV. | infected the clones with MeV encoding for eGFP
and microscopically observed eGFP signal 72 h post infection. Parental, non-transduced cells were used as a control in both
experiments.
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To assess MeV susceptibility of the transduced clones, | infected them with MeV encoding for eGFP and
observed eGFP expression by fluorescence microscopy 72 h post infection. eGFP expression differed
between clones and cell lines. MeV infection in GL261 cells was very limited, neither the parental cells nor
the hCD46-transduced clones showed high levels of infected (eGFP-expressing) cells. PDA30364 cells, on
the other hand, were rather susceptible to MeV infection, even without hCD46-transduction. The parental
cell line showed eGFP expression, which was further enhanced, at least in two of three clones, in
transduced clones. m24192 cells also showed variable levels of MeV infection. While | did not asses the
parental susceptibility to MeV in this cell line, the three tested transduced clones range from very limited

(clone A) to high levels of infection (clone B).

Interestingly, the degree of hCD46 expression did not correlate with MeV susceptibility. Certain clones
showed a population of high hCD46-expressing cells, but low or no MeV infection (all clones for GL261,
clone A for m24192). This underlines that additional factors may contribute to the degree of MeV

susceptibility.

In parallel to my establishment of hCD46 expressing murine cell lines, these cell lines were tested in vitro.
For all experiments in preparation for animal experiments employing murine cell lines, the rodent
Protoparvovirus minute virus of mice (MVM) was used, instead of the rodent Protoparvovirus H-1PV, which
was used in all experiments involving human cell lines. MVM was evaluated in terms of susceptibility in
PDAC cell lines, (work done primarily by Assia Angelova) and efficacy of combination with radiotherapy in
the GBM cell line (work done by Laurent Daeffler). Neither PDAC cell line showed high sensitivity to
treatment with MVM. While | saw expression of viral NS1 protein in m24192 cells after MVM infection
(Figure 7-17), Assia Angelova observed very limited cytotoxicity of PV in PDA30364 and m24192, even in
response to high MVM-doses (data not shown). GL261 cells, on the other hand, showed promising
combined cytotoxic effects of radiotherapy and MVM (data not shown, work performed by Laurent
Daeffler). It was thus decided to perform animal experiments with the GL261-hCD46 model. The animal

experiments are currently ongoing in the lab of Laurent Daeffler and are not part of my thesis work.
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5. Discussion

Notoriously refractory cancer entities such as PDAC and GBM require novel therapeutic approaches,
especially in an aging society where cancer incidences in general and of these entities in particular, are
rising.1>>1>* |n this thesis, | explored one such novel approach: The combination of radiotherapy and the

oncolytic viruses parvovirus and measles virus.

There is preclinical evidence for the benefit of combining parvo- (PV) or measles virus (MeV) with
radiotherapy, individually. Radiotherapy combined with PV elicited enhanced cytotoxicity in radioresistant
glioma cells lines.® In vitro, the combination of MeV and radiotherapy elicited enhanced cytotoxicity in

several cell line models 133-13¢

and was accompanied by enhanced levels of apoptosis, viral replication and
(innate) immune induction. In vivo, the combination equally elicited benefits in xenograft’®® and
immunocompetent!3® mouse models. Since innate immune activation restricts MeV replication, but was
increased in the combination with radiotherapy, | hypothesized that a triple combination approach could
further enhance therapeutic efficacy through PV-mediated transient IFN suppression. | comprehensively

assessed this in the thesis presented here.

5.1. Laying the base: RNA sequencing and model selection
To generate a more complete picture of the transcriptomic alternations induced in the combination of
MeV and radiotherapy, | performed RNA sequencing on U251 glioma cells, comparing mock-, mono and

combination-treated conditions.

The transcriptional pattern induced was distinct between treatment groups. Interestingly, MeV infection
did not induce the highest number of genes (Figure 4-1B,) but did so very reproducibly and robustly: The
top 50 differentially expressed genes (DEGs), sorted by false-discovery-rate (FDR) were all MeV-induced
(Figure 7-1), in contrast to just over half (33/50) in the top 50 DEG sorted by log2FC (Figure 4-2). This

underlines the canonical, well-orchestrated gene induction that occurs upon viral infection.!*®

Among the top 50 DEGs only a single one was downregulated (Figure 4-2): RP11-496D24.2, a long non-
coding RNA (IncRNA). Its differential expression has been reported in several cancer-related RNA
sequencing datasets.’®”1 IncRNAs are important regulators of gene expression and may act on DNA, RNA
and protein level with diverse functions and disease-associations.’ Interestingly, RP11-496D24.2s
differential expression had diverse functional interpretations: Yuan et al. found expression of the IncRNA
associated with a favorable prognosis in tripe negative breast cancer.*® On the contrary, Huang et al found

high expression of this IncRNA associated with poor prognosis in papillary renal carcinoma.® Their data
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suggest an interaction of the IncRNA with several common microRNAs (miRNAs) miRNA-145%, miRNA-
2110 mir-216a!! and miRNA-217%2, Notably, all four miRNAs have been associated with tumor
suppressor function in glioma cell lines or patient samples.'®1%® While the functional consequence or
degree of interaction between RP11-496D24.2 and those miRNAs has not been investigated yet, the out
layer role this transcript showed in my RNA sequencing dataset could make it an interesting target to

investigate further.

The most common characteristic of the upregulated genes among the top 50 DEGs was their association
with the immune response. This was not restricted to the virus-mediated upregulation, but also observable
in the radiotherapy-induced genes. Conversely, the gene ontology (GO) and gene set enrichment analysis
(GSEA) revealed mostly immune pathways as positive correlates (Figure 4-3 A and B, respectively).
Surprisingly, no upregulation of DNA damage response or other radiotherapy-associated markers was
observable. Possibly, the time-point of sample-collection conferred a bias towards virus-mediated effects:
| collected RNA 48 h after completion of treatment, thus 72 h after irradiation. Typically, earlier time points
up to 24 h post irradiation are analyzed and show the induction of DNA damage response®*1%5, which is
an early event after exposure to ionizing radiation.'®®%’ |n future experiments, sampling across multiple
post-treatment time points could help disentangle the kinetic interplay between radiation- and virus-

induced signaling.

Nevertheless, the high degree of immune activation | observed in the combination-treated condition
supports the hypothesis to transiently dampen the IFN response to boost therapeutic efficacy of

radiovirotherapy.

To address this hypothesis, | screened a panel of PDAC and GBM cell lines to identify those with strong
intrinsic IFN responsiveness (Figure 4-4, Figure 4-5, Figure 4-6, Figure 4-7). U251 cells showed the most
robust induction of IFN signaling across the cell line panel. BxPC-3 and T3M4 cells also showed a coherent
induction on both transcript and protein level. U87 and U373, on the other hand, showed differences. U87
cells had induction levels comparable to those of the other cell lines in RT-qPCR experiments. However,
neither induction of STAT1 nor ISG15 was visible in western blot analysis. U373, on the other hand, showed
similar levels of the transcripts measured in response to both MeV and poly(IC), but protein induction only
occurred in response to poly(IC), not MeV. Discrepancy between mRNA and protein levels are well-
described and established.!®® The data presented here again underlines the need to take both into account

when deducting information on cellular signaling patterns.
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The final part of the screen was the analysis of susceptibility to MeV. As described in the literature, MeV
replication is restricted in cells with high baseline levels of IFN signaling.X®® In line with this, U87 and U373
cells showed limited induction of STAT1 and ISG15 in response to MeV infection on the protein level and
comparably high MeV permissiveness, even when pretreated with IFN-B. On the contrary, T3M4 cells
showed consistent induction of IFN signaling on transcript and protein level in response to MeV, yet
remained highly permissive and supported the fastest MeV replication among all tested lines. Prior reports
testing the susceptibility of PDAC cell lines to vesicular stomatitis virus (VSV, a negative stranded ssRNA
virus, such as MeV) showed that only constitutive high expression of certain, selected Interferon
stimulated genes (ISG) predicted the resistance of certain cell lines to the virus, while IFN-a and IFN-B was
detected across susceptible and resistant cell lines.'’® This underlines the complexity of the IFN response
and the effector function it entails. Further analysis of additional ISGs and effector proteins is needed to

clarify this relationship.

For U251 and BxPC-3 cells, again, the reduced replication capacity of MeV that was observable in the viral
growth curve (Figure 4-8) aligned with the IFN-signaling induction capacity. Both cell lines also showed
severely reduced levels of MeV genomes when pretreated with recombinant IFN-B (Figure 4-9) and were

thus selected as the candidate cell lines for the subsequent analysis of dual and triple (radio)viroherapy.

5.2. Dual virotherapy

In the work presented here, | assessed the combination of two oncolytic viruses, parvovirus and measles
virus to prepare for the triple combination approach with radiotherapy. The cytotoxic effect of the dual
virus combination compared to the monotherapies was slightly enhanced for some dose combinations. |
did not observe robust synergy, rather the combined effect remained in an additive range (Figure 4-10,

Figure 4-11).

Several approaches have so far been taken to assess the combination of two oncolytic viruses (reviewed
partly in °* and ). The rationale is the expansion of susceptible tumor cells when applying viruses of
different oncotropisms’?, prevention of treatment resistances’? or modulation of the immune
induction'’®, Alkassar et al. demonstrated that combining reovirus with newcastle disease virus (NDV) or
parvovirus showed synergistic tumor cell killing in GBM models in vitro and in xenograft models in vivo.'’*
On the contrary, they observed that the combination of PV and NDV (a member of the Paramyxoviridae
family, which MeV also belongs to) was antagonistic. Notably, Alkassar et al. used U87 and U373 cells, both
part of my initial cell line screening. In my analyses, these lines displayed minimal induction of virus-

mediated interferon (IFN) signaling. Consequently, | focused on the highly IFN-competent U251 cells as a
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more suitable model to test the hypothesized benefit of transient IFN suppression by PV (Figure 4-6).
When | performed triple radiovirotherapy in U87 cells, the synergy scores were within the antagonistic
range, consistent with the findings of Alkassar et al. (Figure 4-22). Since both NDV and MeV are IFN-
sensitive viruses’#'’> these results aligh with my initially hypothesized mechanism and emphasize the
importance of careful model selection for the specific biological hypothesis under investigation. Recently,
most OV combination studies have focused on exploiting a vaccine effect in prime-boost settings. Taha et
al showed that encoding a truncated tumor-associated antigen (TAA) with one oncolytic vector and
subsequently targeting it with a second OV encoding a bispecific T cell engager (BiTE) yields significant
therapeutic benefit in advanced in vivo models of disseminated disease.'’® Prime-boost approaches are
also tested clinically (NCT02285816, NCT02879760) employing adenoviruses and oncolytic maraba viruses,
but no results have been published so far.”’ Similar approaches including therapeutic transgene delivery
is not feasible in the combination of MeV and PV, since the very condense genome organization of PV

restricts its transgene capacity.®!

5.2.1. Viralinterference? PV-mediated MeV transgene suppression
| repeatedly observed the striking PV-mediated reduction of the MeV-encoded eGFP transgene in dual and
triple combination approaches (Figure 4-14, Figure 4-25). It is well established that viral infections induce
an integrated stress response (ISR) and subsequent translational shutdown through elF2a
phosphorylation.'’® This also been described for Protoparvovirus strains, used in this study.”® To
investigate whether this explains the observed MeV transgene reduction, | analyzed phosphorylated elF2a
levels and global protein turnover in PV- and MeV-treated cells (Figure 7-12, Figure 7-13), but found no
supporting evidence for ISR-mediated translational inhibition as the underlying cause. Other explanations
must therefore be considered. Coinfections with two viruses is a common natural occurrence and can have
distinct interaction patterns: “Interference, synergy, noninterference, dependence assistance, and host-
parasite relation” as summarized by Du et al.'®° Interference describes the suppression of the replication
of one virus by another virus. Strikingly, | did not observe an effect on MeV titers and genome transcripts
or PV protein expression (Figure 4-13, Figure 4-23 and Figure 4-24). The effect | observed was thus
restricted to the MeV-encoded eGFP. One plausible reason could be enhanced competition for cellular
resources when two viruses coinfect a cell. Viruses, intrinsically dependent on the cellular translation
machinery, have co-evolved to maximize viral protein expression even during active ISR.*®! For example,
viral codon usage is distinct from the host mRNA’s and altered tRNA pools during viral infection are
suggested to play a role in differential translation of viral and host proteins when an antiviral state is

induced.'® Thus, suboptimal codon usage (not optimized to cellular antiviral states) of the eGFP transgene
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could contribute to its reduced expression in coinfected cells. This hypothesis could be tested by
quantifying eGFP and viral mRNA compared to their respective protein levels under dual infection.
Furthermore, assessing other MeV-encoded transgenes could clarify whether this suppression is specific
to eGFP or reflects a broader inhibition of transgene expression in MeV—PV coinfection. Notably,
simultaneous transgene expression during coinfection has been reported for other viral systems. In a study
using herpes simplex virus type-1 (HSV-1) backbones encoding interleukin-12, firefly luciferase, and eGFP,
no differences in transgene expression were observed when the viruses were applied concurrently.'®® This
suggests that the inhibition observed in the combination approach described here is not a universal feature
of viral coinfection and could be optimized when therapeutic transgenes are tested in dual or triple
combination approach. Lastly, technical assay-specific artifacts could cause similar observations. However,
| observed the described effect reproducibly across assays and replicates. | thus believe that the

observations have a biological cause and should be investigated as such.

In summary, while ISR-mediated translational shutdown could not be confirmed in my thesis as a cause,
the PV-induced suppression of MeV-encoded eGFP likely arises from virus-specific interactions that alter
translational efficiency or transgene compatibility. This underscores the complexity of designing

therapeutic approaches combining multiple viral vectors.

5.3. Triple radiovirotherapy in vitro

The ultimate aim of my thesis was to investigate the triple combination of radiotherapy with oncolytic
parvo- and measles virus. The rationale was to employ PV to transiently dampen IFN signaling, which is
upregulated in the combination of MeV and radiotherapy. | hypothesized that this would enhance MeV
replication, ultimately resulting in a favorable immune induction pattern. | did observe a therapeutic
benefit, especially in the GBM cell line U251 (Figure 4-18, Figure 4-19). This was accompanied by PV-
mediated reduction of immune induction, especially on the level of secreted cytokines. While no effect on
MeV or PV replication was observable in the triple combination approach (Figure 4-23, Figure 4-24), the
extracellular expression of ICD marker calreticulin was enhanced. The latter effect was more consistent in

U251 than BxPC-3 cells (Figure 4-26).

While a triple combination has, to my knowledge, never been tested before, several previous studied have
analyzed the combination of MeV, PV or other OVs with radiotherapy. The rationale for combined
radiovirotherapy is manifold and includes enhanced immune induction through anti-viral IFN signaling as

155

well as ICD'**, enhanced viral replication'®, synergistic induction of DNA damage®>>®, as well as

radiosensitizing properties of the virus3*>> or transgenes encoded on the virus!®. In case of MeV, a
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common approach for radiovirotherapy is to virally encode a sodium iodide symporter (NIS). NIS-
expression in infected tumor cells allows tumor-specific uptake of radioiodine isotopes. This offers two
advantages: Viral spread can be imaged non-invasively in vitro as well as in animals or even patients in vivo

123) " and the combination with 3! elicits therapeutic advantages including tumor

when applying
regressions and local bystander effects.'®>18 While the use of radioactive iodides as radiation sources is
one form of radiovirotherapy, my analyses here focused on external beam radiotherapy (EBRT) using X-
rays as radiation source. Several studies have investigated MeV and EBRT in GBM models.?*>13% Rajamaran
et al employed a triple combination approach of chemo-, viro- and radiotherapy. They observed synergistic
cytotoxic effects and a potent MeV-induced type | IFN response. This is in line with the observations | made
in the U251 cells (Figure 4-19). Notably, they analyzed the human leukocyte antigen (HLA)-ligandome and
found a highly immunogenic MeV derived peptide highly enriched in the triple-combination treated
cells.®* This underlines the potential of MeV-derived radiovirotherapy for immunotherapeutic
approaches. The combination of PV and radiotherapy has been tested less extensively. Geletneky et al
showed improved cytotoxicity under radiovirotherapy, especially in radioresistant glioma culture.’>> They
observed that the rate of S-Phase was higher in irradiated cells, which benefitted PV infection and resulted
in higher PV protein (NS1) expression. Thus, the schedule they proposed was irradiation followed by PV
infection 24 h later. The systematic analysis of combining PV and radiotherapy was not part of my thesis,
but was carried out by collaboration partners in Stralbourg. They observed the contrary effect on
cytotoxicity: Applying irradiation 24 h before PV infection elicited decreased cytotoxicity. Concomitant
application (radiotherapy directly followed by PV infection) elicited enhanced cytotoxic effects and
improved PV replication (Daeffler et al, manuscript in preparation). This is line with the common
understanding of the effect of irradiation on the cell cycle, which is G2/M accumulation and subsequent
G1 arrest.* Following this rationale, the application of PV 24 h after irradiation could be detrimental for
the S-phase dependent virus. For the triple combination regimen described here, | therefore used the
schedule proposed by Daeffler et al and applied PV directly after radiotherapy and infected with MeV 24
h thereafter. One possible explanation for the observed difference is the radiation dose applied: Geletneky
et al irradiated the cells with single doses of 5-20 Gy. The experiments on PV and radiotherapy of Daeffler
et al and my triple combination approach employed lower doses of 1 to 8 Gy, which is more in line with
clinically applied, fractionated radiation doses. High-dose radiation induced more DNA damage, especially
double-strand breaks (DSB)*8, which PV can exploit for its replication.!® This could also have conferred

the increase in PV replication Geletneky et al observed.
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5.3.1.  Mechanistic considerations: IFN signaling and beyond
In my thesis, | investigated several possible mechanisms of action for enhanced cytotoxicity of triple
radiovirotherapy. Among them, enhanced or transiently suppressed IFN signaling, viral replication and the

induction of immunogenic cell death (ICD).

The role of IFN signal is central to my hypothesis of adding PV to the radiovirotherapy regimen to enhance
MeV efficacy. The causal link between the observed IFN modulation and the synergistic effect of triple
radiovirotherapy in U251 cells therefore has to be addressed carefully. U251 showed the strongest
induction of IFN signaling in response to MeV when | screened for candidate cell lines and conversely
showed the strongest attenuation of MeV replication (Figure 4-6 and Figure 4-8). IFNB1 and downstream
signaling in dual- and triple virotherapy was significantly reduced only in U251 cells (Figure 4-12 for IFNB1,
Figure 4-20 for CXCL10). Equally, the combined cytotoxic effect of triple radiovirotherapy was synergistic
only for these cells (Figure 4-19.). Despite these associations, my data do not support the hypothesis that
the transient IFN suppression induced by PV directly enhanced MeV replication; the magnitude of IFN
attenuation appears insufficient to rescue or augment MeV spread. Aref et al employed “a stepwise model
of cellular transformation” and showed that MeV susceptibility and cytotoxicity is highly dependent on
the intrinsic IFN response of the infected cell.'®® However, even in highly transformed and IFN-deficient
cells, low-dose pretreatment with IFN-B results in attenuation of MeV infection. Thus, although PV reduced
IFN signaling in U251 cells and coincided with therapeutic synergy, the degree and timing of suppression
were likely too modest to produce a measurable increase in MeV replication, suggesting that the observed
benefit of the triple regimen arises from more complex mechanisms rather than only enhancement of viral

propagation.

To further dissect the complex role of IFN signaling in triple radiovirotherapy, | applied the combination
regimen to U87 and T3MA4 cell, two lines characterized by low intrinsic IFN signaling capacity (Figure 4-6).
In these models, the triple therapy resulted in an antagonistic interaction (Figure 4-22). While this might
suggest that intact IFN signaling is important for the efficacy of triple radiovirotherapy, no causal
relationship can be inferred from this correlation alone. Rather, syngeneic and stable IFNAR or IFNB1 ko
of U251 and BxPC-3 cells should be employed to assess the contribution of IFN signaling. Alternatively,
pharmacological inhibition, for instance through JAK1 and JAK2 inhibitor ruxolinitinib, could be used for

further functional analyses.

In contrast to the initial hypothesis, enhanced MeV replication could not be confirmed in the triple

radiovirotherapy approach (Figure 4-24). Thus, the underlying mechanism of the observed therapeutic

86



Discussion

efficacy especially in U251 cells remained unresolved. | did observe enhanced levels of extracellular
calreticulin (CALR) more consistently in U251 than BxPC-3 cells (Figure 4-26). Extracellular exposure of
CALR is defined as one hallmark of ICD, because it enhances the uptake of the (dying) cells it is expressed
on by antigen presenting cells (APCs). Type-l IFNs and CXCL10 are immunostimulatory DAMPs and their
release is equally linked to ICD.**! | detected the release of these cytokines, which was mainly MeV-driven
and not enhanced in triple radiovirotherapy (Figure 4-21). Direct cytotoxic and antiproliferative effects of
IFN-B are well-described and can be studied in assays only employing cancer cells in vitro *> Functional
effects of enhanced ICD, on the other hand, cannot be investigated in a pure in vitro monoculture setting.
The gold standard to confirm ICD on a functional level is a vaccination assay in immunocompetent mice:
To this end, murine tumor cells would have to be treated with triple radiovirotherapy or control regimens
and used as vaccines, applied s.c. in non-cancer bearing mice. The protective effect of the triple
combination-treated “vaccine” versus the control regimens against subsequent tumor engraftment would
then indicate whether the treatment indeed elicits ICD.'** As an in vitro surrogate and model in the human
system, dendritic-cell co-culture assays that quantify uptake of treated tumor cells and DC maturation
could be employed.’® Given that increased extracellular CALR on U251 cells following triple therapy
cannot account for enhanced cytotoxicity in monoculture, the mechanistic basis for the apparent synergy

of triple radiovirotherapy remains elusive in this thesis.

Several other mechanisms should be considered to elucidate molecular determinants of (synergistic) triple
radiovirotherapy: My thesis focused on the role of type | IFNs, specifically IFN-B. Neither IFN-a nor type llI
IFNs (IFN-As) were investigated. IFN-PB is the best-described effector of antiviral signaling, especially in the
context of MeV virotherapy. However, type Il IFNs are increasingly investigated for their complementary
role in eliciting immunomodulatory effects.®® Type | IFNs signal trough the IFN-a/B receptor (IFNAR),
ubiquitously expressed on nucleated cells. In contrast, the expression of a subunit of the cellular receptor
for IFN-A (IFNLR1) is restricted to epithelial cells. Consequently, IFN-A effector functions are restricted to
epithelial tissue.® Given that PDAC cells are capable of eliciting and responding to IFN-As,**> while GBM
cells generally lack this signaling capacity, the contribution of IFN-A could differ substantially between the

U251 and BxPC-3 models examined here and should investigated further.

Beyond IFN signaling and the immunogenicity of the treatment, other mechanisms could play a pivotal
role in mediating the effects of triple radiovirotherapy: The main cytotoxic effect of irradiation is the
induction of DNA damage, particular DNA double-strand breaks (DSBs).*? The investigation of DNA damage
response pathways in the context of triple radiovirotherapy could reveal a mechanistic explanation for the

observed therapeutic benefit. Key markers for DSBs such as phosphorylation of the histone H2AX
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(YH2AX)™*® and recruitment of DNA repair mediators such as Ku70 and Ku80 can be quantified via western
blot or immunofluorescence to assess the extent and kinetics of DNA repair.’®” Additionally, the
accumulation of unrepaired DSBs results in apoptosis, which can be evaluated by detecting cleaved
caspase-3 via western blotting, or dynamically monitored using fluorescent apoptosis dyes in live cell
imaging approaches.’® Together, these analyses could provide an in-depth understanding of the

molecular mechanism underlying triple radiovirotherapy.

5.3.2.  Enhancing radiovirotherapy
Together with, and in addition to, deciphering the mechanism of triple radiovirotherapy, several strategies
can be envisioned to enhance therapeutic efficacy. The initial aim of my thesis was to achieve transient,
tumor cell-specific dampening of the IFN response through PV infection, thereby enhancing MeV
replication. While my experimental data demonstrate a modest reduction in IFN signaling, the magnitude

of suppression was insufficient to boost MeV replication (see above).

Combination approaches employing systemic IFN suppressors, such as the JAK inhibitor ruxolitinib, could
potentially enhance MeV replication and overall treatment efficacy. However, such strategies also carry
the risk of increased treatment-related toxicity and reduced MeV oncotropism. Safety remains a central
consideration for clinical translation, particularly when applying live, replicating viruses.'?® Alternative

strategies could therefore be employed to achieve tumor-specific modulation of the IFN response.

Our group has recently shown that MeV can be engineered to express functional microRNAs from a
universal mircoRNA expression cassette.’® Building on this work, MeV could be modified to express
microRNAs that specifically target key cellular components triggering the antiviral IFN response upon

infection with RNA viruses.?®°

Beyond modulating the IFN pathway, the radiovirotherapy context opens additional opportunities for
rational engineering. Kon et al showed that a shRNA targeting the catalytic subunit of the DNA-dependent
protein kinase (DNA-PKcs), which has a central role in mediating DNA DSB repair, can be expressed from a
replicating adenovirus and confer a radiosensitizing effect in vitro and in xenograft models in vivo.?*
Similarly, our microRNA expression cassette could be adapted to encode mircroRNAs targeting transcripts
of the DNA repair machinery, such as DNA-PKcs???, ataxia-telangiectasia mutated (ATM)?°2 or Poly (ADP)-

ribose polymerase-1 (PARP-1)2%3,

In addition to microRNA approaches, MeV-mediated expression of radio-sensitizing proteins could be

feasible: Liu et al recently reported an NDV engineered to express an anti-VEGFR2 single-chain variable
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fragment. They observed reduced hypoxia levels in tumors and enhanced tumor cell killing in combination
with radiotherapy in murine xenograft models 2°* These approaches exemplify that rationale design of

MeV could further enhance the therapeutic efficacy of radiovirotherapy.

Apart from engineering MeV, other triple combination approaches could provide benefits. The
combination of OVs with ICIs has been tested extensively, preclinically and clinicially.2°>2% A recent clinical
case report showed astonishing benefit of combining T-VEC and ICI with radiotherapy in a patient with
metastatic cutaneous squamous-cell carcinoma. The patient, who has progressed under previous therapy,
experienced regression in treated lesions as well as pulmonary metastases and was progression free for
reported 44 months.?%’ This encouraging observation highlights the potential of triple combination

regimens, which could be further evaluated using MeV or PV as the oncolytic component.

Allin all, these approaches underscore the potential of radiovirotherapy and should be investigated in the

context of MeV- or PV radiovirotherapy.

5.4. Combinations therapies in cancer management

Combination therapies are a mainstay in clinical oncology and may reduce treatment resistances,
addressing intratumoral and patient-to-patient heterogeneity. For decades, combining chemotherapeutic
drugs or treatment modalities has shown clinical benefit.2% In PDAC, combination chemotherapy regimens
such as FOLFIRINOX and gemcitabine-based combinations enhances survival compared to
monotherapies.??? Equally, standard-of-care in GBM is a multimodal approach combining surgery,

radiotherapy and chemotherapy in form of temzolomide?!

To find novel, innovative combinations, that yield benefit to cancer patients, the typical translational cycle
comprises thorough preclinical in vitro, followed by in vivo assessment and finally clinical trials. In

preclinical stages, the question of synergy is often raised.

5.4.1. Synergy models and their implications for (triple) radiovirotherapy
Depending on the synergy model, different assumptions are made concerning the mechanistic interaction
of the drugs combined. The main model | applied to analyze synergy throughout this thesis was the Zero

|212

interaction potency (ZIP) synergy model?'? integrated into the web applications SynergyFinder 3.0?*3 and

SynergyFinderPlus?* (Figure 4-11, Figure 4-15, Figure 4-19, Figure 4-22 and Figure 4-28).

The ZIP model was developed to address shortcomings of widely used models, namely the Highest Single
Agent (HSA), Bliss Independence and Loewe additivity models. Especially the Loewe additivity model, the
base for the Chou-Talalay median effect method??®, has routinely been applied to test the benefit of drug
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combinations. All models predict the combined drug effect based on input data of dose-response to the
individual monotherapies. The combined drug effect may then be equal, exceed or be inferior to the
predicted effect and thus be classified as additive, synergistic or antagonistic, respectively. The HSA model
simply expects the combined effect to be at least equal to the highest effect of the single agent in a
combination. It is thus especially applicable in drug combinations where one drug has no cytotoxic effect
on its own but may contribute to an enhanced response when used with other agents. An advantage of
the model is the limited number of dose combinations required to calculate an integrated synergy score.
For that reason, | initially applied the HSA model to assess the potential benefit of the triple combination
prior to expanding the dose combinations tested (Figure 7-10). The Loewe Additivity and Bliss
Independence models employ more complex mathematical modeling. Here, all applied drugs influence
the predicted combined effect. The Bliss Independence model calculates the probability of two drugs
eliciting the observed effect independently in a stochastic process. The Loewe Additivity model
extrapolates the predicted combined effect from the dose-response curves of the individual drugs,
assuming a shared or comparable mechanism of action and thus a linear dose-response ratio between the
two drugs. The ZIP model integrates both principles by comparing the experimentally observed
combination dose—response curve to a predicted reference curve derived from individual dose—response
data under the assumption of independence. Then, the deviation (ZIP score) of the observed dose-
response curve from the predicted one can be plotted in an “interaction landscape” for each dose
combination, providing a comprehensive overview of synergistic and antagonistic regions. This approach
extends the applicability of synergy analysis to complex or high-throughput combination screens, where

interaction dynamics may vary across the dose ranges.?'?

Since | combined fundamentally distinct treatment modalities in the triple radiovirotherapy, | cannot
assume a linear relation between the dose-response curves (which the Loewe additivity model does).
Nevertheless, | want to observe the combined effect across a range of concentrations employing a fitted
dose-response (which Bliss Independence does not). | thus believe the ZIP model is the most appropriate
model to assess synergy in this setting. According to the ZIP model, among all tested combinations and
cell lines, robust synergy was observed only in U251 cells under triple combination treatment. Notably,
combinations of 1 and 2 Gy irradiation with intermediate viral MOls yielded the highest synergy scores
(Figure 7-11). From a translational perspective, these findings are particularly encouraging, as they involve
dose combinations that are feasible and safe to apply to cancer patients. These dose combinations should

thus be prioritized in further preclinical investigations.
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However, there are important limitations to the ZIP model and its application in the context of triple
radiovirotherapy. The model relies on accurately fitted dose—-response curves and thus requires high-
quality, reproducible input data. Viruses are replicating agents, thus determination of their active
concentration is inherently more challenging than it is for chemical compounds or irradiation. Moreover,
MeV preparations are not purified after production, and variability between frozen virus aliquots or
preparations may affect reproducibility between experiments, leading to potential false-positive or false-
negative synergy calls. Another limitation arises from the model’s assumption of independence between
agents. While the viruses differ substantially in their replication cycles, both depend on and compete for
cellular resources for efficient replication. It is therefore unlikely that their cytotoxic effects occur in

complete independence, potentially affecting the accuracy of synergy modeling.

Machine learning approaches, such as BAITSAO?!, have recently been published and advance the
modelling and prediction of synergy in multi-drug combinations. Such approaches have the potential to
unify models and implement more unbiased methods. This could alter the narrow definition of synergy

and broaden its applicability of models to more diverse, multimodal drug combinations.

Finally, the translational significance of synergy scores themselves remains an active area of debate.?!”
While synergy is straightforward to interpret when it reflects principles of synthetic lethality in the
combination of chemical compounds that target distinct molecular pathways, its meaning becomes less
direct when broader therapeutic modalities, such as radiotherapy and immuno- or virotherapy, are
involved. In such cases, patient- or tumor-specific heterogeneity may ultimately have a stronger impact
on treatment outcome than the measured in vitro synergy score. Incorporating these biological and
translational considerations into the design of future combination strategies by employing advanced

models, such as patient-derived organoids, will be essential to enhance their clinical relevance and success.

5.5. Advanced preclinical models to investigate radiovirotherapy

To optimally assess (combination) therapies for clinical trials in terms of efficacy and safety, in vitro and in
vivo models with high translational relevance are indispensable. Especially in the setting of employing
replicating viral agents, where the interaction between virus, tumor, and microenvironment is complex
and dynamic.?'® Various models can be employed for such investigations: Patient-derived cultures?®, 3-

221

dimensional spheroids??’, tumor organoids??! or slices??2, as well as xenograft or immunocompetent

murine models.

In my thesis, | employed heterotypic PDAC spheroids comprising tumor cells as well as fibroblasts and

endothelial cells to better mimic the desmoplastic and treatment-resistant TME that characterizes PDAC.
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The spheroids model was established and provided by Assia Angelova and her team. In contrast to the
effects observed in 2D cultures of BxPC-3 and U251 cells, | saw a reduced therapeutic efficacy of the triple
radiovirotherapy in spheroids (Figure 4-28). Spheroids were very sensitive to MeV treatment, but showed
resistance to both radio- and PV therapy. Possibly, the fusogenic property of MeV yielded an advantage in
this model. Le Boeuf et al showed that arming a vesicular stomatitis virus with a fusogenic protein
significantly enhanced viral spread and cytotoxicity in breast cancer tumor spheroids.??® It is therefore
conceivable that MeV alone efficiently penetrated the spheroid through syncytia formation and viral
spread, but was inhibited by concomitant PV infection. Microscopic observation of the MeV-encoded eGFP
in the triple combination regimen showed reduced transgene expression (Figure 7-14) in presence of PV,
mirroring the observations in the 2D setting. If MeV fusion and hemagglutinin proteins are equally affected
by PV infection, reduced syncytia formation and MeV penetration of the spheroid could explain the

antagonistic effect.

While the spheroid model offers the advantage of incorporating multiple cell types and mimicking
extracellular matrix-like structures through fibroblast inclusion, they still lack key physiological
components. Especially in the context of viroimmunotherapies, the presence of immune cell populations
would be vital to assess the effect of triple combination on immune induction. To address this, patient-
derived tumor organoids could serve as a valuable next step. For this project, the next step is to employ
biopsy-derived tumor organoids, that are generated from single cell suspensions. They preserve the
heterogeneous cell population of the original tumor (including immune cells) and as well as the mutational
and transcriptional profiles.??* This allows the analysis of patient-to-patient variability and may help to

identify subgroups that could derive the most benefit from radiovirotherapy.??®

Nonetheless, even advanced in vitro or ex vivo approaches cannot substitute for the presence of a fully
intact immune system, where immune cell priming, trafficking and memory formation can be studies. This
still requires the use of animal, most commonly murine, models. Our group and others have demonstrated
the feasibility of evaluating MeV in syngeneic murine tumor models.””??® |n preparation for such studies, |
generated and characterized several clones of three murine cell lines stably expressing the MeV entry
receptor human CD46 via lentiviral transduction. (Figure 4-30). However, MeV susceptibility varied
between the cell lines and clones and did not correlate with hCD46 expression levels. This is in line with
reports that post-entry restriction factors limit MeV replication in murine cell lines.??” MeV replication and
spread can be enhanced by employing transgenic mice that lack the type-I IFN receptor IFNAR.2%822° But
the use of such murine models is unsuitable in the context of this project, where the underlying hypothesis

involves intact IFN signaling.
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In addition to constraints regarding MeV susceptibility, antigenicity of hCD46 presents a further challenge
when studying MeV in vivo. Previous work in our group revealed delayed tumor growth and frequent loss
of hCD46 expression in vivo, likely reflecting immune-mediated clearance of hCD46-expressing cells.’3> In
preliminary in vivo experiments, the murine GBM tumor cell line | generated, GL261-hCD46, was implanted
into C57BL/6 mice by Laurent Daeffler and his team. While parental tumors without CD46 showed the
expected growth kinetic, no tumors grew in mice implanted with hCD46-expressing cells. Interestingly,
implantation with other clones that showed lower CD46 expression (clone A and B, compared to clone C;
Figure 4-30) was more successful and tumors grew in ca. 50 % of implanted mice (data not shown, animal
experiments are performed by Laurent Daeffler in Stralbourg). These results underscore the importance

of careful clone selection to balance receptor expression with immunogenic tolerance for successful in

vivo establishment.

The evaluation of protoparvoviruses in murine models also presents distinct challenges. Mice or rats are
the natural hosts of the rodent Protoparvovirus strains employed here (H-1PV, referred to as “PV” and
minute virus of mice (MVM)).”® Thus, no genetic modification is required to perform in vivo studies.
Nevertheless, cell lines show variable susceptibility to PV or MVM infection. The murine PDAC cell lines
employed here did not show cytotoxic effects at standard MVM doses (data not shown, experiments were
performed by Assia Angelova and her team). PDAC is a highly heterogeneous disease and distinct subtypes
can be classified based on phenotypic and transcriptional markers.?° Vienne et al showed a strong tropism
of MVM to PDAC cells of the basal-like subtype.?3! While we did not characterize the molecular subtype of
the PDAC cell lines used here, this factor may explain the limited response and should be considered in

future in vivo studies.

All in all, each experimental model offers distinct advantages and inherent limitations. Careful alignment
of the chosen model with the underlying research hypothesis is essential, while maintaining awareness of
its constraints. Ultimately, only clinical trials can determine which novel therapeutics elicit a benefit for

cancer patients.

5.6. Clinical outlook and conclusion

The ultimate goal of translational cancer research is to establish therapies that bring benefit to cancer
patients. In the field of oncolytic virotherapy, only one actively replicating virus has so far advanced to
(routine) clinical practice in the United States and Europe. T-VEC (a HSV derived construct encoding for
granulocyte-macrophage colony-stimulating factor (GM-CSF)) received FDA-approval for advanced

melanoma in October 2015. Exactly one decade later, no additional OV has gained FDA- or EMA approval,
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yet the field has progressed: A variety of viral vectors with and without transgenes and in combination or
as monotherapies are tested preclinically and in clinical trials (recently comprehensively reviewed!?°).

Among them are PV and MeV.

PV’s first human application dates back to 1965, where it was applied to two osteosarcoma patients
without the report of serious adverse events.?3? Two clinical trials have so far evaluated PV’s safety and
efficacy. A phase I/lla trial in GBM enrolled 18 patients, who received escalating doses of PV intravenously
(i.v.) or intratumoral (i.t.) followed by surgery and injection of PV into the wall of the resection cavity. No
dose-limiting toxicities were observed. Notably, PV genomes and transcripts could be detected in resected
tumors after i.v. application, proving that PV is able to cross the blood-brain barrier and home to the
tumor. In addition, the trial confirmed recruitment of CD4+ and CD8+ tumor-infiltrating lymphocytes (TILs),
virus-specific T cell responses in peripheral blood and prolonged survival compared to data from recent
meta-analyses.’® However, these encouraging results need to be interpreted with caution due to the low
number of patients, the trial design (single-center, non-controlled dose-escalation trial with different
routes of administration) and other potential confounders (such as the effect of repeated surgery). The
second trial was a phase |l trial in patients with metastatic PDAC and enrolled 7 patients. PV was applied
at escalating doses i.v. and subsequently into hepatic metastasis. Again, viral genomes could be detected
in most tumor samples and virus-specific T cell responses were observed in 9 out of 12 patients tested.
Two patients had a partial response and showed prolonged survival of 326 and 555 days.3! However,
similar limitations in trial design and patient number as mentioned above apply. Nevertheless, the clinical
evaluation of PV has thus far revealed an excellent safety profile with first encouraging results regarding

immune induction and therapeutic efficacy.

MeV has been evaluated more extensively in clinical trials, the first one dating back more than two
decades.’2?3 (Clinical studies have investigated MeV in a several entities, including cutaneous T-cell

235 and GBM?3¢. Administration routes have

lymphoma?3, multiple myeloma (MM)®*, ovarian cancer
varied by indication (i.v., i.t., intracranial, intraperitoneal), but MeV has generally been well tolerated with

few dose-limiting toxicities.

A recent trial in GBM by Galanis et al. investigated the influence of IFN on MeV replication through trial-
accompanying research. Employing a previously established predictive algorithm of 22 1SGs,?’ they
showed that MeV replication within treated tumors inversely correlated with the baseline IFN response.
Conversely, tumors that were more permissive to MeV replication also had increased levels of immune

activation on transcriptomic level and a (non-significant) trend towards enhanced CD4+ and CD8+ T cell
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infiltration. These favorable immune activation patterns, coupled with low IFN signaling at baseline, were
observed in only 2 out of 13 patients. The authors suggest that this is mirrored by the usually observed
response rate in OV trials of 9-13 %.2% This finding underscores the importance of patient stratification

(possibly based on baseline IFN signaling) to identify those most likely to benefit from OV therapy.

| want to highlight two very different, yet striking cases that underline the therapeutic efficacy MeV may
elicit: One single administration of MeV i.v. elicited a complete response in an on-trial MM patient,
accompanied by a pronounced anti-tumor immune response. The patient was confirmed to be in complete
remission even 6 years after the MeV infusion.®® The second interesting case report is a study by Beata
Halassy et al. in which two viral vectors were administered: VSV and MeV, which the patient, a virologist,
had produced under non-GMP standards in her own lab. The viruses were repeatedly administered i.t. into
her recurrent triple negative breast cancer and resulted in the tumor mass becoming resectable. After two
prior recurrences, the patient now remains in complete remission for at least 4 years.?>?3® Apart from such
case reports, the clinical trials of MeV have not yet yielded breakthrough success. Accordingly, novel
approaches including combination therapy, carrier cells or biomarker-selection of eligible patients are

currently under investigation.*%23¢

To date, neither MeV nor PV have been combined with radiotherapy in clinical trials. Given the favorable
safety profiles observed for both viruses and the routine clinical use of radiotherapy, such combinations
appear feasible and promising. Notably, neither virus shows reduced replicative capacity following

irradiation, even at high doses up to 50 Gy. This was shown for MeV by J.Derani!*

and for PV by Laurent
Daeffler (manuscript in preparation). This resilience raises the practical possibility of repeated dosing in a

radiovirotherapy regimen without inactivating the oncolytic agent.

In summary, the data presented in this thesis support the promise a triple radiovirotherapy approach can
hold for selected patients: enhanced cytotoxicity, pronounced innate immune signaling and markers of
immunogenic cell death were observed. Continued preclinical work will focus on certain aspects discussed
above: Deciphering the mechanism of PV-mediated reduction of MeV transgene expression, enhancing
the combination by rational MeV vector design (e.g. encoding beneficial therapeutic transgenes), assessing
other promising combination partners, employing additional advanced pre-clinical models (incl. patient-
derived organoids) and investigating triple radiovirotherapy in vivo. If successful, a swift translation into
an early clinical trial could benefit the increasing number of GBM and PDAC patients with otherwise limited

treatment options and poor prognosis.
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b. Abbreviations

ABAM

ACT

ACTB

ANOVA

ATM

AUC

BCA

BSL

CALR

CAR

cDNA

cGAS

ciu

Ct

CcT

DAMP

DEG

DMEM

DMSO

DNA

eGFP

EGFR

ELISA

FACS

FCS

FDA

Antibiotic antimycotic solution
Adoptive cell therapy

B-Actin gene

Analysis of variance
Ataxia-telangiectasia mutated

Area under the curve

Bicinchoninic acid

Biosafety Level

Calreticulin

Chimeric antigen receptor
Complementary DNA

Cyclic GMP-AMP synthase

Cell infectious units

Cycle threshold

Computed tomography

Danger associated molecular pattern
Differentially expressed gene
Dulbecco’s Modified Eagle’s Medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Enhanced green fluorescent protein
Epidermal growth factor receptor
Enzyme-linked immunosorbent assay
Fluorescence-activated cell sorting
Fetal Calf Serum

Food and drug administration
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GBM

GM-CSF

GMP

H-1PV

HLA

HSA

HSV-1

ICl

IDH

IFITM

IFN

IFNB

IMRT

IRF

ISG

ISGF3

JAK

JAM-A

Id

LET

IncRNA

MDA-5

MDS

MeV

mins

MOl

Glioblastoma

Granulocyte-macrophage colony-stimulating factor
Good manufacturing practice

H-1 parvovirus

Human leukocyte antigen

Highest single-agent

Herpes simplex virus type 1

intravenously

Immune checkpoint inhibitor

Isocitrate dehydrogenase
Immunofluorescence

Interferon-induced transmembrane protein 1
Interferons

Interferon-B gene

Intensity-modulated radiotherapy

IFN regulatory factors

Interferon stimulated gene
Interferon-stimulated gene factor 3

Janus kinase

Junctional adhesion molecule A

Leader [MeV genome]

Linear energy transfer

Long non-coding RNA

Melanoma differentiation associated protein 5
Multidimensional Scaling

Measles Virus

Minutes

Multiplicity of Infection
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MVM
NDV
NFkB
NGS
NIS
NS
NSCLC

ORF

p.tr.
PAMP
PCR
PDAC
PFA
pfu
PKR
PV
PVDF
qPCR
RIG-I
RNA
ROS
RPMI
RVTx
s.C.

SAT

SDS-PAGE

Minute virus of mice

Newcastle disease virus

Nuclear factor kappa b

New generation sequencing

Sodium iodide symporter

Non structrual protein [Parvovirus protein]
Non-small-cell lung cancer

Open reading frame

Post radiation

Post treatment

Pathogen associated molecular pattern
Polymerase Chain Reaction
Pancreatic Ductal Adenocarcinoma
Paraformaldehyde

Plague forming units

Protein Kinase R

Refers to H-1PV (H-1 parvovirus)
Polyvinylidene fluoride

Quantitative PCR
Retinoicacid-inducile gene-1
Ribonucleic acid

Reactive oxygen species

Roswell Park Memorial Institute 1640
Radiovirotherapy

Subcutaneously

Small alternatively translated

Sodium  dodecyl sulphate-polyacrylamide
electrophoresis

gel
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STAT

TAA

TCR

TERT

tr

T-VEC

TYK

VP

VSV

ZIP

Signal transducer and activator of transcription
Tumor associated antigen

T cell receptor

Telomerase reverse transcriptase

Trailer [MeV genome]

Talminogene laherparepvec

Tyrosine kinase

Structural protein [Parvovirus protein]
Vesicular stomatitis virus

Zero interaction potency
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7.  Supplementary data

Top 50 DEGs (Combi vs Mock)

Group

DHRS2
F13A1
TRAF1
IFI27
CCLS
PARPY
TRIM22
DDX60
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Figure 7-1: TOP 50 DEGs sorted by FDR in combination versus mock are mainly MeV-driven

Group
Mock
Radio
MeV
Combi

| treated and prepared samples as described in the legend to Figure 4-1. The heatmap shows Z-Score normalized
expression of the top 50 DEGs of the combination versus mock comparison for all samples. | selected the top 50
DEGs based on FDR among differentially expressed genes (|logFC| > 1). | applied Euclidian clustering across rows

(genes) and columns (samples).
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| treated and prepared samples as described in the legend to Figure 4-1. Top
20 GO terms by p value that are upregulated in combination versus mock
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Figure 7-2: All significances depicted for Figure 4-5
I isolated RNA 48 h after treating cells with either 10 ug/ml Poly(IC) or MeV. Through RT-gPCR analysis, | compared levels of

(A) EIFAK2, (B) ISG15 and (C) IFITM1 transcripts. 2-24<T values, normalized to ACTB and mock-treated controls, in response to
the respective treatment are depicted. Mean and standard deviation of two independent experiments is shown. * : p<0.05
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Figure 7-4 Comparing PRR levels between U373 and BxPC-3

| performed qPCR for TLR3 and DDX58 (RIG-1). (A) Baseline levels of TLR3 and DDX58 In U373 and BxPC-3 36 h after seeding
in untreated cells. 22, normalized to ACTB is shown. (B) | harvested RNA of U373 and BxPC-3 cells at several timepoints p.tr.
with MeV at MOI 0.1 or poly(IC) at 10 pg/ml. 2-22¢t normalized to ACTB1 and mock-treated samples, is shown.
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Figure 7-5: IFNB1 induction under MeV polymerase inhibition
| infected U251 (A) and BxPC-3 (B) cells with MeV 24 h after seeding. During incubation with infection inoculum and when
media was changed after 2 hours, | added MeV polymerase inhibitor ERDRP-0519 to the medium at a concentration of 1 uM.

lisolated RNA and performed RT-qPCR of IFNB1. Mean and individual 2-44¢t value are shown, normalized to ACTB. | performed
two-way ANOVA with Tukey’s multiple comparison test *: p< 0.05
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Figure 7-6: Cytotoxicity and Synergy of simultaneous OV application

| infected BxPC-3 and U251\ cells with PV and MeV at different concentrations simultaneously 24 h after seeding. (A) On day 5 and
day 7 p.tr. | measured metabolic activity of the cells by XTT assays. (B) | analyzed synergy using the SynergyFinderPlus Software
and report the ZIP score. N=2 independent experiments
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Figure 7-7: All significances depicted for Figure 4-12

| infected cells with PV at MOI 2 (U251) or MOI 5 (BxPC-3) and 24 h later with MeV at an MOI of 1 (both cell lines). | harvested
RNA 24 h after PV infection (time point of MeV infection) and 48 h after completion of treatment. | analyzed transcript levels of
IFNB1 and CXCL10 via RT-qPCR for BxPC-3 and U251 cells. Mean and standart deviation of two independent experiment is
depicted. m -mock, PV - Parvovirus, MeV - Measles Virus, p.PV - post PV infection, p.tr. - post treatment; *: p < 0.008 in two-way
ANOVA with Tukey’s multiple comparisons test; all significant combinations are indicated
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Figure 7-8: MeV transgene expression in dual virotherapy for infection with MeV MOI of 0.33 and 0.11

I infected cells with PV at the indicated MOls and infected with MeV at an MOI of 0.11 or 0.33 24 h thereafter. | place the plates
in an IncuCyte and measured phase area and eGFP expression over the course of 7 days. | normalized eGFP expression to phase
area and plotted it over time. PV - Parvovirus; MeV - Measles virus; MOI - multiplicity of infection
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Figure 7-9: Extended dose combinations of dual virotherapy
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| treated PDAC spheroids, comprised of PDAC cells (AsAnPaCa), endothelial cells (HUVEC) and fibroblasts (MRC-5) in a ratio
of 1:2:3, with PV and MeV in an extended dose range from MOI 1 to 64 for PV and MOI 0.01 to 0.16 for MeV. On day 5, |
performed | performed the ATP-based cytotoxicity assay CellTiterGlo® 3D. Mean and standard deviation of three technical
replicates is shown.
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Figure 7-10: HSA synergy analysis for XTT-based cytotoxicity analysis of triple radiovirotherapy
| performed synergy calculations with the HSA model on the cytotoxicity data acquired by XTT assay (depicted in Figure 4-17, day

7). Calculations for the combination of dual virotherapy with 2 and 5 Gy radiation are reported. Negative scores (green) indicate
antagonism, positive scores (red) synergy.
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Figure 7-11: Synergy plots for all dose combinations

| calculated ZIP synergy scores with SynergyFinder3.0 using the averaged cytotoxicity data of the extended dose combinations
assessed via crystal violet assays. Each graph depicts all ZIP scores for the individual PV and MeV dose combinations with one
radiation dose. The overall ZIP score for the triple combination at that radiation dose is given numerically above the graph. PV
dose increases within each graph from bottom to top, MeV dose increased within each graph from left to right. Radiation dose
increases across graphs from left to right. ZIP scores around 0 (white) are considered additive, positive scores (red) synergistic and
negative scores (green) antagonistic
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Figure 7-12: Western blot of pEIF2a under triple radiovirotherapy

| treated U251 cells with triple radiovirotherapy (5 Gy irradiation, PV MOI 2, MeV MOI 1) and harvested cells 48 h later. Cells
treated with Tunicamycin at 5 pg/ml served as positive control. | performed SDS-PAGE and western blot. | probed for
phosphorylated EIF2a on the membrane using a specific antibody. B-actin served as loading control. PV — Parvovirus; MeV —
Measles virus; Tunica — Tunicamycin; chemiluminescent exposure time= 3000s
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Figure 7-13: SUnSET assay of dual virotherapy to assess translational shutdown

| treated U251 and BxPC-3 with dual virotherapy. 48 h p.tr., | incubated cells with 5 pg/ml puromycin for 15
minutes prior to harvesting cell lysates in RIPA buffer. Katja Kerner performed SDS-PAGE followed by western
blot on the cell lysates and detected puromycin on the membrane. She used B-actin as loading control |
guantified the band intensities and normalized to B-actin. PV — Parvovirus; MeV — Measles virus
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Figure 7-14: Microscopic observation of PDAC spheroids under triple radiovirotherapy

| treated heterotypic PDAC spheroids with extended dose combinations of radio-, PV and MeV-therapy. | took images 6 and 12
days after treatment of phase contrast and fluorescent signal in the eGFP channel. Depicted is the combination of 5 Gy, PV MOI
4.6 and MeV MOI 0.022 and their combination with untreated conditions. 20x objective, scale bar indicates 100 um

Figure 7-15: Microscopic observation of MeV-infected spheroids (triple- vs. mono spheroids)

| infected heterotypic PDAC spheroids and their mono-typic counterparts with MeV at MOI 0.3 and 3 and observed eGFP
expression via fluorescent microscopy 72 h post infection.
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Figure 7-16: Amplification cuvres and melt peaks of gPCR analysis of ACTB and IFNB1 in triple- and mono-spheroids
| harvested triple heterotypic PDAC spheroids and their monotypic counterparts 72 h post infection, islated RNA and analyzed

ACBT and IFNB1 via RT-qPCR. Depicted are amplification curves and melt peak analysis for triple (purple) and tumor (orange) and
MRC-5 (blue) and HUVEC (green) spheroids, respectively.
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Figure 7-17: Parvovirus protein expression in murine cell lines

To analyze susceptibility of m24192 to parvovirus infection, | performed a SDS-PAGE and western blot analysis of viral NS1
protein in protoparvovirus-infected (viral strain MVM) cells 24 — 72 h post infection. GL261 infected with MVM served as
positive control. Total protein depicted as loading control. 20 ug protein was loaded per lane, except for conditions marked
in red, because protein concentration in cell lysate was not sufficient
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