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Abstract

Oncolytic viruses are a novel therapeutic approach for cancer treatment. They cause a tumor-
specific cell lysis and induce an immune stimulatory effect. T-Vec, a genetically modified herpes simplex
virus carrying a gene for GM-CSF, is the first oncolytic virus approved for cancer treatment. In a recent
study, excellent results were obtained by combining T-Vec with PD-L1 blockade demonstrating the
highly effective therapeutic impact of oncolytic virotherapy in combination with immune checkpoint
blockade.

In this project, we generated the novel virus XVir-N-31-aPD-L1, a YB-1 dependent oncolytic
adenovirus containing a transgene for an anti-PD-L1 antibody which combines XVir-N-31 with a PD-L1
specific immune checkpoint blockade. XVir-N-31-aPD-L1 showed efficient replication and cell lysis in
the human bladder cancer cell line UMUC3. Further on, we demonstrated the transgene expression,
antibody synthesis and secretion and the specific binding of the antibody to its antigen.

In order to analyze the therapeutic effect of XVir-N-31-aPD-L1 in an immunocompetent, syngeneic
mouse model, we tested if the murine MB49 cells are suitable for adenoviral replication. We were able
to overcome the low permissiveness of murine MB49 cells for human adenovirus by use of the Mdm2
inhibitor nutlin-3a. Nutlin-3a led to a significant increase in viral replication, cell killing effect and
antibody synthesis in XVir-N-31-aPD-L1 infected cells. To identify the underlying mechanism, we
analyzed the biochemical effects and found that nutlin-3a induced a G1 arrest and downregulated pRb
and E2F1 suggesting that E2F1 downregulation supports adenoviral replication.

In order to investigate XVir-N-31 as a new therapeutic approach for bladder cancer, we established
an orthotopic, ultrasound guided xenograft mouse model for bladder cancer using the human UMUC3
cells. This method is minimally invasive and uses an ultrasound-based technique for highly precise
tumor cell injections into the lamina propria of the bladder. We found that our YB-1 based virotherapy
is able to significantly reduce tumor growth by 42 % in the orthotopic mouse model. Furthermore, we
successfully established a syngeneic, immunocompetent model using MB49 cells. This model can be
used in the future to evaluate the impact of the immune system on the therapeutic effect of our YB-1
based viro-immunotherapy.

Considering the recent achievements of virotherapy in combination with immune checkpoint
blockade, our findings are an important step in translating the YB-1 based virotherapy into the clinic
for bladder cancer therapy.



Zusammenfassung

Onkolytische Viren sind ein neuer therapeutischer Ansatz fir die Krebsbehandlung, welche eine
selektive Lyse von Tumorzellen induzieren und dadurch das Immunsystem stimulieren. T-Vec, ein
genetisch verdandertes, GM-CSF exprimierendes Herpes simplex Virus, ist das erste fir die Behandlung
von Tumoren zugelassene onkolytische Virus. In einer neuen Studie wurden hervorragende Ergebnisse
durch die Kombination von T-Vec mit einer PD-L1 Blockade erzielt. Diese Resultate demonstrieren die
hocheffektive therapeutische Wirkung der onkolytischen Virotherapie in Kombination mit
Immuncheckpointblockade.

In diesem Projekt wurde das neue Virus XVir-N-31-aPD-L1 generiert, welches fiir einen anti-PD-L1
Antikorper kodiert und somit das YB-1 abhangige onkolytische Adenovirus XVir-N-31 mit einer PD-L1
spezifischen Immuncheckpointblockade kombiniert. XVir-N-31-aPD-L1 zeigte effektive Replikation und
Zelllyse in den humanen Blasenkarzinomzellen UMUC3. AuRerdem konnte die Transgenexpression, die
Synthese und Sekretion des Antikdrpers sowie die spezifische Bindung des Antikdrpers an das Antigen
nachgewiesen werden.

Um den therapeutischen Effekt von XVir-N-31-aPD-L1 in einem immunkompetenten syngenen
Mausmodell zu untersuchen, wurde die murine Zelllinie MB49 auf ihre Eignung fiir adenovirale
Replikation untersucht. Die geringe Empfanglichkeit von murinen MB49 Zellen fiir humane Adenoviren
konnte durch die Verwendung des Mdm2 Inhibitors Nutlin-3a iberwunden werden. Nutlin-3a fihrte
zu einer signifikant erhohten Replikation, Zelllyse und Antikérpersynthese von XVir-N-31-aPD-L1
infizierten Zellen. Um den zugrundeliegenden Mechanismus zu verstehen, wurden die biochemischen
Effekte von Nutlin-3a untersucht. Dabei konnte gezeigt werden, dass Nutlin-3a einen G1 Arrest
induziert und pRb und E2F1 runterreguliert, was zu der Vermutung flihrte, dass eine reduzierte E2F1
Expression adenovirale Replikation unterstitzt.

Um XVir-N-31 als neuen therapeutischen Ansatz fir das Blasenkarzinom zu untersuchen, wurde ein
orthotopes, ultraschallgesteuertes xenograft Mausmodell unter Verwendung der humanen UMUC3
Zellen etabliert. Diese Methode ist minimalinvasiv und mithilfe der ultraschallbasierten Technik kénnen
hochprazise Injektionen in die Lamina Propria der Blasenwand durchgefiihrt werden. In dem
orthotopen Mausmodell fiihrte die YB-1 basierte Virotherapie zu einer signifikanten Reduzierung des
Tumorwachstums um 42%. Des Weiteren wurde ein syngenes, immunkompetentes Mausmodell unter
Verwendung der murinen MB49 Zellen etabliert. Dieses Model kann in Zukunft verwendet werden, um
den Einfluss des Immunsystems auf den therapeutischen Effekt unserer YB-1 basierten Viro-
Immuntherapie zu untersuchen.

Diese Ergebnisse sind angesichts der neusten Errungenschaften der Virotherapie in Kombination
mit Immuncheckpointblockade ein wichtiger Schritt, um die YB-1 basierte Virotherapie zur Behandlung
von Blasenkrebs in die Klinik zu tGbertragen.
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1 Introduction

Bladder cancer is defined as a neoplastic lesion originating from the tissue of the urinary bladder.
More than 95 % of bladder tumors arise from the epithelium and the majority of these are urothelial
carcinomas affecting the urothelium (Tanaka et al. 2011).

The approval of different immune checkpoint inhibitors has opened a new field in cancer therapy.
Targeting the Programmed death protein 1 (PD-1) or Programmed death 1 ligand 1 (PD-L1) with
antibodies is becoming standard of care treatment for multiple tumor entities, including metastatic
melanoma, lung, kidney and also bladder cancer (Sharma und Allison 2015). It unlocks immune
suppressive pathways and induces a consistent anti-tumor immune response. However, the use of PD-
1/PD-L1 inhibitors clearly showed that the majority of patients (60 — 80 %) is resistant and does not
benefit from this therapy. Immense research activity on this field brought light into the mechanisms of
resistance and showed that the expression of target molecules on both tumor cells and immune cells
is unstable but can be induced by intrinsic as well as extrinsic factors (Ritprajak und Azuma 2015). In
addition, it was also shown that the presence of CD8* T cells is mandatory (Pardoll 2012). These results
serve as the rational to combine immune checkpoint blockade (ICB) with an immune stimulatory
therapy like virotherapy (Ribas et al. 2017).

Oncolytic viruses were underestimated for decades. However, the approval of Talimogene
laherparepvec (T-Vec) demonstrates their immense power in cancer therapy (Rehman et al. 2016).
Oncolytic viruses induce cancer cell lysis and thereby cause a strong immune stimulatory effect (Guo
et al. 2017). The hypothesis of combining PD-1/PD-L1 specific immune checkpoint blockade (ICB) and
oncolytic virotherapy was just recently proven right (Ribas et al. 2017). This study achieved an
outstanding objective response rate of 62 % with a complete response rate of 33 %. It demonstrated
that oncolytic viruses change the tumor microenvironment due to their immune stimulatory effect and
thereby improve ICB (Ribas et al. 2017).

These exceptional findings are clinically highly important and serve as a basis for new and auspicious
combinatorial viro-immunotherapy-approaches in a variety of cancers, including bladder cancer. In this
project, we aimed to develop and characterize the novel combination therapy using YB-1 based
virotherapy and a PD-L1 specific immune checkpoint blockade.

1.1 Epidemiology of bladder cancer

Bladder cancer is the ninth most common cancer worldwide and the second most common
genitourinary cancer. There were an estimated 429 000 patients diagnosed for bladder cancer and 165
000 deaths from bladder cancer in 2012 (Ferlay et al. 2015). It occurs more often in man than in women
(worldwide sex ratio of 3,5:1) and 60 % of all incident cases are diagnosed in more developed countries
(Ferlay et al. 2015). Risk factors for developing bladder cancer are mainly environmental with cigarette
smoking as one of the best-established factors. Approximately 50 % of all BLCA are associated with
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smoking (Freedman et al. 2011). There is an almost linear correlation between the risk of bladder
cancer and the duration of smoking. 20 years of smoking increases the risk for bladder cancer roughly
about 100 % and 60 years of smoking about 500 % (Brennan et al. 2000). The second most important
risk factor for bladder cancer is the exposure to carcinogens like polycyclic aromatic hydrocarbons,
aromatic amines and chlorinated hydrocarbons. These factors occur mainly in industrial areas and are
associated with roughly 20 % of all bladder cancer cases (Burger et al. 2013). There is also a genetic
susceptibility for bladder cancer. First degree relatives to bladder cancer patients have a two-fold
increased risk of developing bladder cancer (Burger et al. 2013). Some inherited genetic defects like in
the carcinogen detoxifying genes N-acetyltransferase-2 (NAT2) and glutathione S-transferase (GSTM1)
are additional risk factors to the exposure of carcinogens or tobacco for developing bladder cancer
(Burger et al. 2013; Knowles und Hurst 2015). Single nucleotide polymorphisms (SNPs) close to genes
like MYC, TP63 or FGFR3 are also moderate risk factors for bladder cancer (Knowles und Hurst 2015).

1.2 Bladder cancer staging and grading

Bladder cancer stages are defined by the tumor, node and metastasis (TNM) classification which
describes the extent of invasion (figure 1.1) (Knowles und Hurst 2015; Witjes et al. 2014). T describes
the size of the tumor and whether it has invaded nearby tissue. N describes if proximate lymph nodes
are involved and M scores distant metastasis formation (Witjes et al. 2014). Flat tumors localized to the
epithelium are classified as carcinoma in situ (CIS). Stage Ta describes non-muscle invasive bladder
cancer which make up the majority of bladder cancer at diagnosis (roughly 60 %). Stage Ta tumors are
papillary tumors of low grade, they are described as non-muscle-invasive bladder cancer (NMIBC).
Stage T1 tumors penetrate the epithelium but do not invade into the muscle layer. Tumors of stages
T2a and T2b invade the superficial and deep muscle. T3 stage tumors already penetrate perivesical
tissue and T4 tumors are those that invade adjacent tissues and organs. Tumors belonging to stages T1
up to T4 are described as muscle-invasive bladder cancer (MIBC) and high-grade tumors. NMIBCs have
a five-year survival of roughly 90 %, they mostly recur and rarely progress to invasive forms. MIBCs
often progress and develop metastasis, they have a five-year survival of less than 50 % (Knowles und
Hurst 2015).
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Figure 1.1: Bladder cancer staging. Tis describes local epithelial dysplasia. Ta includes non-invasive
tumors. Invasive tumors are staged fromT1 to T4 depending on their invasive growth into
surrounding tissue. Figure adapted from (Knowles und Hurst 2015).

1.3 The biology of adenoviruses

Human adenoviruses are double stranded, non-enveloped DNA viruses that can infect a variety of
human tissues (Ghebremedhin 2014). They belong to the family of Adenoviridae and the genus
Mastadenovirus. About 60 serotypes are known which can be classified into seven species (A-G).
Adenoviruses are DNA viruses that have a characteristic icosahedral structure (figure 1.2). The
icosahedral capsid consists of a number of minor proteins, VI, VIII, IX, llla, IVa2 and the three major
proteins hexon (Il), penton base (lll) and a knobbed fiber (V) (Russell 2000). There are 240 hexons in
one capsid which can be grouped into four types, H1 to H4, according to their different environment.
The penton capsomere consists of the penton base and the fiber which binds non-covalently to the
penton base. The fiber protein is essential in the early event of infection as it binds to adenoviral
receptors on the host cell and mediates cell entry (Russell 2009). The linear, double stranded genome
has a size of 26 to 44 kilo base pairs and is covalently attached to the terminal protein (TP) at its 5’
termini (Russell 2000). In addition, the DNA is associated with the three core proteins V, VIl and Mu ().
Within the virion, the DNA is organized in a central dense core (Giberson et al. 2012). This work focuses

on Adenovirus species C, serotype 5.
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Figure 1.2: Adenovirus structure. A schematic depiction of the adenoviral structure shows the
icosahedral capsid comprising hexon proteins, penton base proteins and fibre proteins. The
dsDNA within the core is stabilized by core proteins and the terminal protein (Russell 2000).
Figure adapted from (Russell 2009).

1.3.1 Adenoviral infection, life cycle and host tropism

During the initial phase of infection, the fiber protein interacts with the given host by binding to the
primary receptor which differs among the subgroups (Sharma et al. 2009). The most used receptor is
the coxsackie and adenovirus receptor (CAR) (Russell 2009). It belongs to the immunoglobin
superfamily and is supposed to be involved in tight junction formation in epithelial cells (Cohen et al.
2001; Philipson und Pettersson 2004). Further adenoviral receptors are, besides other, CD46, CD80/86
orsialicacid (Arnberg et al. 2000). For successful infection of the host cell, not only receptor attachment
but also rapid internalization is important. This occurs with binding of the highly conserved Arginine-
Glycine-Aspartic acid (RGD) motif on the penton base to avp3 or avp5 integrins. The virus is completely
internalized by clathrin-coated vesicles or endosomes (Russell 2009; Nemerow 2000). To facilitate this
process cellular signaling molecules like Rho GTPases and phosphatidylinositol-4,5-biphosphate 3-
kinase (PI3 kinases) help to disrupt the cytoskeleton. Within the endosome, the viral particle breaks
apart and the endosome is destroyed via endosomal acidification which reveals the hexon coated core
in the cytoplasm. There, it binds to the nuclear pore (NP) on the nucleus and injects the DNA containing
central core into it (Russell 2009; Giberson et al. 2012). This process is mediated by the association of
the viral core to the cellular protein p32 (Matthews und Russell 1994). Within the nucleus, the primary
transcription events are initiated and virus DNA replication is activated. After successful DNA
replication, the nuclear membrane is disrupted and the viruses are released in the cytoplasm.
Disintegration of the plasma membrane allows the release of new viruses (Russell 2000).

Adenovirus subgroups show differences in their tissue tropisms. It is thought that initial attachment
of the virus to its subgroup specific receptors is one determinant for tissue tropism. In general,
adenoviruses mostly cause mild, flue-like symptoms and respiratory infections but can also cause
gastrointestinal, kidney and urinary tract infections. In immune or nutritionally compromised
individuals, adenoviral infection can lead to acute respiratory infections with life-threatening viral
spread (Robinson et al. 2013).
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1.3.2 Adenoviral genome regulation

The genome of the adenovirus 5 comprises roughly 36 000 base pairs. It is organized in early and
late genes depending on their expression before or after viral DNA replication (figure 1.3) (Saha et al.
2014).

12S E1B19K
A >
138 E1B55K hexon ADP fiber

»> —> —> —
[er+] [EER] [v][=]l=] []E=]
[=2s | [ea] [e ]

4_

polymerase DBP

5] v

Figure 1.3: A simplified overview of the wild type adenoviral genome. The adenoviral genome consists
of early genes (E1 to E4) and late genes (L1 to L5). Early genes get activated in the first 8
hours after infection, they encode for regulatory proteins which are necessary for viral
replication. The transcription of late genes starts at the end of the infection process, they
encode for structural proteins.

The early genes E1A, E1B, E2, E3 and E4 are the first genes transcribed, they encode for proteins
which are necessary for altering the cellular environment to enable viral DNA replication and virus
production. E1A messenger RNAs (mRNAs) have been detected as early as 30 minutes after infection.
Therefore, the E1A gene is defined as immediate early gene (Boulanger und Blair 1991). It encodes for
the five proteins 9S (55 amino acids), 10S (171 amino acids), 11S (217 amino acids), 12S (243 amino
acids) and 13S (289 amino acids). The 12S and the 13S protein play important roles in genome
regulation and transcriptional control (Nervins 1987). They share the two conserved regions CR1 and
CR2, the CR3 domain is unique to the 13S protein. The E1A proteins optimize the cellular milieu for
viral replication by inducing mitotic activity in the host cell, counteracting defense mechanisms against
the virus and inducing expression of remaining early genes (Saha et al. 2014; Boulanger und Blair 1991).

The E1B transcript comprises two splice variants. They encode for two structural unrelated proteins
with molecular masses of 19 kDa and 55 kDa, both mediating anti apoptotic effects. Together with
Edorf6, the E1B55K protein inhibits a p53 mediated cell cycle arrest and apoptosis, whereas E1B19K, a
B cell lymphoma-2 (Bcl-2) homologue protein, limits Bcl-2 induced cell death.

The E2 gene encodes for the viral DNA polymerase, the 5’ precursor terminal protein (pTP) which
serves as a primer for adenoviral DNA replication and the DNA binding protein (DBP) that unwinds the
DNA template and is important in the control of early and late gene transcription (Stuiver, van der
Vlient 1990; Hay et al. 1995).
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The E3 gene codes for several proteins that are involved in modulating the host immune system in
favour of viral replication and for proteins involved in cell lysis (Yun et al. 2005). Major E3 proteins are
the adenoviral death protein (ADP) and the E3gp19K protein. ADP is important during host cell lysis
and the release of new viruses whereas E3gp19K interferes in the process of antigen presentation via
MHC molecules (Russell 2000). The E3 RID protein inhibits Fas-induced cell lysis during viral replication
(Yun et al. 2005).

The E4 proteins have different functions during infection, they are involved in viral DNA synthesis,
inhibition of cellular protein synthesis and they regulate mRNA shuttling and cell death (Braithwaite
und Russell 2001). As mentioned above, E4orf6 together with E1B55K is known to inhibit p53 mediated
cell death. E4orf4 is involved in protein phosphatase 2A (PP2A) mediated apoptosis and E4orf6/7
interacts with E2F1 to stabilize its E2 promoter binding ability (Braithwaite und Russell 2001).

Approximately 10 hours after infection, the major late promoter (MLP) is fully active and allows
transcription of the late genes L1 to L5. They encode for structural proteins, most important ones are
the hexon protein, penton and fiber proteins (Russell 2009).

Table 1: Important adenoviral proteins and their function.

Protein Function

E1A Transactivation of early viral gene promoters

E1B19K Inhibition of Bcl-2 mediated cell death

E1B55K Inhibition of p53 mediated cell cycle arrest together with E4orf6
E2A, E2B Provide the replication machinery for viral DNA

E3 ADP Initiation of cell lysis

E3gp19K Interference in MHC mediated antigen presentation

E3 RID Inhibition of Fas induced cell lysis

Edorfa Induction of apoptosis

Edorfe/7 DNA synthesis

1.3.3 Adenoviral interference in cell cycle regulation

Viruses are not autarchic. They need cellular mechanisms and proteins for genome replication and
are therefore dependent on cellular resources. To generate an ideal environment for their replication
and production, viruses manipulate progression through the cell cycle and interfere in checkpoint
signaling. In this regard, the p53 and Rb pathway are two crucial pathways that are utilized by
adenoviruses (Chaurushiya und Weitzman 2009).

The pRb protein is a well-known tumor suppressor protein, it inhibits cell cycle progression and
induces arrest in G1 stage by binding to E2Fs (Dyson 1998; Sherr und McCormick 2002). The E2F family
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comprises sequence-specific DNA binding transcription factors which induce expression of genes
necessary for S phase entry (Trimarchi und Lees 2002). After initiation of the cell cycle and progression
to the S phase via cyclin D expression, activated CDK4/6 hyperphosphorylates pRb (Ewen et al. 1993).
This releases the transcription factor E2F from pRb and induces target gene transcription and cell cycle
progression. The adenoviral E1A protein is known to target the E2F-Rb complex in order to disrupt it.
This frees E2F which can promote spontaneous S phase transition (Bellacchio und Paggi 2013).

Another option to mediate G1/S phase transition is via p53 inactivation. Due to the E1A induced
release of E2F, E2F1 activates transcription of p14/ARF, a Mouse double minute 2 homolog (Mdm?2)
neutralizing protein (Ben-Israel 2002). This causes inhibition of Mdm2 function and consequently
elevated p53 levels (Zhang et al. 1998). To counteract this effect, the adenoviral proteins E1B55K and
Edorf6 induce inhibition, ubiquitination and proteasomal degradation of p53 and thereby prevent cell
cycle arrest and apoptosis of infected cells (Ben-Israel 2002). E1B55K binds to p53 and blocks its
transcriptional activation and growth suppressive function (Martin und Berk 1998). E4orf6 either
interacts directly with p53 or binds to it in a complex with E1B55K and induces p53 degradation
(Querido et al. 1997).

1.3.3.1 The cell cycle inhibitors nutlin-3a and PD-0332991

Deregulation of the cell cycle and a subsequent uncontrolled proliferation are prominent
occurrences in cancer cells which belong to the hallmarks of cancer (Hanahan und Weinberg 2000).
Targeting the unguided cell cycle using small molecules is one approach to treat cancer.

The protein p53 plays an essential role in cell cycle regulation by inducing apoptosis as well as G1
arrest (Shaw 1996). It is regulated by the oncoprotein Mdm?2 by targeting p53 for proteasome mediated
degradation (Walsh et al. 2015). The specific p53-Mdm?2 interaction is a highly coveted target for
inhibitors that regulate the cell cycle. Nutlins are a group of small molecules that were found to disrupt
the p53-Mdm2 interaction by binding to the p53 binding domain in the N terminal region of Mdm2
(Vassilev et al. 2004). Thereby, p53 is released from its negative regulator and can activate pathways
that mediate cell cycle arrest and apoptosis. Nutlin-3a is the most potent and active member of this
group and its p53-activating function has been proofed in various cancer cell lines expressing wild type
p53 (Walsh et al. 2015). In this context it has been shown that p21 which is upregulated by p53 is
important in mediating cell death (Drakos et al. 2011). In addition, nutlin-3a downregulates E2F1 and
total Rb levels by mainly affecting hypophosphorylated Rb in p53 wild type cells (Walsh et al. 2015). It
has been reported that nutlin-3a has promising effects in p53 wild type tumors (Vassilev et al. 2004).
However, about 50 % of all tumor entities express mutated p53. In these malignancies, the therapeutic
effect of nutlin-3a is p53 independent, it upregulates E2F1 by inhibiting the binding of Mdm2 to E2F1
(Ambrosini et al. 2007). Therefore, nutlin-3a represents a promising molecule for targeted therapy that
is currently tested in various clinical trials as monotherapy and also in combinatorial approaches (Walsh
et al. 2015).

Besides this, CDKs are another target to stop uncontrolled cell proliferation. Inhibition of CDKs can
prevent Rb phosphorylation, repress the release of E2F and block S phase entry. PD-0332991 is
reported to be a CDK4/6 inhibitor which has been tested in pre-clinical models for various tumor
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entities including breast, lung, prostate and bladder cancer. These data provide evidence that CDK4/6
inhibition using PD-0332991 is a potential therapeutic approach for Rb positive bladder cancer whereas
Rb mutated bladder cancer cells are resistant to PD-0332991 treatment (Sathe et al. 2016). Its
mechanism of action is based on the induction of a GO/G1 arrest by inhibiting Rb mediated G1-S phase
transition in Rb wild type cells (Asghar et al. 2015).

1.4 Oncolytic viruses for cancer therapy

Oncolytic virotherapy (OVT) is a therapeutic approach for cancer treatment that uses native or
genetically modified viruses which selectively replicate in cancer cells. The principle behind this new
therapeutic class of immunotherapy is based on two effects, the selective tumor cell killing and the
induction of a local and systemic anti-tumor immune response (Kaufman et al. 2015). OVT was born in
the beginning of the 20th century and there were first data published in the 1950th (Moore 1952).
However, the first phase Il study using a viral-based therapy for melanoma has only just been published
(Andtbacka et al. 2015). The interest in virotherapy has increased dramatically in the last decade, with
a research focus on tumor immunology, virus biology and combination therapies (Kaufman et al. 2015).
Up to now, poxviruses, HSV-1, coxsackie viruses, polioviruses, measles viruses and adenoviruses have
entered clinical trials (Kaufman et al. 2015).

1.4.1 The concept of oncolytic virotherapy

The concept of OVT as a therapy against cancer switched from a virotherapeutic to an
immunological approach (Guo et al. 2017). Originally, it was thought that the exclusive effect of
virotherapy is a selective tumor cell lysis (Kirn 2005). The tremendous research intensity on this field
showed that there is also an immunological aspect of virotherapy which was shown to be essential for
the therapeutic effectiveness (Sobol et al. 2011; Diaz et al. 2007; Prestwich et al. 2008). Thus, the
current concept of OVT includes two major effects: the direct infection and selective lysis of cancer
cells and the stimulation of an anti-tumor (and anti-viral) immune response (figure 1.4) (Guo et al.
2017).

After infection of both healthy tissue and tumor tissue, the virus replicates selectively and
exclusively in tumor cells. When the viral life cycle within the host cell is completed, viral proteins
mediate cell lysis to release newly produced viruses. This is mainly mediated by the E3 ADP protein
(Yun et al. 2005). Unlike other E3 proteins, ADP is solely expressed in the late phase of viral infection
(Tollefson et al. 1996). It induces cell death and thereby releases newly produced viruses which spread
within the tumor and infect nearby tumor cells (bystander effect) (Tollefson et al. 1996). The
destruction of tumor cells by the virus is the first major effect of virotherapy, followed by a consequent
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immune stimulatory effect which is the second main effect of virotherapy (Woller et al. 2014). The
immune stimulatory effect is, among other mechanisms, a consequence of the virus induced
immunogenic cell death (ICD) which does not share the classical mechanism of apoptosis or necrosis.
Apoptosis is one form of programmed cell death that is defined by morphological changes like
chromatin condensation, shrinkage of the cytoplasm, nuclear fragmentation and formation of
apoptotic bodies (Tesniere et al. 2008). Apoptotic bodies are rapidly removed by phagocytic cells to
avoid a local immune reaction. Necrosis is a further form of programmed cell death but is considered
to be immunogenic, as the swelling of the cytoplasma leads to an uncontrolled release of damaged cell
organelles and cell debris (Tesniere et al. 2008). In contrast to these two forms of cell death, distinctive
features for ICD are changes in the cell surface composition as well as the release of soluble
immunogenic mediators (Kroemer et al. 2013). An endoplasmic reticulum (ER) stress response and the
production of reactive oxygen species (ROS) are necessary for these cellular processes (Adkins et al.
2014). Dying cells transport calreticulin (CRT) and heat shock protein 70 and 90 to their outer cell
membrane to show immunogenicity. In addition, they release tumor associated antigens (TAAs) as well
as danger associated molecular patterns (DAMPs) like high-mobility group box 1 (HMGB1) and
adenosine triphosphate (ATP). HMGB1, ATP and CRT bind to toll-like receptor 4 (TLR4), P2X
purinoreceptor 7 (P2RX7) and cluster of differentiation (CD91), respectively, and stimulate immature
antigen presenting cells (APCs) for antigen uptake and presentation. Moreover, molecules like ATP act
as “find-me” signals and induce immune cell recruitment. The cross presentation of TAAs to T cells
leads to interleukin-1pB (IL-1B) and interleukin-17 (IL-17) release, an activation of y& T cells and cytotoxic
CD8* T lymphocytes (CTLs) and an interferon y (IFNy) mediated potent immune response specifically
against tumor cells (Kroemer et al. 2013).
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Figure 1.4: The concept of virotherapy for cancer treatment. After infection of tumor cells, the virus
replicates within the cell. This induces cell lysis and an immunogenic cell death. Within this
process, new viruses as well as DAMPS and TAAs are released and can stimulate APCs.
Mature APCs activate immune cells and release activating cytokines. Stimulated immune
cells form an anti-tumor immune response mediated by cytokines. Figure modified from
(Kroemer et al. 2013).

1.4.2 Overview of current clinical trials using virotherapy

At the moment more than 80 clinical trials are using oncolytic viruses for cancer therapy (clinical
trials virotherapy, 2017). The breakthrough in the area of virotherapy was the approval of T-Vec in 2015,
the first oncolytic virus to treat cancer. T-Vec is a genetically modified and granulocyte-macrophage
colony-stimulating factor (GM-CSF) armed herpes simplex virus (HSV) for the treatment of melanoma.
Itis also tested in several other tumor entities as a single therapy or in combination with radiotherapy,
chemotherapy or immune checkpoint blockade (Kohlhapp et al. 2015). Table 2 gives an overview over
the latest and most relevant oncolytic viruses in clinical trials. The listed viruses are in different phases
of clinical trials and they are tested as single therapy or in combinatorial approaches for safety and
efficacy, spreading and immune stimulating effects in various tumor entities (clinical trials virotherapy,
2017) (Guo et al. 2017).
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Table 2: Most relevant clinical trials using virotherapy. Table modified from (Guo et al. 2017)

Virus Combination Tumor entity
T-Vec (Gangi und Zager .
Pancreatic cancer, melanoma
Herpes 2017)
simples Radiotherapy +  Untreated stage Ill/IV squamous
. T-Vec (Rehman et al. 2016) ) ) .
virus 1 Cisplatin cell carcinoma of head and neck
T-Vec (Puzanov et al. 2016)  Ipilimumab Melanoma
Advanced melanoma, prostate
Reolysin (Galanis et al. cancer, malignant glioma,
2012) metastatic colorectal cancer,
Reovirus multiple myeloma, breast cancer
. . Pancreatic adenocarcinoma,
Reolysin (Noonan et al. Paclitaxel/ .
) metastatic and/or recurrent head
2016) Carboplatin
and neck cancer, lung cancer
OAMCGT (Freytag et al.
Prostate cancer
. 2014)
Adenovirus
CGO0070 (Fukuhara et al. Non-muscle invasive bladder
2016) cancer after BCG failure
Advanced hepatocellular
Vaccinia JX-594 (Guo et al. 2017; carcinoma, melanoma, lung cancer,
virus Fukuhara et al. 2016) renal cell carcinoma, head and

1.4.3 Oncolytic adenoviruses

neck cancer, colorectal cancer

Using viral agents to treat cancer needs certain requirements to achieve a therapeutic utility. These

are high stability and efficient infection of host cells, the possibility to manipulate viral DNA, the

capability to avoid detection and clearance by the immune system and, most important, a selective

replication and propagation only in tumor cells. In this context, adenoviruses have many suitable

attributes that recommend their use (Curiel 2000). They are ubiquitous, have a low pathogenicity, they

can be easily manipulated and their genome can be deleted and gives space for relatively large

transgenes. Additionally, adenoviruses are very stable and production of high titers is established
(Vorburger und Hunt 2002).
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1.4.3.1 Engineering oncotropic adenoviruses

One major aspect in engineering oncolytic adenoviruses is the tumor selective replication, also
called oncotropism (Aben et al. 2000). Oncotropic properties can be achieved by basically two
strategies: replication specificity based on tumor biology or based on transcriptional control (Curiel
2000). Specificity based on certain tumor biological mutations or alterations uses the knowledge of
interaction between viral and cellular proteins, for example inhibitory effects of E1IB55K on p53. Based
on this, dl1520 (ONYX-015) which has two deletions in the E1B55K gene was developed. It is supposed
to replicate only in p53 negative tumor cells (Bischoff et al. 1996). However, latest findings show that
replication of this virus is not dependent on the presence of functional p53 (Rothmann et al. 1998).
Another example is the interplay between Rb, E1A and E2F. In healthy tissue, Rb bound to E2F blocks
viral replication which can be restored when E1A binds to Rb. AdA24 is deleted in the Rb binding region
in E1A, thus viral replication occurs only in cancer cells with abnormal Rb levels (Fueyo et al. 2003).

Using transcriptional control to achieve oncotropism means that viral promoters are replaced by
tissue-specific or tumor specific promoters (Alemany et al. 2000). Examples are the use of the human
telomerase reverse transcriptase promoter (hTERT), the hypoxia responsive element or the E2F
promoter to control E1A gene transcription (Jounaidi et al. 2007).

1.4.3.2 The YB-1 dependent oncolytic adenovirus XVir-N-31

XVir-N-31 is a YB-1 dependent oncolytic adenovirus that was developed in our lab (Mantwill et al.
2013). It is deleted in the CR3 region of the E1A 13S gene and has further deletions in the E1B19K gene
and the E3 region. In addition, it has an RGD motif in the fiber encoding gene to improve infection of
tumor cells that have poor CAR expression (Dmitriev et al. 1998).

The mechanism of action of XVir-N-31 is based upon the multifunctional protein YB-1. It belongs to
the family of cold-shock proteins, all of which bind both DNA and RNA via a conserved nucleic-acid
binding motif (Wolffe et al. 1992; Lasham et al. 2013). YB-1 has diverse functions, it is highly expressed
in embryonic tissue and malignant, neoplastic tissue but poorly expressed in healthy adult tissue
(Bargou et al. 1997; Holm et al. 2002). In tumor cells, YB-1 supports a variety of the hallmarks of cancer
(Lasham et al. 2013; Hanahan und Weinberg 2000). YB-1 is involved in maintaining proliferative
signaling by inducing the transcription of activator E2Fs (E2F1, E2F2, E2F3) while inhibiting the
transcription of repressor E2Fs (E2F5, E2F7). Furthermore, it is thought to enable replicative
immortality by most possibly mediating hyperphosphorylation of Rb and consequently a release of
E2F1. It can directly bind to p53 and thereby resisting p53 mediated cell death and growth suppression.
YB-1 deregulates cellular energetics and can induce angiogenesis by activating transcription of pro-
angiogenic genes under reduced oxygen conditions and it stimulates invasion and metastasis by
transcription of genes necessary for epithelial-mesenchymal transition (Lasham et al. 2013).

In the context of adenoviruses, the expression and nuclear localization of YB-1 is indispensable,
since the E2late promoter has three YB-1 binding motifs and its activation is YB-1 dependent (Holm et
al. 2002). Immediately after infection, wildtype adenoviruses (WtAd) activate E1A transcription and
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expression and thereby enable transcription of E1B55K and E4orf6. Both E1B55K and E4orf6 are
necessary to translocate YB-1 into the nucleus of healthy cells so that it can bind to the E2late promoter
and induce E2 gene transcription (Holm et al. 2002). In cancer cells, YB-1 is already in the nucleus and
an E1A mediated nuclear translocation of YB-1 is not needed for successful viral replication (Bargou et
al. 1997; Holm et al. 2002; Holm et al. 2004). For this reason, XVir-N-31 can selectively replicate in
nuclear YB-1 positive cancer cells but cannot replicate in normal cells. This is the main principle of the
tumor selectivity of XVir-N-31 (Holm et al. 2004; Rognoni et al. 2009; Mantwill et al. 2013).

12S  AE1B19K
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Figure 1.5: A simplified overview of the genome of XVir-N-31. The oncolytic adenovirus XVir-N-31
contains partial deletions in E1A and E1B19K. It is deleted in E3 and has an additional RGD
motif in the fiber encoding region. XVir-N-31 replicates selectively in nuclear YB-1 positive
cancer cells (Mantwill et al. 2013; Rognoni et al. 2009;).

1.4.4  Virotherapy for the treatment of bladder cancer

Bladder cancer is for several reasons a practical tumor entity for virotherapy. The application of the
virus via the urethra, called intravesical instillation, is easy and allows direct exposure of the tumor to
high virus titers (Shen et al. 2008). The effortless access to the bladder is convenient for repeated
evaluation of treatment effects and tissue sampling. Additionally, the bladder is an isolated organ that
is protected by multiple layers of various tissues which reduces systemic spreading to a minimum
(Taguchi et al. 2017). Bladder cancer is a highly immunogenic tumor and the success of Bacillus
Calmette-Guérin (BCG) therapy has already proofed suitability for immunotherapy (Burke 2010; Potts
etal. 2012). So far, four clinical trials using two different viruses have been carried out in bladder cancer
patients.

CGO0070 is a GM-CSF armed oncolytic adenovirus in which the human E2F1 promoter drives viral
E1A gene expression (Ramesh et al. 2006). The mechanism of CG0070 is based on Rb which is
commonly mutated in bladder cancers, and its regulatory function on E2F1 (Bandara und La Thangue
1991). A phase | trial in patients with non-muscle-invasive bladder cancer, who failed BCG therapy,
showed an overall response rate of 48.6 % and 63.6 % in the single and multidose cohort, respectively.
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Doses up to 3x10*3 viral particles were applied every 28 days with three repetitions or weekly for six
repetitions. Based on these results, a phase II/1ll randomized controlled trial is currently performed in
patients with non-muscle-invasive bladder cancer who failed BCG therapy to compare CG0070
treatment with mitomycin C, IFN, valrubicin or gemcitabine (www.clinicaltrials.gov, NCT01438112)
(Taguchi et al. 2017). In another phase Il trial, patients with non-muscle-invasive bladder cancer who
failed BCG therapy or refused cystectomy, are treated with CGO070 at a dose of 10'2 viral particles
weekly for 6 weeks which will continue for 18 months if they achieve a partial or complete response
after 6 months (www.clinicaltrials.gov, NCT02365818) (Taguchi et al. 2017).

Wildtype vaccinia virus was tested in a phase | study in four patients with muscle-invasive bladder
cancer. Patients received three times over two weeks a maximum dose of 10® particle forming units
(PFU) prior to cystectomy (Potts et al. 2012). No serious treatment-related adverse events were
reported which shows the potential use of vaccinia wildtype virus for virotherapy (Taguchi et al. 2017).

1.5 Immunological aspects of adenovirus-host interaction

1.5.1 Immunological barriers to oncolytic virotherapy

Immunological defense mechanisms of the host against adenoviruses, like activation of an innate
and adaptive immune response as well as pre-existing immunity, are major barriers that limit the
effectiveness of adenovirus based virotherapy (Fausther-Bovendo und Kobinger 2014). The innate
immune response is an immediate answer to adenoviral infection mediated by macrophages, dendritic
cells (DC), neutrophils, natural killer cells (NK) and proteins like chemokines and cytokines (Liu und
Muruve 2003). After cell entry of the virus via CAR or integrin binding, nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) gets activated via PI3K mediated pathways and gene transcription
of chemokines and cytokines such as interleukin-1 (IL-1), IL-18, IL-8, regulated on activation, normal T
cell expressed and secreted (RANTES) and tumor necrosis factor-a (TNF-a) starts. Among these pro-
inflammatory factors, IL-1 and type | IFNs play a predominant role as they induce positive feed-back
loops which produce additional inflammatory stimulators (Fausther-Bovendo und Kobinger 2014).
Once the virus is internalized, viral DNA located either in the cytoplasm or in endosomes, acts as strong
immunological activator. Within the endosome, toll-like receptor 9 (TLR9) detects viral DNA and
activates transcription of pro-inflammatory mediators via myeloid differentiation primary response 88
(MyD88) (Thaci et al. 2011). DNA binding molecules like stimulator of interferon genes (STING), retinoic
acid inducible gene-l (RIG-1), nucleotide oligomerization domain (NOD)-like receptor (NLR) or DNA-
dependent activator of IFN-regulatory factors (DAI) detect and bind cytoplasmic viral DNA and RNA
(Kawai and Akira, 2009). These sensors induce interferon regulatory factor 3/7 (IRF3/7) translocation
into the nucleus and transcriptional activation of powerful antiviral chemokines such as type | IFNs and
interleukin-1 (Barber 2011). The release of these immunological factors serves as a chemoattractant to
other immune cells which will migrate to the site of infection and fight the virus.
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In contrast to the rapid and direct innate immune response, the adaptive immune response needs
about one week to become effective (Zaiss et al. 2009). Macrophages and dendritic cells which have
internalized the virus, act as antigen presenting cells and migrate to lymph nodes where they present
viral antigens to B cells and stimulate antibody production. In case of a pre-existing immunity, re-
challenging with the same adenoviral vector will induce a neutralization and elimination through
specific antibodies and memory B cells (Zaiss et al. 2009).

1.5.2 Immune evasion strategies of adenoviruses

Adenoviruses rely on a healthy and functional host cell. Because viral infection of cells induces a
strong immune reaction that would lead to elimination of the infected cell, adenoviruses dampen host
immune response to prevent their own elimination and the damaging consequences for the host cell.
Adenoviruses express several proteins that can mediate immune evasion at different levels.

One of the first reactions of host cells to viral infection is type | IFN expression (IFNa, IFNB) (Leonard
und Sen 1997). Binding of IFNs to their receptors causes activation of the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway which leads to transcription of antiviral genes. The
adenoviral E1A protein can block the functions of type | IFNs via blocking downstream signaling of IFNs
by interfering in the JAK/STAT pathway and also by transcriptional inhibition of IFNa and IFNB encoding
genes (Mahr und Gooding 1999).

TNF signaling is another pathway that is addressed by adenoviruses for immune evasion. TNFs are
pro-inflammatory cytokines that are secreted by macrophages and T cells, they bind to their widely
expressed receptors TNFR1 and TNFR2 and induce cell death (Wohlleber et al. 2012). E1B19K, E3 14.7k
and E3RIDa/B can block TNF mediated cytolysis (Wold 1993; Mahr und Gooding 1999). E3RIDa/p also
downregulates cell surface receptors of the TNF family, e.g. Fas, tumor necrosis factor related apoptosis
inducing ligand (TRAIL) receptor 1 and 2 and inhibits thereby Fas and TRAIL mediated apoptosis
(Lichtenstein et al. 2002).

A third pathway that is targeted by adenoviruses to circumvent an anti-viral immune reaction is the
presentation of antigens on MHC molecules to activate CD8" cells. The loading of viral peptides onto
the MHCI molecule occurs within the ER (Ressing et al. 2013; Mahr und Gooding 1999). There, the TAP
protein transports the viral peptide into the ER lumen where it can bind to MHCI. This TAP mediated
transport is inhibited by the adenoviral protein E3gp19K, whereby loading of MHCI and cell surface
presentation of antigens to activate CD8" cytotoxic T cells is prevented (Ressing et al. 2013; Purcell und
Elliott 2008).
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1.6 Immunotherapy

Immunotherapy is besides surgery, radiation, chemotherapy and target therapy one of the five
pillars of cancer therapy. The strategy of immune evasion and immune editing are well known but the
knowledge of the underlying mechanism has only just been grown in the last years. Immunotherapy
uses different approaches to stimulate the immune system specifically against the cancer with the
ulterior motif of a long-lasting tumor specific memory.

1.6.1 Differentimmunotherapeutic approaches for cancer

Immunotherapeutic approaches comprise therapeutic cancer vaccines, immune cell therapy,
immune system modulators and ICB (Farkona et al. 2016).

Therapeutic cancer vaccines stimulate and augment adaptive immune reactions. Thereby, three
methods exist: a whole cell vaccine uses a variety of tumor-associated antigens and leads to a broader
immune response. Vaccination with protein antigens uses intact peptides derived from tumor
associated antigens that can directly bind to MHCI molecules. A third method is the vaccination with
ex vivo antigen-pulsed patient derived DCs (Makkouk und Weiner 2015). The idea of the vaccination
approach is to increase the presentation of tumor specific antigens (TSAs) or TAAs on antigen
presenting cells to B and T cells in order to improve an anti-tumor immune response (Velcheti und
Schalper 2016).

Immune cell therapy includes adoptive T cell therapy, NK cell therapy and the chimeric antigen
receptor (CAR) method. The rationale behind immune cell therapy is to enrich and improve T cells or
NK cells that are able to recognize the tumor (Velcheti und Schalper 2016). The adoptive NK cell therapy
was initially tested in leukemia patients. Recent studies focus on the improvement of NK cell activity
and specificity. Adoptive T cell therapy is the ex vivo culturing and expansion of patient derived
lymphocytes under certain growth factors. An advancement is the CAR method. CARs are designed T
cell receptors that consist of an antigen binding T cell receptor (TCR) exodomain and the cytoplasmatic
TCR C chain. This receptor recognizes unprocessed antigens as well as glycoproteins, carbohydrates and
gangliosides. After transfection of T cells with the CAR encoding plasmid, the CAR expressing T cells are
reinjected into the patient (Dotti et al. 2014). So far, clinical trials were mostly disappointing because
of the limited migration of reinjected T cells to the tumor site and the highly immunosuppressive milieu
within the tumor (Velcheti und Schalper 2016).

Immune modulators like chemokines and cytokines are well known in their immune stimulating
functions. Therefore, they find application in various immunotherapeutic approaches and also in
combination therapies. For example, members of the IL-2 family, like IL-7, IL-15 or IL-21 are injected
into cancer patients to activate their immune system (Sim und Radvanyi 2014). Type | IFNs are also
used in immunotherapy as they activate NK cells, macrophages, cytotoxic T cells and mediate pro-
inflammatory cytokine production (Lee und Margolin 2011).
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1.6.2 Immune checkpoints as new therapeutic targets for cancer therapy

The initial immune activation is a multistep process. After antigen processing by APCs or dendritic
cells, the antigen is presented on a MHC class Il receptor to the T cell receptor. To achieve full T cell
activation, a second co-stimulatory signal via CD28 on the T cell and CD80/86 on the APC is necessary.
Only in the presence of both signals, a full immune response against the presented antigen including
cytokine release, antibody production and recruitment of other immune cells can be generated. In
addition, inhibitory signals ensure immune homeostasis and modulate the duration and amplitude of
immune reactions. These negative stimuli are known as inhibitory immune checkpoints, prominent
examples are cytotoxic T-lymphocyte associated protein 4 (CTLA-4), PD-1, T-cell immunoglobin and
mucin-domain containing-3 (TIM-3) and lymphocyte activation gene-3 (LAG-3) (figure 1.6) (Cogdill et
al. 2017). In a physiological situation, immune checkpoints are necessary to prevent autoimmunity and
overwhelming immune reactions.

APC/Tumor cell T cell

CD80/CD86

Figure 1.6: Inhibitory immune checkpoint molecules. Imnmune checkpoint molecules are regulators of
the immune system. They prevent overwhelming immune reactions and control their
duration by mediating immunosuppressive pathways. Cancer cells abuse these checkpoints
to escape from immune reactions against the tumor. (CD80/86: cluster of differentiation,
GAL9: galectin 9, MHC: major histocompatibility complex)

However, the tumor co-opts immune checkpoints to take advantage of its inhibitory functions.
Cancer cells as well as tumor infiltrated immune cells overexpress immune checkpoint molecules to
evade immune recognition (Pardoll 2012). The seminal observation, that the blockade of immune
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checkpoint molecules like CTLA-4 is able to mediate tumor regression was the birth of the era of ICB
for cancer therapy (Leach et al. 1996). Subsequently, various antibodies targeting different immune
checkpoint receptors and ligands were developed and showed promising effects in different tumor
entities. Most prominent examples for approved immune checkpoint inhibitors and their application

are listed in table 3.

Table 3: Overview of approved antibodies for immune checkpoint blockade.

Target Drug name Tumor entity
CTLA-4 Ipilimumab Melanoma
. NSCLC, Locally advanced or metastatic
Nivolumab . .
oD.1 urothelial carcinoma
) . Melanoma, NSCLC (in combination with
Pembrolizumab .
carboplatin and pemetrexed)
) NSCLC, Locally advanced or metastatic
Atezolizumab . .
urothelial carcinoma
Locally advanced or metastatic urothelial
PD-L1 Durvalumab . Y
carcinoma
Avelumab Merkel cell carcinoma

1.6.3 Immunotherapeutic approaches for bladder cancer

Bladder cancer has been treated with BCG as an immunotherapeutic approach for nearly 4 decades
(Fuge et al. 2015). The mechanism of action is traced back to the immune-stimulatory effect of BCG.
Thereby, the infection of urothelial as well as bladder cancer cells and internalization of BCG leads to
anincrease in antigen presenting cells as well as antigens. Activated immune cells response via cytokine
release and in this process, the acquired Th1l mediated immune response as well as the innate Th2
mediated immune response are implicated. The induced immune reaction and finally the established
antitumor immune response is mainly mediated by NK cells, dendritic cells, macrophages and CD8" as
well as CD4* T lymphocytes. The result is improved recognition and subsequent destruction of tumor
cells (Fuge et al. 2015).

BCG is one of the most successful immunotherapies ever used. Adjuvant BCG in high grade NMIBC
reduces risk of recurrence by 70 % compared to transurethral resection alone and in CIS it induces a
complete response in 70-90 % of all cases. BCG is the only intravesical therapy that is known to reduce
tumor progression in intermediate and high-risk groups (Saluja und Gilling 2017). Besides this, it is safe
and well tolerated (Fuge et al. 2015). The success of this therapy showed that the principle of
immunotherapy is working for bladder cancer and it serves as a rationale to verify and establish ICB for
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bladder cancer therapy. In addition, several other characteristics of BLCA make it an excellent tumor
entity with promising prerequisites for ICB, e.g. the immunogenicity of bladder cancer with the
presence of tumor infiltrated immune cells (TILs) and the high mutational load resulting in increased
levels of neoantigens (Bidnur et al. 2016; Kandoth et al. 2013). It has been shown that neoantigen
burden and neoantigen specific T cell reactivity are a marker for successful immunotherapy
(Schumacher und Schreiber 2015). In a study with non-small cell lung cancer patients, PD-1 treatment
efficacy was correlated with a higher mutational load in the tumor and another study with melanoma
patients showed that a higher mutational landscape supports CTLA-4 therapy (Rizvi et al. 2015; Snyder
etal. 2014). Mismatch repair (MMR) deficiency seems to be a further marker for successful ICB. Cancers
with MMR deficiency show extreme high levels of somatic mutations and these cancers are sensitive
to immune checkpoint blockade (Le et al. 2017). Certainly, expression of target immune checkpoint
molecules on cancer cells as well as infiltrated immune cells can predict responders and efficacy of ICB
but they are not yet reliable markers (Nishino et al. 2017). In general, it is known that PD-L1 and PD-1
expression is associated with high grade tumors, tumor infiltration of mononuclear cells and that PD-
L1 positive tumors have a reduced overall survival (Boorjian et al. 2008; Inman et al. 2007). Analyzing
the PD-L1/PD-1 status of tumors to select for responders brought contradictory results. Clinical trials
suggested a benefit of PD-L1 positive tumor cells and tumor infiltrated immune cells to PD-L1/PD-1
blockade compared to PD-L1 negative tumors (Herbst et al. 2014; Apolo et al. 2017; Massard et al.
2016). However, there are also data showing that not all PD-L1 positive tumors responded to PD-L1
blockade (Ribas und Hu-Lieskovan 2016). The major issues using PD-L1 as a selector for responders are
the dynamic of target molecule expression, the lack of standardized assays and the different
interpretation of PD-L1 staining (Apolo 2016). If and to what extent PD-L1 expression can serve as a
useful and trustworthy biomarker for ICB is still a matter of intensive research.

Up to now, five checkpoint inhibitors (nivolumab, atezolizumab, pembrolizumab, avelumab and
durvalumab) demonstrated therapeutic efficacy with objective response rates (ORRs) ranging from 15-
20 % in patients with metastatic urothelial cancer in a second-line setting. Atezolizumab and
pembrolizumab were also tested in a first-line setting in cisplatin ineligible patients. The FDA approved
durvalumab, nivolumab and atezolizumab for treatment of locally advanced or metastatic urothelial
carcinoma (Davarpanah et al. 2017).

1.6.4 The PD-1/PD-L1 immune checkpoint pathway

The PD-1/PD-L1 pathway is a prominent example for immune checkpoint pathways, its inhibitory
role was first published in 2000 (Freeman et al. 2000). PD-1 is a transmembrane receptor with a
cytoplasmic immunoreceptor tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-
based switch motif (ITSM). It has been detected on T cells in the thymus, regulatory T cells, exhausted
T cells, B cells, dendritic cells and NK cells.

PD-1 expression is not constitutive but can be induced upon activation and its broad expression on
various immune cell types indicates wide-ranging functions in diverse immune responses (Okazaki und
Honjo 2007). The receptor PD-1 binds to its ligands PD-L1 and PD-L2 (Li et al. 2016). PD-L2 expression
is limited to dendritic cells and macrophages and seems to play a minor role in PD-1 signaling. The
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expression of PD-L1 is abundant in immune cells, epithelial cells and cancer cells which signifies a role

in secondary lymphoid organs as well as target organs (Okazaki und Honjo 2007). PD-L1 expression can

be controlled via intrinsic and extrinsic mechanisms. Extrinsic up-regulation of PD-L1 is strongly
dependent on TLR mediated signaling and pro-inflammatory cytokines like IFNy, GM-CSF, TNF-a. In

bladder cancer cell lines, it was shown that TLR-4 signaling upregulates PD-L1 expression which can be

attenuated by extracellular-signal regulated kinase (ERK) and c-Jun N terminal kinases (JNK) inhibitors

(Qian et al. 2008). IFN-y induces PD-L1 expression via signaling through the JAK/STAT pathway and IRF-

1 (Ritprajak und Azuma 2015). Additionally, microRNAs (miRNAs) have been shown to regulate post-

transcriptionally PD-L1 transcription. For example, miR-513 interacts with the 3’-untranslated region of
PD-L1 mRNA which results in translational repression (Gong et al. 2009). Moreover, also intrinsic

pathways regulate PD-L1 expression. Ki-67 expression and loss of phosphate and tensin homolog (PTEN)
as well as activating epidermal growth factor receptor (EGFR) mutations have been correlated to PD-

L1 expression (Ritprajak und Azuma 2015). Furthermore, activation of the mitogen activated protein

kinase (MAPK) and PI3K/Akt pathway upregulate PD-L1 expression in cancer cells (Chen et al. 2016).

APC/Tumor cell
CD80/86 MHC peptide
, PD-L1 (=) coinhibitory
costimulatory @ signal
signal TCR
Proliferation
Cell cycle progression T cell

Survival *‘
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Figure 1.7: The PD-1/PD-L1 pathway. Engagement of PD-1, expressed on T cells, by PD-L1, e.g.
expressed on tumor cells, initiates immune inhibitory signaling pathways. They lead to
reduced cytokine production and protein synthesis and induce blockade of cell cycle
progression and proliferation. These effects finally cause a suppression of T cell activation
and prevent an immune response. Figure modified from (Chinai et al. 2015).
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After receptor-ligand engagement, PD-1 recruits the Src-homology 2 domain-containing
phosphatase (SHP2). SHP2 inhibits phosphorylation of the intracellular domains of the T cell receptor
as well as dephosphorylates the CD3¢ chain which leads to the inhibition of various T cell activating
pathways. This includes inhibition of Ras signaling which suppresses cell cycle progression and
proliferation, inhibits pro-survival proteins like Bcl-xl and blocks the PI3K/Akt pathway causing a
decrease in protein synthesis, proliferation and cytokine production (especially IL-2). PI3K/Akt
suppression leads in addition to the upregulation of FoxO1 which induces PD-1 upregulation. Finally,
PD-1/PD-L1 signaling decreases T cell receptor signaling and results in suppressed T cell activity (figure
1.7) (Nirschl und Drake 2013).

1.7 Combining virotherapy and immune checkpoint blockade

Latest insights in the fields of virotherapy and ICB demonstrate the substantial role of the immune
system in the fight against cancer (Lichty et al. 2014). The excellent therapeutic success of T-Vec clearly
demonstrates the power of combining virotherapy with immunotherapy and clinical studies showed
that limited antitumor immunity constrains the effectiveness of virotherapy (Lichty et al. 2014). This
can be overcome by unlocking immune inhibitory pathways like immune checkpoints (Zamarin et al.
2014). Additionally, priming with immune stimulating agents induces higher expression of immune
checkpoint molecules in the tumor, leading to increased response rates to ICB. This is the leading
rationale for a combination therapy using oncolytic viruses with immune checkpoint blockade (Zamarin
et al. 2014).

1.8 Difficulty of evaluating oncolytic adenoviruses in mouse models

The difficulty in finding an appropriate in vivo model to test oncolytic adenoviruses bases on their
strict species specificity (Russell 2000). Human adenoviruses replicate and produce infectious new
particles almost exclusively in human cells. In most murine cell lines, they cannot effectively infect and
replicate and consequently, a syngeneic, immunocompetent mouse model to study adenoviral
virotherapy for cancer treatment is not feasible (Ginsberg et al. 1991). This is the reason why human
tumor xenografts were used to study OVT for cancer treatment. This model uses human tumor cells
implanted in an immunodeficient mouse which allows viral replication in human tumor cells but does
not reflect the host’s immune system. The lack of a functional immune system in xenografts is a major
disadvantage of this model, especially regarding the fact that the immune stimulatory effect of OVT is
known to play a dominant role in therapeutic effectiveness (Zhang et al. 2015). Although there are
attempts to solve this problem, e.g. by using the Syrian hamster model, there is still no applicable
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model that fulfills the requirements of a syngeneic, immunocompetent system. Recently, the murine
lung adenocarcinoma cell line ADS-12 was found to support adenoviral replication, particle formation
and to respond to adenoviral oncolysis (Zhang et al. 2015). Other murine cell lines like the murine
bladder cancer cell line MB49 and MBT2 were mostly used to study adenoviral gene therapy
(Summerhayes und Franks 1979; Loskog et al. 2005; Horinaga et al. 2005). The humanized mouse
model presents a possibility to study oncolytic adenoviruses, however, it is highly challenging, time
consuming, artificial and limited in time due to the development of a graft versus host disease (GvHD)
(Shultz et al. 2007). This shows the urgent need for a syngeneic, immunocompetent mouse model to
study adenoviral virotherapy regarding its oncolytic as well as immune stimulatory effects in cancer
therapy.

Orthotopic cancer models are the best models to represent the physiological situation in humans
and they are important for testing novel therapies. For bladder cancer, there exist several animal
models which can be categorized into spontaneous and non-spontaneous models. Spontaneous
models are chemically induced or genetically modified. These tumors are rare, time consuming,
complicated and repeatability is not guaranteed (Zhang et al. 2015). Non-spontaneous models
comprise heterotopic and orthotopic xenograft models. Heterotopic xenograft models are generated
by injecting tumor cells non-orthotopic under the skin. This method is fast and easy in handling but
does not represent the organ specific physiology and natural environment within the mouse.
Development of orthotopic bladder cancer models needs surgical implantation, instillation or
ultrasound based injection of tumor cells (Jager et al. 2014). Surgical injection is very time consuming,
risky and not reliable. The instillation of tumor cells needs pretreatment of the bladder and develops
only superficial tumors. The new ultrasound based model allows precise injections of tumor cells into
the lamina propria and forms invasive bladder tumors. It simulates human pathology and tumor biology
within the natural environment at its best. Additionally, it enables straightforward and precise tumor
monitoring and treatment (Jager et al. 2014).

1.9 Aims and objectives

OVT gained attention with the approval of T-Vec as the first oncolytic virus for cancer therapy. The
enormous research activity in this field brought new insights in the principle effects of virotherapy and
showed the importance and necessity of its immune stimulatory effect. However, the tumor has highly
effective mechanisms to block the immune activating effect of virotherapy and limits thereby its
effectiveness. The immune checkpoints, such as the PD-L1/PD-1 pathway, are a prominent example for
immune evasion mechanisms that repress immune stimulation. This leads to the rationale for
combining oncolytic viruses with immune checkpoint blockade to restore the full power of virotherapy.

The aim of this work was to study a new therapeutic approach for bladder cancer that combines
OVT and PD-L1 specific immune checkpoint blockade. This project included the development and
production of a novel oncolytic adenovirus encoding for an anti-PD-L1 specific antibody, named XVir-
N-31-aPD-L1. Further on, we intended to characterize the new virus in vitro regarding its replication
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behavior, its cell killing effect and its transgene expression. In addition, we wanted to analyze the
therapeutic effect of XVir-N-31-aPD-L1 in a mouse model. Therefore, we aimed to establish an
orthotopic, invasive mouse model for bladder cancer. Since adenoviral replication is limited in mouse
cells, we investigated several approaches including cell cycle inhibitors regarding their capacity to
enhance viral replication and transgene expression in a murine, immunocompetent mouse model.
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2.1 Material

2.1.1 Multiple use equipment

2 Material and methods

Multiple use equipment

Source

3M durapore surgical tape

3M, Saint Paul, MN, USA

Analytical balance AT250

Mettler, Toledo, Glessen, Germany

Analytical balance Sartorium 2254

Sartorius, Goettingen, Germany

Autoclave Systec DX-65
Automatic film processor Curtix CP1000

System GmbH, Linden, Germany

Agfa Healthcare, Mortsel, Belgium

Bag sealer Folio FS3602

Severin Elektrogerate GmbH, Sundern, Germany

BD FACS Calibur Flow Cytometry System

DB Bioscience, San Lose, CA, USA

Biological safety cabinet Herasafe KS12

Thermo Scientific, Waltham, MA, USA

BVC professional laboratory fluid aspirator

Vacuubrand GmbH, Wertheim, Germany

Centrifuge 5810R

Eppendorf GmbH, Hamburg, Germany

Centrifuge ROTINA 35R
Chemidoc XRS Imaging System

Hettich, Tuttlingen, Germany
BioRad, Hercules, CA, USA

CO; incubator HERA Cell240
CO; incubator HERA Cell240i

Thermo Scientific, Waltham, MA, USA
Thermo Scientific, Waltham, MA, USA

Cryogenic Freezing Container, 1° C

Nalgene, Rochester, NY, USA

Electrophoresis Power Supply EPS 601

Embedding center Leica EG1150

Amersham Pharmacia Biotech., Uppsala,
Sweden

Leica Microsystems GmbH, Wetzlar, Germany

Glasware

Schott AG, Mainz, Germany

Heating and drying oven Heraeus Function Line
B6

Heating and drying oven Heraeus Function Line
uT20

Thermo Scientific, Waltham, MA, USA

Thermo Scientific, Waltham, MA, USA

Heating block thermostat BT100

Kleinfeld Labortechnik, Gehrden, Germany

Ice Machine Manitowic

Manitowic Ice, Manitowic, WI, USA

Imaging station

FUJIFILM Visual Sonics, Inc. Toronto, ON, Canada

Intellimixer RM-2L

Elmi Ltd. Laboratory Equipment, Calabasas, CA,
USA

Isofluran evaporator

Uno, Netherlands

Magnetic Stirrer

Heidolph Instruments GmbH, Schwabach,
Germany
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Multiple use equipment

Source

Microcentrifuge 5430R

Eppendorf GmbH, Hamburg, Germany

Microcentrifuge QickSpin QS7000 personal

Edwards Instruments CO., Narellan NSW,
Australia

Micropipettes PIPETMAN P2, P10, P20, P20,
P1000

Gilson Inc., Middleton, WI, USA

Microplate reader Vmax Kinetic

Molecular Devices, Sunnyvale, CA, USA

Microscope Axio Vert.135

Carl Zeiss, Oberkochen, Germany

Microscope Axio Vert.Al

Carl Zeiss, Oberkochen, Germany

Microscope camera Axio Cam ERc 5s

Carl Zeiss, Oberkochen, Germany

Mini Protean System

BioRad, Hercules, CA, USA

Mini Trans-blot cell transfer system

BioRad, Hercules, CA, USA

Mini-Protean Tetra Cell gel system

BioRad, Hercules, CA, USA

Minishaker IKA MS2

IKA Works Inc., Staufen, Germany

Multilabel plate reader VICTOR X3

Perkin EImer, Waltham, MA, USA

Neubauer chamber

LO Laboroptik, Lancing, England

Orbital shaker K15

Edmund Buehler GmbH, Hechinger, Germany

Perfect Blue Gelsystem Mini M

PEQLAB Biotechnologie GmbH, Erlangen,
Deutschland

pH Meter 691

Metrohm, Filderstadt, Germany

Power supply PowerPac HC

BioRad, Hercules, CA, USA

Spectrophotometer Nanodrop 2000c

Thermo Scientific, Waltham, MA, USA

Surgical instruments

Timesco, Essex, United Kingdom

Thermal cycler C1000 CFX96

BioRad, Hercules, Ca, USA

Thermal cycler iCycler iQ Real-time PCR detection
system

BioRad, Hercules, Ca, USA

Thermo cycler MJ Research PTC-200

BioRad, Hercules, CA, USA

Tissue processor Leica ASP200 S

Leica Microsystems GmbH, Wetzler, Germany

Ultracentrifuge Optima LE-80K, rotor SW32 Ti

Beckman Coulter GmbH, Krefeld, GER

Vevo 2100 Ultrasound

FUJIFILM Visual Sonics, Inc. Toronto, ON, Canada

Vortex-Genie 2

Scientific Industries, Inc., Bohemia, NY, USA

Water bath W350

Memmert, Schwabach, Germany

Water purification system, Purelab

Elga Lab water, Celle, Germany
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Disposable equipment

Source

Amersham hybond-P PVDF-Membrane

GE-Healthcare, Buckinghamshire, England

Cell culture plates 24 well, 15 cmm

Cell culture plates 96 well, 24 well, 12 well, 6
well, 10 cm

TPP, Techno Plastic Products AG, Trasadingen,
Schweiz

Coming Incoporated, Coming, NY, USA

Chromatography paper Whatman

GE Healthcare, Buckinghamshire, England

Conical bottom polystyrene tubes

Conical tubes 15ml, 50ml Falcon

Elkay, Hampshire, United Kingdom

Greiner GmbH, Frickenhausen, Germany

Cryogenic vials 1.8 ml Nunc

Desalting sephadex PD-10 columns

Sigma-Aldrich Chemie GmbH, Munich, Germany
GE Healthcare, Buckinghamshire, England

Embedding cassettes Rotilabo

Carl Roth, Karlsruhe, Germany

Hard-Shell PCR Plates 96-well

BioRad, Hercules, CA, USA

Lens cleaning paper

The Tiffen company, Hauppauge, NY, USA

Microscope coverslips

Thermo Scientific Waltham, MA, USA

Microscope slides Superfrost plus

Thermo Scientific Waltham, MA, USA

Needles 27 Gauge
Needles 30 Gauge, %” Monoject

BD Biosciences, San Jose, CA, USA
Medtronic, MA, USA

PCR reaction tube 0.5 ml

PCR sealers Microseal ‘B’ Film

Biozym Scientific, Oldendorf, Germany
BioRad, Hercules, CA, USA

Pipette tips with and without filter

Sarstedt, Nuembrecht, Germany

Reaction tubes 0.5ml, 1.5ml, 2ml

Round bottom polystyrende tubes

Sarstedt, Nuembrecht, Germany

Croning Incorporated, Corning, NY, USA

Serological pipettes

Greiner Bio-One International AG,
Kremsmuenster, Austria

Silicone sheet, 0.5mm thick

Sahlberg GmbH&Co., KG, Munich, Germany

Sterile filter Nalgene 0.25um, 0.45um

Thermo Scientific, Waltham, MA, USA

Syringes 1ml Omnifix

Ultracentrifugation tube Ultra-Clear 25x89 mm

B. Braun Melsungen AG, Melsungen, Germany

Beckmann&Coulter GmbH, Krefeld, Germany

X-ray film CEA RP New

Agfa Healthcare, Mortsel, Belgium
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Chemicals and reagents

Source

2-mercaptoethanol

Sigma-Aldrich Chemie GmbH, Munich,

7-Aminoactinomycin

Thermo Scientific, Waltham, MA, USA

96% Ethanol

Otto Fischer GmbH, Saarbriicken, Germany

Acetic acid

Merck Chemicals GmbH, Hessen, Germany

Agarose Ultrapure

Thermo Scientific, Waltham, MA, USA

Ammonium persulfate (APS)

Sigma-Aldrich Chemie, GmbH, Munich,
Germany

Ampicillin

Sigma-Aldrich Chemie GmbH, Munich, Germany

Biocoll separating solution

Biochrom, Berlin, Germany

Boric acid

Sigma-Aldrich Chemie GmbH, Munich, Germany

Bovine serum albumin (BSA)

Sigma-Aldrich Chemie GmbH, Munich, Germany

Bromophenol blue

Serva Electrophoresis GmbH, Heidelberg,
Germany

Caesium chloride(CsCl)

Sigma-Aldrich Chemie GmbH, Munich, Germany

CD293 Media

Thermo Scientific, Waltham, MA, USA

Chlorophorm

Sigma-Aldrich Chemie GmbH, Munich, Germany

Color Prestained Protein Standard, Broad Range

New England Biolabs, Ipswich, MA, USA

Cresol Red

Sigma-Aldrich Chemie GmbH, Munich, Germany

DAB-Chromogen and Substrate buffer

Agilent, Santa Clara, CA, USA

DAKO REAL antibody diluent

Dako, Hamburg, Germany

Deoxynucleotide tri-phosphate (dNTPs)

Thermo Scientific, Waltham, MA, USA

Developing and fixation solutions Vision X GV60

Roentgen bender GmbH&Co. KG, Baden-Baden,
Germany

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Chemie GmbH, Munich, Germany

Dithiothreitol (DTT)

Cell-Signaling, Cambridge, England

DNA ladder 100bp, 1kb

Thermo Scientific, Waltham, MA, USA

DNA loading buffer 6x

Thermo Scientific, Waltham, MA, USA

Dulbecco’s Modified Eagle’s Medium (DMEM)

Biochrom, Berlin, Germany

E. coli, DH10B

PD Per Sonne Holm, Experimental Urology,
Klinikum rechts der Isar, TUM

ECM from Engelbert-Holm — Swarm murine
sarcoma

Sigma-Aldrich Chemie GmbH, Munich, Germany

Ethanol absolut

Merck Chemicals GmbH, Hessen, Germany

Ethidiumbromide, 10 mg/ml

Sigma-Aldrich Chemie GmbH, Munich, Germany

Ethylenediaminetetraacetic acid (EDTA), 0,5 M

AppliChem, Darmstadt, Germany

Fetal Bovine Serum

Biochrom, Berlin, Germany

Fugene HD

Promega, Madison, WI, USA
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Chemicals and reagents

Source

Glycine

Sigma-Aldrich Chemie GmbH, Munich, Germany

GoTaq Green PCR master mix

Promega, Madison, WI, USA

GoTaqg gPCR master mix

Promega, Madison, WI, USA

Haematoxylin solution, Mayer’s

Krankenhausapotheke, Klinikum rechts der Isar,
Munich, Germany

Hydrogen chloride (HCI)

Merck Chemicals GmbH, Hessen, Germany

Hydrogen peroxide

Merck Chemicals GmbH, Hessen, Germany

Immobilized Protein A Plus

Thermo Scientific, Waltham, MA, USA

Interleukin 2

Sigma-Aldrich Chemie GmbH, Munich, Germany

Isocitrate monohydrate

Sigma-Aldrich Chemie GmbH, Munich, Germany

Isopropanol

Sigma-Aldrich Chemie GmbH, Munich, Germany

Kanamycin

Sigma-Aldrich Chemie GmbH, Munich, Germany

L-Glutamin 200mM

Sigma-Aldrich Chemie GmbH, Munich, Germany

Lipofectamin 2000

Invitrogen, Carlsbad, CA, USA

Lipopolysaccharide

Sigma-Aldrich Chemie GmbH, Munich, Germany

Magnesium Chloride (MgCl)

Sigma-Aldrich Chemie GmbH, Munich, Germany

Methanol

Sigma-Aldrich Chemie GmbH, Munich, Germany

Mounting medium Entellan-new

Merck Chemicals GmbH, Hessen, Germany

Non-essential amino acids (NEAA), 100x

Biochrom, Berlin, Germany

Opti-MEM

Sigma-Aldrich Chemie GmbH, Munich, Germany

Opti-MEM Media

Thermo Scientific, Waltham, MA, USA

Paraformaldehyde solution

Sigma-Aldrich Chemie GmbH, Munich, Germany

p-Coumeric acid

Sigma-Aldrich Chemie GmbH, Munich, Germany

PEI-Mag2

A kind gift from Christian Plank (Tresilwised et
al. 2012)

Penicillin/Streptomycin

Sigma-Aldrich Chemie GmbH, Munich, Germany

Phenol:Chlorophorm:lsoamylalcohol

Sigma-Aldrich Chemie GmbH, Munich, Germany

Phosphate buffered saline (PBS), 1x, 10x

Biochrom, Berlin, Germany

Precision Plus Protein Standard

Bio-Rad, Hercules, CA, USA

Restriction enzyme buffers

Thermo Scientific, Waltham, MA, USA;
New England Biolabs, Ipswich, MA, USA

Roswell Park Memorial Institute medium (RPMI)

Biochrom, Berlin, Germany

Rotiphorese gel 30

Carl Roth, Karlsruhe, Germany

Select agar

Sigma-Aldrich Chemie GmbH, Munich, Germany

Skimmed milk powder

Nestle, Vevey, Switzerland

Sodium acetate

Merck, Darmstadt, Germany

Sodium azide

Sigma-Aldrich Chemie GmbH, Munich, Germany

Sodium chloride (NaCl)

Merck Chemicals GmbH, Hessen, Germany

Sodium dodecyl sulfate

Sigma-Aldrich Chemie GmbH, Munich, Germany
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Chemicals and reagents

Source

Sodium orthovanadate

Sigma-Aldrich Chemie GmbH, Munich, Germany

Sulforhodamin B (SRB)
Tetramethylethylenediamine (TEMED)

Sigma-Aldrich Chemie GmbH, Munich, Germany

Carl Roth, Karlsruhe, Germany

Trichloroacetic acid

Sigma-Aldrich Chemie GmbH, Munich, Germany

Tris(hydroxymethyl)-aminomethane

Merck, Darmstadt, Germany

Triton-X-100

Sigma-Aldrich Chemie GmbH, Munich, Germany

Trypan blue, 0,5%

Biochrom, Berlin, Germany

Trypsin/EDTA

Biochrom, Berlin, Germany

Tryptone

Tween-20

Sigma-Aldrich Chemie GmbH, Munich, Germany

Serva Electrophoresis GmbH, Heidelberg,
Germany

Virus lysis buffer

Biochrom, Berlin, Germany

Virus storage buffer

Biochrom, Berlin, Germany

Yeast Extract

Sigma-Aldrich Chemie GmbH, Munich, Germany

2.1.4 Enzymes

Enzymes Source

BamHI Thermo Scientific, Waltham, MA, USA
Benzonase Sigma-Aldrich Chemie GmbH, Munich, Germany
BGlII New England Biolabs, Ipswich, MA, USA

Complete mini-protease inhibitor
EcoRV

Roche, Basel, Switzerland
New England Biolabs, lpswich, MA, USA

FastAP phosphatase

Thermo Scientific, Waltham, MA, USA

Ndel

Thermo Scientific, Waltham, MA, USA

Pacl

New England Biolabs, Ipswich, MA, USA

Phosphatase inhibitor mix I

Serva Electrophoresis GmbH, Heidelberg,
Germany

Pmel

New England Biolabs, Ipswich, MA, USA

Proteinase K

Sigma-Aldrich Chemie GmbH, Munich, Germany

Spel

New England Biolabs, Ipswich, MA, USA

T4 DNA ligase

Thermo Scientific, Waltham, MA, USA

T4 DNA polymerase

Thermo Scientific, Waltham, MA, USA

Taq DNA polymerase

Thermo Scientific, Waltham, MA, USA

Xhol

Thermo Scientific, Waltham, MA, USA
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Buffer

Components

0.1 % CaCl,

0.5 % (W/V) SRB staining solution

0.9 mM CaClzin dH,0

0.5 % SRB in 1% acetic acid

1 % BSA

1 % BSA in PBS

1 % SDS Protein lysis buffer

100 % TCA

10 mM Tris/HCI, pH 7.2

1 % SDS

1 mM Na orthovanadate

Add one Complete Mini-Protease Inhibitor
tablet and 100 pl phosphatase inhibitor per 10
ml of protein lysis buffer

0.3MTCA

22,7 ml dH,0

10x SDS running buffer

25 nM Tris
192 mM Glycine
0.1 % w/v SDS

pH 8.3

1 M Tris
10x TBE 1 M Boric acid

0.02 M EDTA
10x TBS 0.5 M Tris/HCI, pH 7.6
10x Transfer buffer 25 nM Tris

1x Transfer buffer

192 mM Glycine
10 % 10x Transfer buffer
20 % Methanol

4x Protein loading buffer

0.25 M Tris/HCl, pH 6.8

8 % SDS

0.04 % Bromophenol blue

40 % Glycine

Add 100 pl of 1 M DTT to 500 pl of 4xprotein
loading buffer prior to use

Chemiluminescence reagent A

0.1 M Tris/HCI, pH 8.5
2.5 mM Luminol
0.4 mM p-Coumeric acid

Chemiluminescence reagent B

0.1 M Tris/HCl, pH 8.5
0.18 % H,0:

CsCl heavy solution p=1.45 g/cm?

609.0 g/L CsCl in 10 mMTris (pH 7.8)

CsCl light solution p=1.33 g/cm?3

454.2 g/L CsCl in 10 mM Tris (pH 7.8)

DNA Lysis buffer

10 mM Tris/HCl pH8
100 mM NacCl

25 mM EDTA pH8
0.5 % SDS
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Buffer Components

588 mM NH4;C;H30;

DNA precipitation solution 100 % Ethanol

Immunoblotting antibody dilution buffer 5 % BSA in TBS-T with 0.02 % Sodium azide

Immunoblotting blocking buffer 5 % non-fat milk powder in TBS-T

IP elution buffer:

0.15 M NacCl

0.05 M Tris/HCI

1 % Triton X-100

5 mM EDTA

1x protein loading buffer

IP protein lysis buffer

0.15 M NacCl
0.05 M Tris/HCl
1 % Triton X-100
5 mM EDTA

LB agar

LB Medium
1.5 % select agar

LB medium

0.01 % Tryptone
0.005 % Yeast extract
0.01 % NacCl

PCR buffer

1xTaq Puffer (NH4)2S04
8 % Glycerol

25 mM MgCl,

10 mM dNTPs

Cresol Red

RIPA protein lysis buffer

Separating gel buffer

0.15 M Nacl
0.05 M Tris/HCI
1 % Triton X-100
0.05 % SDS

5 mM EDTA

1.5 M Tris/HCl, pH 8.8

SRB solubilizing solution

10 mM Tris, pH 10

Stacking gel buffer

0.5 M Tris/HCI, pH 6.8

1x TBS

TBST 0.001 % Tween-20
20 mM NacCl

Virus storage buffer 25 mM Tris

2.5 % Glycerol
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Commercial kits

Source

HiSpeed Plasmid Midi Kit

Qiagen, Hilde, Germany

Pierce BCA Protein Assay

Thermo Scientific, Waltham, MA, USA

QIAquick gel extraction kit

Qiagen, Hilde, Germany

QlAprep Spin Miniprep Kit
IFNy ELISA

Qiagen, Hilde, Germany

BioLegend, San Diego, CA, USA

2.1.7 Antibodies and peptides

Target protein,

Clon Application Dilution Source
) Sigma-Aldrich Chemie GmbH,
Actin (A2066) WB 1:1000 .
Munich, Germany
CAR, RemcB EACS 1:40 Merck Chemicals GmbH, Darmstadt,
Germany
) Santa Cruz Biotechnology, INC.,
E1A, M73 IF 1:100 Dallas, TX, USA
) Santa Cruz Biotechnology, INC.,
E2F1 w8 1:250 Dallas, TX, USA
GAPDH (2118) WB 1:1000 CST, Beverly, MA, USA
h PD-L1, E1L3N WB 1:1000 CST, Beverly, MA, USA
Hexon AB1056 WB 1:500 Merck Chemicals GmbH, Darmstadt,
Germany
Hexon, G097 IHC 1:500 abm, Richmond, BC, Canada
m PD-L1, (179711) WB 1 pg/mi R&D
P53, 1C12 WB 1:1000 CST, Beverly, MA, USA
PD-L1, MIH1 Functional Thermo Scietific, Waltham, MA, USA
assay
pRb (Ser780), D59B7 WB 1:1000 CST, Beverly, MA, USA
Rb, 554136 WB 2 pug/ml BD Bioscience, San Jose, CA, USA
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Target protein,

Clon Application Dilution Source
] ) Eurogentec GmbH, Kéln,

YB-1 W8, IF 1:2000, 1:80 Deutschland (Vroni Girbinger 2013)
Alexa 488 conjugated goat- .
anti-rabbit IgG, 4412 IF 1:500 CST, Beverly, MA, USA
FITC conjugated rabbit-anti .
mouse 1gG, F0232 FACS 10ug/ul Agilent, Santa Clara, CA, USA
Cy3 conjugated goat-anti- N
mouse 1gG, A10521 IF Sug/ul Thermo Scietific, Waltham, MA, USA
FITC conjugated swine-anti- ] .
rabbit IgG, F0205 IF 1:100 Agilent, Santa Clara, CA, USA
Peroxidase conjugated anti- ] .
rabbit 1gG, 711-036-152 WB 1:10 000 Dianova GmbH, Hamburg, Germany
Peroxidase conjugated anti- ] .
mouse 1gG, 715-036-150 WB 1:10 000 Dianova GmbH, Hamburg, Germany
Peroxidase conjugated
goat-anti-mouse IgG, IHC 1:1000 Agilent, Santa Clara, CA, USA
P0447
M I li

ouse gamma globulin FACS 1:40 Dianova GmbH, Hamburg, Germany
Isotype control
Murine Fc block: anti- Thermo Scientific, Waltham, MA,
mouse CD16/32 FACS 1:200 USA

6

Human Fc block FACS 2.5 ug/1x10 Dianova GmbH, Hamburg, Germany

cells

2.1.8 Primer sequences

All primers were synthesized by Life Technologies or Metabion and dissolved in H,0 to a final stock

concentration of 10 uM.

Target gene

Forward primer

Reverse primer

E1b19k CGTGAGAGTTGGTGGGCGT CTTCGCTCCATTTATCCT

E3 GTTAATGTCAGGTCGCCTAAGTCG GTGTGTTGCCCGCGACCATT
RGD CTGCCGCGGAGACTGTTTC CTGCAATTGAAAAATAAACACG
E1A ACGGTTGCAGGTCTTGTC TTTACACCTTATGGCCTGGGGC
E1A 13s GGCATGTTTGTCTACAGTAAG GCCATGCAAGTTAAACATTATC
E3 ADP ATGTCAGCATCTGACTTTG CTCGAGGAATCATGTCTC
PD-L1-Fc AAGGTGGAAATCAAGAGAGG CCAGTTGAACTTGACCTCAG
E3 GAACAATTCAAGCAACTCTAC GCAGTCTACTTCGATGTGAG
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Target gene

Forward primer

Reverse primer

Fiber

AAGCTAGCCCTGCAAACATCA

CCCAAGCTACCAGTGGCAGTA

Human actin

AAAGTGCAAAGAAC CGGCTAAG

TAAGTAGGTGCACAGTAGGTCTGA

Human GAPDH

TGGCATGGACTGTGGTCATGAG

ACTGGCGTCTTCACCACCATGG

Murine actin

CTGCTCTGGCTCCTAGCAC

TGAATGGTGAGCTCTCTGGGT

Murine GAPDH

TTTGGCATTGTGGAAGGGCT

ACCCCTCTACCCAAAAGGGA

2.1.9 Plasmids

Plasmid

Source

pcDNA3.1-I1gG1
pShuttle Clontech DraO-W1tE3

Kind gift from PD Melanie Laschinger
Cloned by Klaus Mantwill

pMK-RQ-a-PD-L1

Thermo Scientific, Waltham, MA, USA

pUC18-XVir-E3-RGD

Cloned by Klaus Mantwill

pXVir-N-31

Cloned by Klaus Mantwill

2.1.10 Viruses

The wild type adenovirus AdWT serotype 5 species C is well characterized and served as positive

control for replication, cell lysis and particle formation in this work. All oncolytic adenoviruses used in

this work are derived from AdWT.

dl703 has a 3.2 kb deletion in the E1 region and is replication incompetent (Bett et al. 1994). It

served as a negative control in this thesis.

The oncolytic adenovirus XVir-N-31 has an 11 bp deletion in the E1A-CR3 region, a partial deletion

inthe E1B19K gene and a deletion in the E3 region. It has an additional RGD motif in the fiber encoding

gene (Rognoni et al. 2009; Mantwill et al. 2006).

The oncolytic virus XVir-N-31/E2Fm is mutated in its E2F1 binding sites in the E2 early promoter.

This mutation was integrated into the backbone of XVir-N-31.
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Cell line Source

HEK293 American type culture collection, Manassas, VA, USA
182 American type culture collection, Manassas, VA, USA
MB49 A kind gift from Dr Breul from the Uniklinikum Essen
MBT2 A kind gift from Dr Breul from the Uniklinikum Essen
T24 American type culture collection, Manassas, VA, USA
UMuUC3 American type culture collection, Manassas, VA, USA

2.1.11.2 Cell culture media

Medium

Formulation

Growth medium for cells at 5 % CO2

RPMI

5% FBS

1% NEAA

1 % Penicillin/Streptomycin

Growth medium for cells at 10 % CO2

DMEM
5 % FBS
1 % Penicillin/Streptomycin

Growth medium for HEK293 suspension cells

CD293
1 % L-Glutamine

50 % growth medium DMEM

Freezing medium DMEM 40 % FBS
10 % DMSO
50 % growth medium RPMI
Freezing medium RPMI 40 % FBS
10 % DMSO
Infection medium DMEM DMEM
Infection Medium RPMI RPMI

-35-



2.1.12 Mice

2 Material and methods

Mouse strain

Source

Foxn1ny/nu

Charles River

C57BL/6

Charles River

2.1.13 Software

Software

Company

FlowlJo

FlowlJo LLC, Ashland, OR, USA

Zen Lite 2012

Carl Zeiss, Oberkochen, Germany

Vevo LAB 2000

FUJIFILM Visual Sonics, Inc. Toronto, ON, Canada
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2.2 Methods

2.2.1 Molecular biology techniques

2.2.1.1 Preparation of competent bacteria

E.coli (DH10B) were cultured in 2ml LB medium in a shaker at 37° C overnight. The next day, 100 ml
LB medium were inoculated with the starter culture and incubated at 37°C. As soon as cells reached
the exponential growth phase, bacteria were put on ice for 30 minutes. Cells were centrifuged for 10
minutes at 4°C with 3000g and pellet was resuspended in 35 ml pre-cooled 0.1 M CaCl. Resuspended
cells were incubated again on ice for 30 minutes and centrifuged for 10 minutes at 4°C with 3000 g.
Then, pellet was resuspended in 0.1 M pre-cooled CaCl, + 10 % Glycerol. Competent bacteria were
aliquoted in pre-cooled tubes and stored at -80°C.

2.2.1.2 Purification of plasmid DNA

LB Medium containing selective antibiotic (100ug/ml ampicillin, 50ug/ml kanamycin) was
inoculated with single colonies of the plasmid containing bacteria and cultured overnight in a shaker at
37°C. 800 pl bacterial culture was mixed with 400ul glycerol:LB mixture (ratio 3:2) as a glycerol stock.
Bacteria were harvested by centrifugation at 3000g for 15 minutes in a pre-cooled centrifuge. Pelleted
bacteria were lysed according to the QlAprep Spin Miniprep Kit manual. Plasmid DNA was isolated
either by using QlAprep Spin Miniprep columns or by DNA precipitation using isopropanol. Isolation of
DNA using columns was performed according to the instruction manual. For isopropanol precipitation
of DNA, lysed bacteria were centrifuged for 10 minutes at full speed in a pre-cooled centrifuge. DNA
containing supernatant was transferred to a new tube, 0,7 x volume of isopropanol and one drop of
glycogen were added and DNA was precipitated by carefully inverting the tube 4 to 6 times.
Precipitated DNA was centrifuged at full speed for 30 minutes at 4° C. Pelleted DNA was washed twice
with 300 ul of 70 % ethanol and again centrifuged. Air dried DNA pellet was dissolved in 20 to 50 pl
water at 55° C for 1 to 2 hours or at 4° overnight. DNA concentration was measured using the NanoDrop
200c. Plasmid DNA was stored at 4°C. Plasmid identity was confirmed by sequencing which was
performed by GATC Biotech AG, Constance, Germany.

2.2.1.3 Isolation of DNA from tumor cells
For isolation of cellular and viral DNA in 6 well plates, infected cells were washed once with PBS and

lysed with 200 pl of DNA lysis buffer. The lysate was transferred into a 1.5 ml tube, 3 pl of proteinase K
were added and the lysate was digested at 56° C under vigorous shaking for 8 to 12 hours. For
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purification, 200 ul Phenol:Chlorphorm:lsoamylalcohol was added and mixed by vortexing for 30
seconds. The lysate was incubated on ice for 5 minutes and centrifuged at 16430 g for 5 minutes at 4°
C. The upper phase (200 pl) was transferred to a new tube, 200 ul chlorophorm and 2 pl cresol red
were added and the sample was mixed by vortexing for 30 seconds. After incubation on ice for 5
minutes, samples were centrifuged at 16430 g for 5 minutes at 4° C. The upper phase (200ul) was again
transferred to a new tube and DNA was precipitated by adding 850 pl DNA precipitation solution and
centrifugation at 16430 g for 30 minutes at 4° C. Pelleted DNA was washed with 400 pl of 70 % ethanol.
After incubation for 10 minutes, DNA was centrifuged at 500 g for 5 minutes at room temperature.
DNA was dried and dissolved in 50 to 100 ul 0.1xTE buffer at 40° C for 1 to 5 hours.

2.2.1.4 Restriction digestion

For analysis and digestion of plasmids, an appropriate amount of DNA was digested with the
required enzyme for 1 hour or overnight at 37° C. If needed, the restriction enzyme was heat
inactivated according to the manufacturer’s protocol. Digested DNA was analyzed by agarose gel
electrophoresis.

2.2.1.5 Agarose gel electrophoresis and gel extraction of DNA

0.8 to 1.5 % agarose gels were prepared using 1xTBE buffer and 0.5 pg/ml ethidium bromide. DNA
was loaded using 6x loading buffer. Gels were run in 1xTBE buffer at 70 to 110 V until bands were
separated as needed. The bands were visualized in a UV transillumination and the analysis was
documented by the Chemidoc XRS system.

2.2.1.6 Dephosphorylation, ligation and transformation of competent
bacteria

Dephosphorylation of digested vectors was performed according to the manufacturer’s manual at
37° Cfor 1 to 2 hours. The phosphatase was heat inactivated at 65° C for 15 minutes. Vector and insert
were ligated in ratios varying from 1:3 to 1:7 using T4 DNA ligase by incubating at room temperature
for 1 hour. For transformation, competent bacteria were thawed on ice. 15 pl of ligation mixture was
added to bacteria, incubated on ice for 30 minutes, followed by a 30s heat shock at 42°C and a 10-
minute incubated on ice. Bacterial cells were resuspended in pre-warmed LB medium and incubated
for 1 hour at 37°C. Various amounts of the transformed bacteria were streaked onto LB agar plates and
incubated at 37° Cfor 12 to 18 hours.
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2.2.1.7 Colony polymerase chain reaction (PCR) to screen clones

Single colonies were picked using a sterile pipette tip to inoculate 100 pl LB medium. Infected
medium was incubated at 37° C for 2 to 6 hours. Bacterial cells were pelleted, resuspended in 20 pl
PCR master mix and lysed at 100° C for 10 minutes. Cell debris was pelleted by centrifugation and 5 ul
of plasmid DNA containing supernatant was used for the PCR. PCR conditions are listed in tableTable 6.

Primer combination and their application in various cloning steps are listed in table 4.

Table 4: Primer combinations for colony PCR.

. Primer . L. Product
Cloning step L. Primer binding site .
combination size
Ligation of transgene into 311:in aPD-L1 fragment
) 311, 310 ) 613 bp
shuttle plasmids 310: in Fc-fragment
Ligation of transgene into 81: in pShuttle backbone
310, 81 ] 1188 bp
pShuttle Clontech 310: in Fc-fragment
Integration of transgene 324: 3’ of BamHI restriction site at bp 26171
) . 324,325 o 657 bp
into pXVir-N-31 325: 5’ of BamHI restriction site at bp 26171

2.2.1.8 Identity PCR to verify virus identity

Purified viral DNA was diluted with water to a concentration of 0.1 to 1 ng/ul, purified virus was
heat inactivated at 100° C for 10 minutes and diluted 1:10 with nuclease-free water. The PCR reaction
mix for one sample includes 18.5 pl PCR master mix, 2.5 pl forward primer and 2.5 pl reverse primer
(final primer concentration 12.5 pM) and 0.5 pl Taq polymerase. 24 pl PCR reaction mix was dispensed
into 0.2 ml PCR reaction tubes prior to the addition of 1 ul viral DNA or inactivated virus. Primer
combinations for the identity PCR are listed in table 5.

The PCR cycling conditions are shown in Table 6. The PCR was analyzed by agarose gel
electrophoresis.
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Table 5: Primer combinations for identity PCR.

Product size

PCR number Gene Forward primer Reverse primer .
XVir WT
1 E1A H303 H216 540 bp 540 bp
E1A13S
2 ) H231 H38 548 bp
deletion
E1B19k
3 . H3 H4 387 bp 587 bp
deletion
. No
4 E3 deletion H36 H37 ) 380 bp
amplicon
No
5 E3 ADP H301 H253 ) 384 bp
amplicon
No
6 RGD H34 H6 176 bp .
amplicon
; aPD-L1 H311 H310 613 bp No
Fc H81 H310 337 bp amplicon

Table 6: PCR cycling conditions.

Step Time, Temperature
Initial denaturation 1 min, 95°C
40 sec, 95° C
Annealing (30 cycles) 40 sec, 58° C
40sec, 72° C
Final extension 5 min, 72° C
Hold o, 4°C

2.2.1.9 Fiber qPCR to quantify viral replication

To quantify viral DNA, 5 pl of 20 ng/ul purified DNA were used in a fiber gPCR. PCR mix was prepared
using the GoTaq Green PCR master mix according to manufacturer’s protocol, using 500 nM of forward
and reverse primers for fiber, murine and human actin as well as murine GAPDH. Primers against
human GAPDH were used at a concentration of 250 nM. For each PCR reaction, 10 pl PCR master mix
were used.

The PCR cycling conditions are shown in Table 7.
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Table 7: Cycling conditions for fiber qPCR.

Step Time, Temperature

Initial denaturation 2 min, 94° C
15sec, 94° C

Annealing (45 cycles) 15 sec, 60° C
15sec, 72° C
Final extension 15 min, 94° C
15 min, 94°C
Melt curve 5 sec, 60°C
5 min, 95°C

To quantify viral fiber DNA, the AACt method was used. For the relative quantification of viral fiber
DNA, actin and GAPDH were used as reference genes. The 4 hour fiber value served as control and was
used for normalization (Livak and Schmittgen, 2001).

ACt = Ct (reference gene)-Ct (fiber gene)
AACt = ACt (sample) — ACt (control sample)

Normalized gene expression = 2 ~44¢t

2.2.2 Cell culture

2.2.2.1 Cultivation of cell lines

Cells were cultured under sterile conditions at 37°C under saturated humidity in a laminar flow
biological safety cabinet. All cell lines were used in early passages and passaged at 80 % confluency.
For all experiments, media and trypsin were pre-warmed to 37° C. For passaging, cells were washed
with PBS-5% 0.5 M EDTA and incubated with trypsin until they detached. Trypsin was inactivated using
fresh medium and cells were centrifuged at 300 RCF for 5 minutes at room temperature. The pelleted
cells were resuspended in 10 ml fresh medium and a fraction was transferred onto a new cell culture
dish for culturing the subsequent passage. UMUC3, HEK293, MB49 were maintained at 10 % CO,, while
T24, 182 and MBT2 were maintained at 5 % CO..
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2.2.2.2 Counting of cells

Cell solution was diluted 1:1 in 0.5 % trypan blue solution and counted in a Neubauer chamber.
Unstained cells were considered to be viable.

2.2.2.3 Thawing and freezing of cells

For thawing cells, the cryovial was thawed in the water bath and then immediately transferred to a
tube containing fresh media. After centrifugation, cells were resuspended in medium and cultured as
described in 2.2.2.1. For cryopreservation, cells at 70-80 % confluency were pellet as described in
2.2.2.1. Cell pellet was resuspended in 3 ml of freezing media, transferred into two cryovials and vials
were stored in a freezing container at -80° C for 24 to 48 hours and then transferred to liquid nitrogen.

2.2.3 Invitro experiments

2.2.3.1 Treatment with inhibitors
Nutlin-3a was dissolved in DMSO and stored as a 5 mM stock solution at -20° C. Cells were seeded

24 hours before treatment. Working dilutions were prepared fresh using pre-warmed medium. The
highest DMSO concentration was used as a control.

2.2.3.2 Dose response assay
5x10* cells per well were seeded on a 12 well plate. 24 hours after seeding, cells were treated with

various concentrations of the inhibitor as described in 2.2.3.1. The cells were fixed three days after
treatment and the assay was continued as described in 2.2.5.2.

2.2.3.3 Cell cycle analysis by flow cytometry
2x10* cells per well were seeded on a 6 well plate. 24 hours after seeding, cells were treated with

inhibitors or infected with virus. For harvesting, the cells were trypsinized, transferred into FACS tubes
and spun down. Then, cells were washed 2 times with PBS and fixed with 70% ice cold ethanol at 4°C
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for 12 hours or at -20°C for 1 hours. After fixation, cells were washed with PBS-1 % BSA and total DNA
was stained with 4 pg/ml 7-AAD. 5000 events were recorded on the flow cytometer using a low speed.
Data were analyzed using the FlowJo software.

2.2.4 \Virus generation and production

2.2.4.1 Transfection of linearized, viral plasmids

To generate virus, 2,5x10% and 5x10% HEK293 cells were seeded on 24 well and 12 well plates,
respectively. After 24 hours, cells were transfected with linearized viral plasmid DNA using FuGene®.
Therefore, a FuGene® to DNA ratio of 3:2 with a total DNA amount of 2 ug was used. 25 pl or 50 pl of
the transfection mixture were added to the cells on 24 well or 12 well plates, respectively, and medium
was changed after 24 hours.

2.2.4.2 Generation of crude virus stocks

After successful transfection, a cytopathic effect (CPE) became visible on day 7 to 14. Cells and
supernatant were harvested and applied to 3 freeze and thaw cycles before centrifuged at 600 g for 5
minutes. Virus containing supernatant was transferred into a new tube. 200 ul were used for reinfection
of HEK293 on one 15 cm cell culture plate, residual supernatant was mixed with 200 ul glycerin,
aliquoted and stored as G1 stock at -80° C. As soon as the reinfected cells showed a CPE, cells and
supernatant were harvested. After three freeze and thaw cycles, cells and supernatant were
centrifuged at 600 g for 5 minutes. The supernatant was mixed with 200 pl glycerol, aliquoted and
stored as G2 stock at -80° C.

2.2.4.3 Virus production

For virus production, HEK293 cells were freshly thawed. HEK293 cells were prepared at a confluency
of 80 % on 20 15cm cell culture plates. For infection, 20 MOI of the G2 stock diluted in 4 ml DMEM
infection medium per cell culture dish were used. After one hour of infection, 10 ml DMEM growth
medium were added on every plate. 45-50 hours after infection, cells were carefully rinsed of the cell
culture plate. Virus containing cells were pelleted at 1000 g for 5 minutes and supernatant was
withdrawn. Cell pellets were resuspended in 8 ml lysis buffer and stored at -80° C until caesium chloride
purification.
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2.2.4.4 Virus purification using caesium chloride density gradient

To release the virus from the cells, the HEK293 cell pellet (see 2.2.4.3) was repeatedly frozen and
thawed for three times to destroy the cells. The solution was centrifuged at 3000 g for 15 minutes to
separate the virus from the cell debris. The virus containing supernatant was transferred into a new
tube and incubated with 12.5 U/ml Benzonase and 1 mM MgCl, for 2 hours at room temperature to
digest the remaining cellular DNA. Afterwards, the virus was purified in a caesium chloride density
gradient. Therefore, the gradient was built in an ultracentrifugation tube using 17 ml of 1.33 g/ml
caesium chloride solution and 9 ml of 1.45 g/ml caesium chloride solution. The virus solution was
carefully added on top of the gradient and tubes were centrifuged in an ultracentrifuge at 53 000 g for
3 h at 10°C. The virus band was taken off using a syringe and applied to a second caesium chloride
density gradient for further purification. Therefore, the gradient was centrifuged for 18 h. Finally, the
purified virus band was taken off, finally desalted using disposable PD-10 desalting columns. Viruses
were obtained in virus storage buffer and aliquots were stored at -80° C.

2.2.5 Invitro assays using virus

2.2.5.1 Infection of cells with virus

24 hours before virus infection, cells were seeded at concentrations of 2x10%, 5x10%, 1x10°, 1x10°
cells on 24 well, 12 well, 6 well and 10 cm dish, respectively. Viruses were thawed on ice and
appropriate working dilutions were prepared freshly using infection medium. For infection, growth
medium was aspired and cells were infected in reduced volume of infection medium containing the
diluted virus. Cells on 24 well, 12 well, 6 well or 10 cm dish were infected with 150pl, 200pul, 200pul, 2ml,
respectively. Cells were swayed every 15 minutes for one hour and infection was terminated by adding
growth medium to the cells.

For infection with magnetic nanoparticles, 1x10* cells were seeded on a 12 well plate in 1 ml growth
medium 24 hours before treatment. For coating of viral particles, a ratio of 5 fg magnetic nanoparticles
(PEI-Mag2) per viral particle was used. Therefore, the virus was diluted to an appropriate concentration
using DMEM and the nanoparticles were diluted in sterile deionized water. 90 pl of diluted virus was
added to 10 ul of magnetic nanoparticles, carefully mixed by pipetting up and down and incubated at
room temperature for 15 minutes. Then, a magnetic field was applied by positioning the cell culture
plate on a 12 well magnetic plate. The coated virus was added to the cells and incubated for 15 minutes.
Finally, cell culture plates were put back in the incubator.
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2.2.5.2 Potency assay

5x10* cells were seeded on a 12 well plate. 24 hours after seeding, cells were treated as desired.
Four days after infection, the medium was aspired, cells were washed three times with PBS and fixed
for 30 minutes at 4° C using 1 mlice cold 10 % TCA. Then TCA was removed and cell layers were washed
four times with tap water. Cells were stained with 1 ml of 0.5 % SRB solution for 30 minutes. Unbound
SRB was removed by washing five times with 1 % acetic acid and plates were air dried. Dried plates
were scanned and bound SRB was solubilized in 1 ml 10 mM Tris base and diluted 1:10 with PBS in a
96 well plate. Finally, SRB absorbance was measured at 560 nm using the plate reader protocol SRB-
absorbance 560 nm 0.1 s.

2.2.5.3 Analysis of viral replication

For analysis of viral replication, 1x10° cells were seeded on a 6 well cell culture dish and infected
the next day with various MOls as described in 2.2.5.1. 4, 24, 48 and 72 hours after infection, cells were
washed with PBS and DNA lysates were prepared as described in 2.2.1.3. Fiber DNA was quantified by
performing a fiber gPCR (2.2.1.9).

2.2.5.4 Quick titer test

To analyze the titer of the G2 stock, 5x10° HEK293 cells were seeded on two 6 well cell culture plates.
24 hours after seeding, cells were infected with 1, 3, 5, 10, 15, 20, 50, 100 and 200 pl of 1:10 diluted
G2 stock. Uninfected cells served as control. Cells were observed under the microscope daily. As soon
as 100 % CPE was visible in one of the infected wells, the titer was calculated according to the used
infection volume.

2.2.5.5 Viral particle formation

5x104 MB49 cells were seeded on a 6 well plate and 24 hours later, the cells were treated with
inhibitor or left untreated as described in 2.2.3.1. After another 24 hours, the cells were infected with
200 MOI of indicated viruses. At 72 hours after infection, cells and supernatant were harvested, and
viruses were released from cells by three thaw-freeze circles. Finally, samples were centrifuged for 5
minutes at 1000 g and formation of viral particles was quantified by performing and hexon titer test as
described in 2.2.5.5.
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2.2.5.6 Hexon titer test

Low passage HEK293 cells were seeded on a 24 well plate at a concentration of 2x10° cells per well
in 500 pl. Purified virus was added to HEK293 in dilutions ranging from 10 to 10 in volumes of 10 pl
and 50 pl. After 40 to 48 hours, HEK293 cells were fixed and stained according to the AdEasy Viral Titer
Kit instruction manual (Agilent Technologies,972500).

2.2.5.7 IFNy-coculture assay

PBMCs were isolated from whole blood by Ficoll density gradient separation. PBMCs were counted
and cultured on 15 cm dishes for 2 days under IL2 stimulation (100 U/ml). On the third day, PBMCs
were centrifuged, resuspended in fresh medium and cultured for another 3 days. On the same day, 50
000 UMUCS cells per well were plated on a 12 well plate. After 24 hours, UMUCS3 cells were infected
with various doses of different viruses, treated with 100 ng/ml LPS or left untreated. On day six, UMUC3
cells were treated with 10 pg/ml aPD-L1 antibody or left untreated and 1 million PBMCs were added
to each well. UMUC3 cells and PBMCs were cocultured for 48 hours. Then, the cell free supernatant
was analyzed for the IFNy content using an IFNy ELISA. The ELISA was performed according to the
BioLegend IFNy Kit instruction manual.

2.2.6 Protein biochemical methods

2.2.6.1 Preparation of cellular protein lysates

The entire procedure was strictly carried out on ice. Cells were washed 3 times with ice cold PBS
and lysed using cold protein lysis buffer containing phosphatase and protease inhibitors. 500 pl and
100 pl lysis buffer were used for 10 cm and 6 well plates, respectively. Cells were harvested using cell
scrapers and the lysate was transferred to a microcentrifuge tube. When using RIPA protein lysis buffer
or IP protein lysis buffer, samples were incubated in a rotator at 4° C for 10 minutes. When using SDS
protein lysis buffer, samples were sheared to disrupt DNA protein complexes using a 27-gauge needle
until no viscosity was observed. Lysates were centrifuged at 30 000 g for 30 minutes at 4° Cin a pre-
cooled centrifuge. Supernatant was transferred into a fresh tube and used either immediately or stored
at -80° C.
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2.2.6.2 Immunoprecipitation

The entire procedure was strictly carried out on ice. For immunoprecipitation against hPD-L1, 40 pl
resin per sample were used. Resin was washed three times with IP lysis buffer. After the third washing
step, beads were resuspended in 1 ml IP lysis buffer and incubated with 2,5 pg of aPD-L1-antibody per
sample in a rotator at 4° C for 4 hours or overnight. Unbound antibody was removed by washing 3
times with IP lysis buffer and beads were resuspended in 200 pl IP lysis buffer per sample. Cellular
protein lysates were prepared using IP lysis buffer as described in 2.2.6.1. and 500 pg lysed protein in
a total volume of 800 ul were used for immunoprecipitation overnight at 4° C. Unbound protein was
removed by washing 3 times with PBS. Bound protein was eluted by adding 50 pl of IP elution buffer
and heating up the samples to 100°C for 5 min. Finally, beads were pelleted and lysate was used
immediately for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

2.2.6.3 Quantification of protein concentration and sample preparation

Protein concentration was quantified using the BCA assay according to manufacturer’s protocol in
a 96 well format. For the measurement, all samples were prepared in duplicates and incubated within
the working reagent for 30 minutes at 37° C. 30 ul of the protein lysate mixed with 10 ul of 4x loading
buffer and DTT were used for each SDS-PAGE. Samples were denatured at 100° C for 5 minutes and
were either used immediately or stored at -20° C.

2.2.6.4 Immunoblotting

2.2.6.4.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

For protein separation, polyacrylamide gels were hand cast using gel casting chambers. 8, 10or 12 %
separating gels and stacking gels were prepared as described in Table 8 and 9. The separating gel was
covered with 2 ml isopropanol during polymerization to ensure a shark demarcation. Once the
separating gel was polymerized, the isopropanol was removed, the stacking gel was poured and a comb
was inserted. After complete polymerization, gels were fixed into the electrophoresis assembly and
loaded with 40 pl of protein sample per well. Electrophoresis was carried out at 90 V until proteins
entered the separating gel. Electrophoresis was continued until loading front was running out at 150 V.
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Ingredient 8% 10% 12%

H,0 [ml] 4.78 4.12 3.45

1.5M Tris pH 8.8[ml] 2.5 2.5 2.5

30% acrylamide/Bis-acrylamide solution [ml] 2.67 3.33 4

10% APS [pl] 50 50 50

TEMED [pl] 10 10 10

Total 10ml 10ml 10ml
Table 9: Composition of stacking gel.

Ingredient Volume

H,0 [ml] 3.07

0.5M Tris pH 8.8 [ml] 1.25

30% acrylamide/Bis-acrylamide solution [ml] 0.65

10% APS [pl] 25

TEMED [ul] 5

Total 5

2.2.6.4.2 Transfer and blocking

Following electrophoresis, proteins were transferred onto a PVDF membrane that was activated in

a methanol bath for 5 minutes. Sponges and blotting paper were incubated in blotting buffer. The gel

and the membrane were assembled in between two layers of blotting paper and sponges. Proteins

were transferred for 1 to 2 hours at 100 V using cold blotting buffer. Following the transfer, membranes

were blocked for nonspecific binding in blocking buffer for 1 hour at room temperature.

2.2.6.4.3 Immunodetection

Primary antibodies were diluted as required in antibody dilution buffer. Membranes were incubated

in primary antibody solution overnight at 4° C or for 1 hour at room temperature. After washing 3to 5

times with TBS-T, membranes were incubated with secondary antibody diluted in blocking solution for
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30 minutes at room temperature. After 3 to 5 further washing steps with TBS-T, proteins were detected
using the ECL reaction and chemiluminescent signal was visualized using autoradiography films.

2.2.7 Immunofluorescence staining

Coverslips were placed in 24 well plates, covered with ethanol for 5 minutes and washed with sterile
PBS. The cells were seeded at the desired density (ranging from 5000 to 10000 cells/well) onto the
coverslips. After 24 hours, cells were infected with desired MOIs of various viruses or left uninfected.
After 24 to 48 hours of treatment, cells were fixed. Therefore, the medium was aspired and cells were
gently washed with PBS. Cells were fixed with ice cold methanol:aceton (1:1) fixative solution for 20
minutes at -20° C. The fixative solution was aspired and cells were air dried for 45 minutes. To block
unspecific binding sites, cells were incubated with 500 pl blocking solution per well for 30 minutes at
room temperature. After three washing steps with PBS, staining with the primary antibody was
performed in 150 pl blocking solution for 1 hour at room temperature. Unbound antibody was removed
by washing three times with PBS. Staining with the secondary antibody was also done in 150 pl blocking
solution for maximum 1 hour at room temperature in the dark. After 3 washing steps with PBS, DNA
was stained with DAPI and cells were again washed with PBS for 3 times. Finally, cover slips were fixed
on glass slides using water based mounting media. Immunofluorescence staining was immediately

analyzed under the microscope or stored at 4°C.

2.2.8 Invivo experiments

7-week old athymic Foxn1™/™ mice and C57BL6 were purchased from Charles River and kept at the
animal facility of the Technical University of Munich. Mice were kept in IVCs in groups of maximum 5
animals per cage for one week to adjust to the environment before the experiment was started. All
animal experiments were performed in accordance with the German law. The protocol was approved
by the District Government of upper Bavaria.

2.2.8.1 Orthotopic, intramural injection of tumor cells into the bladder
Injections were performed according to the published protocol from (Jager et al. 2014). In brief, 80 %

confluent cells were passaged 1:3 to 1:2 one day before in vivo injections. For injections, cells were
harvested and counted as described in 2.2.2.2. Desired amounts of cells were transferred into a new
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tube, centrifuged and resuspended in a PBS-Matrigel mixture (1:1 ratio) in order to reach the desired
cell concentration. The following cell numbers were used:

Mouse model Cell number
UMUC3, FoxN1"¥/nu 200000 cells in 50ul Matrigel:PBS
MB49, C57BL6 70000 cells in 50ul Matrigel:PBS

MB49, C57BL6 100000 cells in 50ul Matrigel:PBS

The injection volume of tumor cell suspension was 50 pl per mouse. Cells, syringes and needles
were kept on ice to avoid Matrigel polymerization.

Mice were anesthetized with medetomidine-midazolam-fentanyl mixture (MMF, medetomidine:
0.5 mg/kg, midazolam: 5 mg/kg, fentanyl: 0.05 mg/kg), proper anesthetization was confirmed by toe
pinching. Mice were mounted on the imaging table, a bladder stabilization strap and ultrasound gel
were applied and the bladder was visualized using the ultrasound. For the separation of the bladder
wall layers, a 1.0 ml syringe filled with PBS and connected to a 30 gauge, %“ needle was used. When
the needle was in the correct position between muscle layer and mucosa, sterile PBS was injected to
create an artificial space. The needle was withdrawn and the syringe filled with the tumor cell
suspension attached to a new 30 gauge, %“ needle was put into the syringe clamp and injected into
the mouse in order to inject tumor cells into the artificially generated space. After successful injection,
mouse was dismounted from the imaging table, and kept in a warm environment under continuous
observation. When fully recovered from the anesthetic, mice were placed back in the home cage.

2.2.8.2 Monitoring of tumor growth by ultrasound

Monitoring of tumor growth was performed at least two times per week. Therefore, mice were
anesthetized with a 2.5 % isoflurane-oxygen mixture and proper anesthetization was confirmed by toe
pinching. The mouse was mounted on the imaging table, a bladder stabilization strap and ultrasound
gel were applied and the bladder was visualized using the ultrasound. A 3D ultrasound was performed
with scanning the whole bladder in 0.076 mm steps. The tumor volume was determined using the
Visual Sonics imaging software by analyzing every fifth picture according to the manufacturer’s manual.
After successful imaging, mouse was dismounted from the imaging table, and kept in a warm
environment under continuous observation. When fully recovered from the anesthetic, mice were
placed back in the home cage.

For tumor volume was measured using the Visual Sonics imaging software by analyzing every fifth
picture according to the user manual (Jager et al. 2014).
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2.2.8.3 Intratumoral virus injection

When tumors reached an average size of 20 mm?3, mice were treated with virus or PBS every fourth
day for a total of 3 times. For treatment of the tumor with virus or PBS, mice were anesthetized with a
2.5 % isoflurane-oxygen mixture and proper anesthetization was confirmed by toe pinching. The mouse
was mounted on the imaging table, a bladder stabilization strap and ultrasound gel were applied and
the bladder was visualized using the ultrasound. A 1.0 ml syringe filled with virus or PBS and connected
to a 30 gauge, % “needle. The needle was injected in the middle of the tumor and PBS or virus was
injected very slowly under continuous retracting of the needle. 3x10° viral particles of XVir-N-31 in a
volume of 10 to 15pul or an equal volume of PBS were used for treatment.

After successful injection, mouse was dismounted from the imaging table and kept in a warm
environment under continuous observation. When fully recovered from the anesthetic, mice were
placed back in the home cage.

2.2.9 Tissue processing and haematoxylin & eosin staining

Tissue was fixed in paraformaldehyde for 24 to 72 hours at 4°C, followed by dehydration in the tissue
processor and embedding in paraffin. 3.5 um thick sections were cut using a microtome and placed
onto slides. For haematoxylin & eosin (H&E) staining, the protocol as described in Table 10 was used.

Table 10: Protocol for H&E staining.

Time Solution Step

10-15 min Xylol

5 min Isopropanol

5 min 96% Ethanol Deparaffinization
5 min 70% Ethanol

5 min Bidest H,0 (ELGA)

10 min Hamalaun

10 min Tap water

2 min ELGA water Staining

20 sec 96% Ethanol +HCI (2-3 drops)

10 min Eosin (+2 drops acetic acid/100 ml Eosin)

30 sec 96% Ethanol

25 sec 100% Ethanol ]
25 sec Isopropanol Rehydration
1 min Xylol
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2.2.10 Statistical comparison.

Graphs were plotted using arithmetic mean + standard deviation (S.D.) or standard error (S.E.). A 2-
tailed Student’s t-test was used for statistical analysis and p < 0.05 was considered to be statistical
significant.
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3 Results

Based on the oncolytic capacity of virotherapy and the therapeutic relevance of ICB, we aimed to
establish a new therapeutic approach for bladder cancer by combining the YB-1 dependent oncolytic
virotherapy with a PD-L1 specific ICB. Hence, we began by cloning and generating a novel virus
encoding for an anti PD-L1 antibody.

3.1 Construction of the recombinant adenovirus XVir-N-31-aPD-L1

3.1.1 Development of a cloning strategy and cloning of the viral plasmid

We started by cloning the plasmid encoding for the novel virus XVir-N-31-aPD-L1 which contains an
anti-PD-L1 encoding transgene in its E3 region. Therefore, we first developed the transgene and created
a cloning strategy.

The transgene we integrated consists of two parts, the epitope binding Fab fragment and the Fc
part of the antibody (figure 3.1). The Fc part from the human IgG1 was provided by PD Laschinger
within a plasmid. The Fab fragment was newly designed. Its main part consists of the variable light
chain and the variable heavy chain connected by a glycine-serine linker ((GlysSer)slinker). The sequence
for this fragment was used from the patent US 20100203056 A1 (Irving et al. 2009). 5’ to the epitope
binding part, there is the Kozak sequence GCC ACC which is important for translation efficacy (Kozak
1984). The sequence is followed by the start codon ATG and the Igk leader sequence (ATG GAG ACA
GAC ACA CTC CTG CTA TGG GTA CTG CTG CTC TGG GTT CCA GGT TCC ACT GGT GAC) that is needed for
active protein secretion. In addition, there is a sequence encoding for the HA tag 5’ of the variable light
chain. The HA tag was used for detecting the antibody.

After designing the sequence for the Fab fragment, it was synthesized (life technologies ®) and
provided within a plasmid.
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Figure 3.1: Structure of the anti PD-L1 transgene. A The anti-PD-L1 transgene is composed of a domain
encoding the antigen binding Fab fragment which consists of the variable light chain, the
(GlyaSer)s linker and the variable heavy chain, and a domain encoding for the Fc fragment
of the antibody. At the 5’ end, the transgene has a Kozak sequence, the start codon, an IgK
leader sequence and an HA tag. B A schematic depiction of the encoded protein sequence.
The protein can be detected via its N-terminal HA tag.

Then, we started to clone the plasmid encoding for the novel virus XVir-N-31-aPD-L1. Therefore, we
first ligated the 3’ end of the Fab fragment to the 5’ end of the Fc part (Figure 3.2). The complete
transgene was then cloned into a small, 1400bp containing section of the Wt E3 region. The Wt E3 part
containing the transgene was then subsequently integrated into the complete Wt E3 region. Finally,
the 11000 bp large WtAd E3 region including the anti-PD-L1 encoding transgene was ligated into the
E3 region of the plasmid encoding for XVir-N-31.
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Figure 3.2: Cloning strategy for pXVir-N-31-aPD-L1. The Fab aPD-L1 encoding transgene was ligated to
the Fc part of the human IgG1 within the plasmid pcDNA3.1. Via several cloning steps the
transgene was finally integrated into the WtE3 region of pXVir-N-31.

Two different plasmids were cloned, pXVir-N-31-FL-aPD-L1 encoding for a full length (FL) anti PD-L1
antibody and pXVir-N-31-scFv-aPD-L1 encoding for a single chain variable fragment (scFv) anti PD-L1
antibody (Figure 3.3). This virus arose due to a shift in the reading frame of the transgene which led to
a stop codon in the hinge region of the Fc part. In addition, a plasmid encoding for a control virus that
expresses only the Fc part of the human IgG1 was constructed.

For simplification, the term XVir-N-31-aPD-L1 is from now on used when referring to XVir-N-31-
FLaPD-L1 and XVir-N-31-scFvaPD-L1.
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Figure 3.3: Genome of XVir-N-31-aPD-L1 and resulting antibodies. The genomic structure of XVir-N-
31 and the anti-PD-L1 transgene. Two viruses differing only in 5 base pairs in the hinge
region of the transgene were integrated into the E3 region. They encode for a scFvaPD-L1
and a FLaPD-L1 antibody.

3.1.2 Production of XVir-N-31-aPD-L1 in HEK293

After cloning of the viral plasmids, the viruses XVir-N-31-FLaPD-L1, XVir-N-31-Fc and XVir-N-31-
scFvaPD-L1 were generated in HEK293 cells (figure 3.4 A). Therefore, the plasmids were linearized by
Pacl digestion and HEK293 cells were transfected with linearized plasmids. Plaques were detectable 10
to 14 days after transfection and cells showed a typical CPE. To produce the viral crude stocks, cells and
supernatant were harvested and processed as described in 2.2.4.2. For large scale production of the
virus, HEK293 cells were infected with 10 to 20 MOI of the G2 crude stock. At 48 to 50 hours post
infection, the cells showed a CPE and were harvested by centrifugation (figure 3.4 B).
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Figure 3.4: Virus production in HEK293 cells. A Representative picture of plaques after transfection of
HEK293 cells with viral plasmids. B Production of the virus in HEK293 cells. 48 to 50 hours
after infection, cells showed a CPE and were harvested for isolation and purification of the
virus.

Subsequently, the viruses were isolated from the cells by repeated freeze thaw cycles and purified using
CsCl density gradient centrifugation. Afterwards, the viral titers were measured. The hexon titer test
revealed titers of 7.0 x 10° pfu/ml for XVir-N-31-scFvaPD-L1, 6.12 x 10° pfu/ml for XVir-N-31-FLaPD-L1
and 1.4 x 10 pfu/ml for XVir-N-31-Fc. Analysis of viral particles per ml and the ratio of viral particles
to infectious particles (P:| ratio) are summarized in table 11.

Table 11: Titers, viral particles per ml and P:l ratios of the generated viruses.

Virus Titer [pfu/ml] Vp/ml P:l ratio
XVir-N-31-scFvaPD-L1 7.0x10° 4.9x10" 70
XVir-N-31-FLaPD-L1 6.12x10° 5.67x10"! 93
XVir-N-31-Fc 1.4 x 10" 1.0x10% 72

Once we had produced the viruses and verified their titers we proofed their identity. Therefore, a
specific PCR was developed that targets regions of XVir-N-31 differing from the WtAd genome (Figure
3.5). The PCR proved the correct identity of the newly generated viruses. In detail, it could be shown
that all tested viruses have the E1A region (540 bp band), but only the WtAd has the E1A13S region
(548 pb band). The deleted E1B19K region (WtAd: 587 bp band, XVir-N-31: 387 bp) was detectable only
in the XVir-N-31 based viruses. The presence of E3 ADP (384bp band) was confirmed in XVir-N-31-aPD-
L1 and XVir-N-31-Fc which are not deleted in E3. The RGD motif (176 bp) was proven in all XVir-N-31
based viruses. The presence of the anti-PD-L1 transgene (613 bp) and the Fc transgene (337 bp) was
also shown. This PCR reaction can identify both XVir-N-31-FLaPD-L1 and XVir-N-31scFvaPD-L1, however,
due to the difference of only 5 bp, it cannot distinguish the two viruses.
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Figure 3.5: PCR to test the identity of the generated viruses. Gel electrophoresis of PCR amplified
products. CsCl purified viruses were heat denatured by 10 minutes incubation at 100° C and
5 ul were used as template DNA. The newly generated viruses were tested for E1A, the
deletion in E1A13S and E1B19K, for E3 ADP and the deletion in E3 as well as the RGD motif
and the presence of the transgene. P: XVir-N-31scFvaPD-L1, F: XVir-N-31-Fc, X: XVir-N-31,
W: WtAd This is a representative result, data for XVir-N-31-FLaPD-L1 are not shown.

3.2 in vitro characterization of XVir-N-31-aPD-L1

After successful cloning and production of XVir-N-31-scFvaPD-L1 and XVir-N-31-FLaPD-L1, we
characterized the viruses in various in vitro assays. We started by evaluating the YB-1 status of the three
bladder cancer cell lines UMUC3, T24 and J82 in order to choose the best cell line for the analysis of
XVir-N-31 based viruses. Immunofluorescence staining revealed that all three cell lines show a
cytoplasmatic, perinuclear localization of YB-1 (figure 3.6). To investigate the subcellular localization of
YB-1 upon infection with XVir-N-31, we stained the cells for adenoviral E1A and YB-1 and could observe
a distinct translocation of YB-1 into the nucleus in E1A positive cells. Based on the dominant
translocation of YB-1 into the nucleus and the high susceptibility for adenoviral infection, we choose
the cell line UMUC3 for the in vitro analysis of both XVir-N-31-scFvaPD-L1 and XVir-N-31-FLaPD-L1.
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Figure 3.6: Subcellular localization of YB-1 in bladder cancer cell lines. UMUC3, T24 and J82 cells were
seeded and infected with 30, 100 and 40 MOI of XVir-N-31. At 40 hours after infection, cells
were fixed and stained for YB-1 and adenoviral E1A. Scale bar corresponds to 10 um.

3.2.1 Analysis of replication of XVir-N-31-aPD-L1

Viral replication in UMUC3 cells was analyzed by quantifying fiber DNA at 4, 24 and 48 hours after
infection (figure 3.7). The gPCR results showed that both XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-
L1 replicate in the human bladder cancer cell line and that their replicative capacity is comparable. At
24 hours after infection, WtAd showed the highest replication values which increased about 10-fold
after 48 hours. Replication of all XVir-N-31 based viruses was roughly 100-fold lower than WtAd at 24
hours after infection and roughly 10-fold lower at 48 hours after infection.
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Figure 3.7: XVir-N-31-aPD-L1 replicates in the human bladder cancer cell line UMUC3. UMUC3 cells
were infected with 10 MOI of indicated viruses. At 4, 24 and 48 hours after infection, cells
were lysed and DNA was purified. Fiber DNA was quantified by gPCR and normalized to the
4 hours value. GAPDH and actin served as reference genes.

3.2.2 Investigation of the oncolytic activity of XVir-N-31-aPD-L1

Next, we investigated the cell killing capacity of XVir-N-31-aPD-L1 in UMUC3 cells (figure 3.8 A and B).
A potency assay showed that both XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-L1 are oncolytic.
Infection of cells with XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-L1 using MOls between 8 and 18
induced oncolysis in 50 % of the cells and a complete cell lysis was seen upon infection with 40 MOI.
The IC50 value of XVir-N-31 was 30 MOI and virus concentrations of 60 MOI induced oncolysis in all
cells showing a strong oncolytic effect of XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-L1 in the bladder
cancer cell line UMUC3. Additionally, these results showed a slightly higher potency of both XVir-N-31-
FLaPD-L1 and XVir-N-31-scFvaPD-L1 compared to XVir-N-31 which might have been caused by minor
variations in viral titers.
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Figure 3.8: XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-L1 have oncolytic activity in UMUC3 cells. A
To analyze the viral cell killing capacity, UMUC3 cells were infected with various MOlIs of
indicated viruses. At 96 hours after infection, cells were fixed and cell killing was measured
by SRB staining. B A representative picture showing SRB stained cells at 96 hours after
infection with XVir-N-31-scFvaPD-L1.

3.2.3 Verification of synthesis, secretion and functionality of the scFvaPD-L1

antibody

Furthermore, we investigated the synthesis and secretion of the scFv-aPD-L1 antibody in UMUC3 cells
(figure 3.9). The denatured scFvaPD-L1 antibody had a size of 32 kDa. It was detectable in the cellular
lysate as early as 24 hours after infection and antibody synthesis reached its maximum after another
24 hours. Secretion was first detectable at 48 hours after infection and increased strongly at 72 hours

after infection.
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Figure 3.9: Synthesis and secretion of the scFvaPD-L1 antibody in UMUC3 cells. UMUC3 cells were
infected with 20 MOI of XVir-N-31-scFvaPD-L1. After indicated time points cells were
harvested and the supernatant was used for protein precipitation. Expression of the HA
tagged antibody was analyzed by immunoblotting.

The specific binding of the scFvaPD-L1 antibody to PD-L1 was analyzed by immunoprecipitation.
Therefore, we first showed that both infected and uninfected UMUC3 cells express PD-L1 in a similar
manner (figure 3.10 B). Additionally, immunoblotting against the HA tagged antibody confirmed a
suitable antibody production in infected UMUC3 cells (figure 3.10 C). The precipitation of scFvaPD-L1
against cellular PD-L1 and the subsequent immunoblotting clearly showed the specific recognition and
binding of scFvaPD-L1 to its antigen PD-L1 (figure 3.10 A).
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Figure 3.10: The scFvaPD-L1 antibody specifically binds to cellular PD-L1. A For immunoprecipitation,
UMUC3 cells were infected with indicated viruses or left uninfected. Lysates were
precipitated against PD-L1 and subsequently analyzed for the HA tagged antibody by
immunoblotting. Beads+aPD-L1, beads alone and aPD-L1 alone were analyzed as controls.
B Cellular lysates of infected and uninfected cells were analyzed for PD-L1 expression and
antibody production (C) by immunoblotting. D The scFvaPD-L1 antibody and a commercial
aPD-L1 antibody were used to detect PD-L1 in UMUC3, HEK293 and RT112 cells.
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Further on, we could show that the scFvaPD-L1 antibody is also useable as a detection antibody in
immunoblotting (figure 3.10 D). Both the commercial antibody and the scFvaPD-L1 antibody showed a
specific band at 46 kDa. The scFvaPD-L1 antibody revealed a strong expression of PD-L1 in the tested
cell lines whereas the commercial antibody detected no PD-L1 expression in HEK293 cells and a low
expression level in UMUC3 cells. Albeit the signal intensity between the two antibodies was different
in the three tested cell lines, we concluded that scFv-aPD-L1 can detect denatured PD-L1.

3.2.4 An attempt to develop an in vitro assay to verify the functional

blocking of PD-L1

In addition to the specific binding to and the detection of PD-L1, we wanted to investigate if the
scFvaPD-L1 antibody is able to functionally block PD-L1. Therefore, we developed an in vitro coculture
assay as described in 2.2.5.7. The principle of this assay is based on the immune stimulatory effect of
adenoviruses. It is known that adenoviral infections induce the production of various cytokines,
chemokines and immune stimulatory proteins like IFNy (Schagen et al. 2004). Further on, it has been
shown that IFNy induces PD-L1 expression (Blank et al. 2004). Hence, we hypothesized that infected
UMUCS3 cells induce IFNy expression in PBMCs and that this effect can be enhanced by blocking the
PD-1/PD-L1 checkpoint. Thus, we tried to use the IFNy production for measuring the functionality of
scFvaPD-L1.

We performed numerous assays and tried different settings. Nevertheless, we had problems to
reproduce our results which was most likely due to various factors, e.g. concentration of the viruses,
PBMC donors, incubation period for the PBMCs-UMUC3 coculture and effector cell to target cell ratio.
Three representative results are depicted in figure 3.11. In general, we could see that both WtAd and
XVir-N-31 induce IFNy production and that this effect could be increased by adding an anti-PD-L1
antibody. We also observed IFNy production upon infection with XVir-N-31-scFvaPD-L1 which could be
further elevated by adding an additional anti-PD-L1 antibody. However, we were not able to
standardize the protocol in order to obtain reliable and reproducible results. Thus, a final conclusion

could not be made.
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Figure 3.11: IFNy response to adenoviruses and PD-L1 blockade. A, B and C show three independent

experiments. To measure IFNy response, UMUC3 cells were infected with various MOls of
indicated viruses or left uninfected. At 48 hours post infection, PBMCs were added to
UMUCS3 cells in an E:T ration of 1.25:1. After 48 hours of coculture, IFNy concentrations in
the cell free supernatant were determined by ELISA.

3.3 Investigation of the murine cell line MB49 for adenoviral research

A major problem of adenoviral research is the difficulty of proper animal models for in vivo studies. So

far, the humanized mouse model is the only possibility to analyze oncolytic adenoviruses in a human
background (Shultz et al. 2012). However, this model is difficult to establish, extremely time intensive,
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complicated and risky. To circumvent the humanized mouse model, we investigated if the murine
bladder cancer cell line MB49 allows adenoviral replication and thus could be used in a syngeneic
mouse model for adenoviral in vivo studies (Soloway 1975).

3.3.1 Analysis of viral replication in the murine bladder cancer cell line MB49

To verify if the murine cell line MB49 allows adenoviral replication, we first evaluated the YB-1
expression (figure 3.12 A). Immunoblotting showed that both infected and uninfected MB49 cells
express YB-1 and that the expression levels were comparable to UMUC3 cells. Analysis of viral
replication showed that the used viruses did not replicate within the first 24 hours after infection. At
48 hours post infection, only WtAd started to replicate.
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Figure 3.12: Replication capacity of WtAd and XVir-N-31 based viruses in MB49 cells. A Infected (l)
and uninfected (C) MB49 cells were analyzed for YB-1 expression by immunoblotting and
compared to UMUC3 cells. B MB49 cells were infected with 200 MOI of indicated viruses.
At 4, 24, 48 hours and C at 4, 48, 72 and 96 hours after infection, cells were harvested,
DNA was isolated and purified. Fiber DNA content was quantified by gPCR and normalized
to the 4 hours value. Actin and GAPDH served as reference genes.
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Additionally, replication analysis at 72 and 96 hours after infection showed a time dependent decrease
of fiber DNA content for XVir-N-31 based viruses whereas fiber DNA clearly increased upon infection
with WtAd (figure 3.12 C). This confirmed the replication deficiency of XVir-N-31 based viruses in MB49
cells compared to WtAd.
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Figure 3.13: CAR expression of MB49 cells. A HEK293, UMUC3 and MB49 cells were analyzed for CAR
expression. Staining with the FITC labeled secondary antibody served as control. B
Replication analysis of indicated viruses in MBT2 and MB49 cells using normal infection and
magnetofection. For magnetofection, the virus was coated with magnetic nanoparticles and
cells were infected using a magnetic field. At 48 hours after infection, fiber DNA content was
quantified and normalized to the 4 hours value. C Fold increase of infection rate using
magnetofection referred to normal infection. Infection rate was measured by quantification
of fiber DNA content at 4 hours after infection. GAPDH and actin were used as reference
genes. *p< 0.05, ***p<0.001.
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In order to investigate if the lack of replication of XVir-N-31 was due to low infection rates, we
analyzed the CAR expression (figure 3.13 A). A FACS analysis showed that MB49 cells were negative for
CAR compared to the CAR positive HEK293 and UMUCS3 cells (Sabichi et al. 2006). This result indicated
that the low replication capacity of WtAd was possibly due to reduced infection rates and that the
replication deficit of XVir-N-31 based viruses is CAR independent. To verify if adenoviral replication is
in principal possible, we infected MB49 and MBT2 cells using magnetofection and measured viral
replication (figure 3.13 B). Here, we could show that replication of WtAd was increased up to 12-fold
in both cell lines when using magnetofection compared to normal infection at 48 hours after infection.
Replication of XVir-N-31 was slightly increased upon magnetofection in MBT2 cells, but not in MB49
cells. Further on, we were interested in the infection rates of both infection methods and therefore we
guantified the fiber DNA content at 4 hours after infection. Magnetofection clearly improved infection
of both viruses. In detail, infection with WtAd was increased 20-fold to 50-fold in MB49 and MBT2 cells,
respectively and infection with XVir-N-31 was increased up to roughly 30-fold in both cell lines (figure
3.13 Q).

3.3.2 Evaluation of oncolytic activity in MB49 cells

Although the replication analysis showed very limited replicative capacity of adenoviruses in MB49
cells, we were interested in the induction of cell death after infection with XVir-N-31 based viruses
(figure 3.14 A and B). Therefore, we infected MB49 cells with XVir-N-31-based viruses and could show
an MOI dependent induction of cell death with IC50 values ranging from 150 to 300 MOls. We also
observed a prominent change in cellular morphology (figure 3.14 C). The enormous swelling and
agglutination of the cells was seen as soon as 24 hours after infection. We assumed that the cell killing
effect was caused by a cytotoxic effect due to extremely high virus concentrations rather than induced
by the oncolytic activity of XVir-N-31 in MB49.
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Figure 3.14: XVir-N-31 based viruses induce cell death in MB49. A MB49 cells were infected with
various MOIs of indicated viruses. At 96 hours after infection, cells were fixed and cell
killing was measured by SRB staining. B A representative picture of SRB stained cells
infected with XVir-N-31-scFvaPD-L1. C MB49 cells showed noticeable chances in cellular
morphology upon viral infection. Scale bar corresponds to 100 um.

3.4 Combining XVir-N-31 and nutlin-3a in MB49 cells to improve
virotherapeutic effects

Our experiments clearly demonstrated that murine MB49 cells are very limited in their permissiveness
for YB-1 dependent adenoviral replication. To use this cell line in a syngeneic mouse model, it is
necessary to improve adenoviral replication. Unpublished data from our lab indicated that
virotherapeutic effects where dramatically enhanced upon combination with the Mdm2 inhibitor
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nutlin-3ain human cell lines. Therefore, we were interested if we can overcome the low permissiveness
of murine MB49 cells for YB-1 based adenoviral replication.

3.4.1 Biochemical effects of nutlin-3a in MB49

In order to analyze biochemical effects, we first determined the working concentration of nutlin-3a.
Here, we also included the CDK4/6 inhibitor PD-0332991 (figure 3.15. A). Based on results of a dose
response assay, we set the working concentration of nutlin-3a as a single inhibitor to 10 uM which had
a 40 % effect on cell viability. The tested concentrations of PD-0332991 had only minor effects on cell
viability. For the combination treatment, we used 5 uM nutlin-3a combined with 1 uM PD-0332991
which had a 40 % effect on cell viability. Next, we were interested in the biochemical effects of nutlin-
3a (figure 3.15 B). At 24 and 48 hours after treatment, nutlin-3a induced a stabilization of p53. This was
accompanied by a clear decrease of E2F1 at 24 hours and a complete downregulation at 48 hours upon
concentrations of 10 uM and higher. We also observed a reduction of pRb levels at concentrations of
10 uM and higher at 24 hours and 48 hours after treatment. In addition, total Rb levels were clearly
downregulated at 48 hours after treatment. The biochemical effects of PD-0332991 were investigated
as part of another project in our lab and showed comparable effects (unpublished data, data are not
shown).
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Figure 3.15: Nutlin-3a induces E2F1 downregulation and stabilizes p53 in MB49 cells. A To determine
optimal working concentrations, MB49 cells were treated with various concentrations of
nutlin-3a and PD-0332991. At 72 hours after treatment, cells were fixed and assayed by SRB
staining. B MB49 cells were treated with various concentrations of nutlin-3a and the effects
of treatment on E2F1, Rb, pRb and p53 were analyzed by immunoblotting.

-69 -



Count

A
untreated
10uM nutlin-3a
1uM PD-0332991
10uM nutlin-3a
1uM PD-0332991

B

3 Results

- XVir-N-31 +XVir-N-31 - XVir-N-31 + XVir-N-31
24h 24hpi 48h 48hpi
] 150 =1 $GUGT ]
80 = GO/G1 ] 200 4 200 =3
60 = 100 = 150 = 150
40 = b 100 =+ 100 =
] G2/M 50 1 ||spe2m ]
20 3 S ] 50 50
od od 0d Jt
LRRN RN RALRE LR LR | LA RN RALE AR RAR | ARE RARN RARE RARS RARS | RN AR RARN RARN RELN|
0 400 800 0 400 800 0 400 800 0 400 800
200 = 300 <] _E 250 =
_: 1 200—3 200 =
150 200 =] 3
1 i - 150 —
100 = ] 3
b 100 = 100 = 0
50 = 1 3 50 =
04 ? 0] 03 + 0 b
LAE LEAN RARN LN LARS | AR LN RRAE RARE RARE AR RARN AN LEAN RARJ T T T T
0 400 800 0 400 800 0 400 800 0 400 800
o 120 100
120_— : 120 = 80
] 90 =
%7 ] 90 =7 60
] 60 =
60—_ 4 60 =t 40
30 = 30 = 30 = 20
ol JA 0] 0 | 0
BRI Raas nans naasnaas) AR) Ransmaasnnnsnaay M-
0 400 800 0 400 800 0 400 800 0 400 800
250 3 ] 200 3
3 300 = 3 1207
E ] 150 =
3 - pu 90 =
150 =3 200 = 1
3 b 100 0 -
50 3 100 =3 50'; 30 =
03 0 0 N
ARARRRIREAN mussnany | ARJ Rananansnnny A Ram ama
0 400 0 400 800 400 800 0 400 800

Percentage of cells in GO/G1 phase:

10pM nutlin-3a

untreated 10puM nutlin-3a  1pM PD-0332991 1M PD-0332991
- XVir-N-31 36.3 58.2 43.2 79.7
24h
+ XVir-N-31 39.7 89.7 38.6 86.8
- XVir-N-31 37.5 65.9 49.1 87.5
48h
+ XVir-N-31 54.3 75.6 45.8 55.6

Figure 3.16: Nutlin-3a induces a G1 arrest in MB49 cells. A MB49 cells were treated with indicated
concentrations of nutlin-3a and PD-0332991 and infected with 200 MOI of XVir-N-31 or left
uninfected. At 24 and 48 hours after treatment or infection, the cells were fixed and DNA
was stained with 7-aminoactinomycin (7-AAD) for cell cycle analysis. B A tabular summery
of the percentage of cells in GO/G1 phase.

Additionally, we evaluated the effects of nutlin-3a and PD-0332991 on the cell cycle (figure 3.16). A
FACS analysis showed the induction of a G1 arrest at 24 hours after nutlin-3a treatment which became
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more dominant at 48 hours. Treatment with 1uM PD-0332991 had no effects on the cell cycle. However,
a combination of both inhibitors induced a G1 arrest at 24 hours and 48 hours after treatment. Further
on, we were interested if this G1 arrest could be reversed upon virus infection and found that XVir-N-
31 did not abrogate the G1 arrest in nutlin-3a and PD-0332991 treated cells. However, 48 hours after
infection, XVir-N-31 was able to induce a shift towards G2/M phase in the combination treatment.

3.4.2 Analysis of virotherapeutic effects in combination with nutlin-3a and

PD-0332991

After confirming the biochemical effects of nutlin-3a and PD-0332991, we analyzed if XVir-N-31-based
virotherapy can be improved when combined with nutlin-3a or PD-0332991 (figure 3.17). We
performed SRB assays to measure the cell killing capacity of XVir-N-31 alone and in combination with
nutlin-3a and PD-0332991 (figure 3.17 A). Infection of untreated cells with 100 and 200 MOI of XVir-N-
31 had a 20 % and 40 % cell killing effect, respectively, whereas infection with 50 MOl induced no cell
lysis. Single treatment with 5 uM nutlin-3a and 1 uM PD-0332991 had only minor additional effects on
cell killing and the strong lytic effect upon combination of 5 UM nutlin-3a and 1 uM PD-0332991 on
infected cells could be ascribed to inhibitor induced effects. However, infection of cells treated with 10
UM nutlin-3a induced a significantly increased lytic effect compared to untreated cells. In detail,
pretreatment of MB49 with 10 uM nutlin-3a resulted in an additional cell killing effect of 81 %, 93 %
and 95 % when cells were infected with 50 MOI, 100 MOI and 200 MOI of XVir-N-31, respectively.

Next, we analyzed the viral replication upon inhibitor treatment (figure 3.17 B). Quantification of
viral fiber DNA revealed an improved viral replication of XVir-N-31 and WtAd upon inhibitor treatment.
XVir-N-31 replication was significantly improved upon treatment with 10 uM nutlin-3a, 1uM PD-
0332991 and a combination of both compared to untreated control. Replication of WtAd was also
increased upon inhibitor treatment, yet not significantly. Next, we were interested in transgene
expression and viral particle formation upon inhibitor treatment. Here, we focused on the effects of
nutlin-3a and found that nutlin-3a treatment clearly increased the expression of the HA-tagged
scFvaPD-L1 antibody at 24 hours and 48 hours after infection (figure 3.17 C). However, nutlin-3a had
no effect on viral particle formation (figure 3.17 D).

These results reveal that nutlin-3a induces a mechanism which improves adenoviral replication,
protein expression and cell lysis in MB49 cells.
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Figure 3.17: Nutlin-3a improves virotherapeutic effects of YB-1 based adenoviruses in MB49 cells. A
Cells were pretreated with indicated concentrations of inhibitors and infected with various
MOIs of XVir-N-31 at 24 hours after treatment. At 96 hours after infection, cells were fixed
and stained with SRB and the cell killing effect was measured by SRB absorbance. B For
quantification of viral replication, pretreated and untreated MB49 cells were infected with
200 MOI of XVir-N-31. At 4, 24 and 48 hours after infection the fiber DNA content was
guantified by gPCR and normalized to the 4 hour value. Actin and GAPDH served as
reference genes. C Pretreated and untreated MB49 cells were infected with 200 MOI of
XVir-N-31-scFvaPD-L1. At 24 and 48 hours after infection, cells were lysed and expression
of the scFvaPD-L1 antibody was analyzed by immunoblotting. D Nutlin-3a treated or
untreated cells were infected with 200 MOl of indicated viruses. At 72 hours after infection,
cells and supernatant were analyzed for viral particle formation by performing a hexon
titer test *p< 0.05, **p<0.01, ***p<0.001. Infected, treated values were analyzed against
corresponding infected, untreated samples.
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Within another project in our lab, the effects of nutlin-3a in combination with XVir-N-31 in human
bladder cancer cell lines were investigated. It was found that nutlin-3a could improve viral replication
and that the nutlin-3a induced E2F1 and pRb downregulation were involved in the underlying
mechanism. Further experiments within this project showed that the replication of XVir-N-31/E2Fm
which is mutated in both E2F1 binding sites of its E2early promoter was improved compared to XVir-
N-31 and that this could be further increased upon E2F1 downregulation. This finding indicated that
E2F1 might have a repressive role on the adenoviral E2early promoter which contrasts with the
common view of E2F1 as an activator of the E2early promoter. Therefore, we investigated if this is also
true for the murine MB49 cells. However, quantification of viral replication showed that XVir-N-
31/E2Fm replicates even less than XVir-N-31 although nutlin-3a treatment improved the replication of
both viruses (figure 3.18). Based on this result, a final conclusion about the underlying mechanism is
not possible and further experiments are needed.
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XVir-N-31 XVir-N-31/E2Fm

Figure 3.18: XVir-N-31/E2Fm barely replicates in MB49 cells. MB49 cells were treated with 10 uM
nutlin-3a or left untreated. At 24 hours after treatment, cells were infected with 100 MOI
of indicated viruses. Cells were harvested at 4 and 48 hours after infection. The fiber DNA
content was quantified by gPCR and normalized to the 4-hour value. Actin and GAPDH
served as reference genes. *p< 0.05. Infected, treated values were analyzed against
corresponding infected, untreated samples.

3.5 The ultrasound guided orthotopic mouse model for bladder cancer

In order to extent our in vitro data, we established the ultrasound guided orthotopic mouse model for
bladder cancer. This model was developed at the Prostate Cancer Center in Vancouver, Canada. It allows
injection of tumor cells into the lamina propria of the bladder without surgical implantation and forms
invasive bladder tumors (Jager et al. 2014).
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3.5.1 Establishment of a syngeneic and a xenograft orthotopic mouse model

for bladder cancer

The orthotopic mouse model for bladder cancer is generated by injecting cancer cells into the lamina
propria of the bladder which is called intramural injection. We established a syngeneic,
immunocompetent model and a xenograft model. The xenograft model can be used to analyze the
oncolytic effect of virotherapy whereas the syngeneic mouse model additionally allows the analysis of
the immune stimulatory effect.

To perform the intramural injections, we generated an artificial space by injecting PBS into the 0.25
mm bladder wall (figure 3.19 A 1-3). Then, the tumor cells were injected into the proximal part of the
artificial space. Therefore, the needle was exchanged by a needle filled with tumor cells resuspended
in a Matrigel : PBS mixture. The needle was inserted into the generated space and 50 pl of the cell
suspension containing the desired cell number were injected (figure 3.19 A 5, 6). Finally, the needle
was rejected, and the mouse was recovered. For the whole procedure including anesthesia, roughly 45
to 60 minutes per mouse were needed.

To establish the syngeneic mouse model in C57BL/6, we first determined the ideal cell number of
MB49 cells for tumor cell injections (figure 3.19 B, C, D). Using 700 000 MB49 cells resulted in tumor
volumes of more than 70 mm?3 at day 7 after injection. Since we observed a very aggressive and fast
tumor growth which was not suitable for treatment studies we tested lower cell numbers. Injection of
100 000 cells reached a tumor volume of 20 to 55 mm? and injection of 70 000 cells resulted in tumor
volumes of 25 to 40 mm? at day 5 after injection. In general, we had 100 % tumor uptake and were able
to show the aggressiveness and the extreme rapid growth behavior of MB49 which made this model
very difficult.

For establishing the immunodeficient xenograft mouse model, we used UMUC3 cells in Foxn1™/™
mice (figure 3.19 E). 200 000 UMUC3 cells were injected which led to an average tumor volume of 24
mm?3 at day 10 after injection. The tumor uptake rate was 100 % although one tumor did not exceed
the size of 10 mm?3. In general, the used cell number resulted in tumors with appropriate growth
behavior to apply intratumoral treatment.
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Figure 3.19: The orthotopic, ultrasound guided mouse model for bladder cancer. A The procedure for
the intramural injections: 1) visualize the bladder on the ultrasound screen, 2) visualize
the needle and insert the needle into the mouse, 3) injection of PBS to generate an
artificial space, 4) insert the needle filled with tumor cells in the cavity, 5-6) inject cell
suspension in the proximal part of the PBS filled space. B Tumor volumes of 4 mice bearing
syngeneic tumors at day 7 after injection of 700 000 MB49 cells. Tumor growth after
injection of C 100 000 MB49 cells and D 70 000 MB49 cells in the syngeneic mouse model.
E Growth of xenograft tumors using 200 000 UMUCS3 cells in immunodeficient mice. The
tumor volume was determined using 3D ultrasound measurement.
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Figure 3.20: H&E stained sections of orthotopic bladder tumors show intramural and muscle invasive
growth. A Representative sections of the syngeneic tumor model showed muscle invasive
growth (M) and infiltration of immune cells. B A representative xenograft tumor (T)
showed the correct location in the lamina propria and a slightly hyperplastic urothelium
(V). C A virus treated xenograft tumor at day 17 after injection revealed necrotic areas (N)
as well as muscle invasive tumor growth (arrows and asterisk).
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After the mice were sacrificed, the tumors were examined on H&E sections to demonstrate the correct
intramural injection and invasive tumor growth. Figure 3.20 A shows representative sections of
syngeneic, orthotopic bladder tumors (T) which grew in the lamina propria. Additionally, it shows a
moderate number of inflammatory cells like neutrophilic granulocytes, lymphocytes and macrophages
which were adjacent (I) to or infiltrating (arrow) between the tumor cells (T) as well as infiltrative
growth into the tunica muscularis (M). H&E stained sections of the orthotopically implanted xenograft
carcinoma model showed an intact and slightly hyperplastic urothelium (U) covering the bladder lumen
(L) and tumor cells (T) located in the lamina propria (figure 3.20 B). Further on, we detected small areas
of necrosis (N) and apoptosis as well as tumor infiltration in (arrows) and through (asterisk) the tunica
muscularis in a virus treated tumor (figure 3.20 C).

3.5.2 Ultrasound guided virotherapy using XVir-N-31 in the orthotopic

bladder cancer model

After initial experiments in which we defined an appropriate cell number for the injections, we applied
ultrasound guided intratumoral virotherapy using XVir-N-31 (figure 3.21 A). Tumor bearing animals
were randomized into two groups (n= 4-5 per group) and treated with XVir-N-31 or PBS every fourth
day for a total of three times. Establishing this treatment approach showed the difficulty of hitting the
tumor and injecting equally into the tumor. Major issues were the insertion of the needle into the
compact tumor and the intratumoral position. The central location of the needle within the tumor and
a slow and careful application were important in order to ensure an optimal uptake of the virus by the
tumor. Figure 3.21 B shows representative ultrasound images of the tumor growth (1-4), the
intratumoral treatment (5) and the remaining tumor after virotherapy (6).

In this first experiment, we were able to show a significant reduction of tumor growth in the virus
treated group compared to the PBS treated control group (figure 3.21 C). On day 17, animals treated
with XVir-N-31 showed an average tumor volume of 124.1 mm? compared to an average tumor volume
of 214.6 mm3in PBS treated animals which is equivalent to a reduction in tumor size of 42 %. For human
reasons due to excessive tumor burden, nine out of ten animals had to be sacrificed on day 18 and
could not be monitored until the end of the planned follow-up. However, one animal showed an almost
complete response to XVir-N-31 based virotherapy (figure 3.21 D). This mouse had a tumor size of 35
mm?3 at treatment start which increased up to 40 mm? during therapy. 12 days after the last virus

injection, the tumor size shrank to a size of 5 mm?,
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Figure 3.21: For figure legend see next page.
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Figure 3.21: Ultrasound guided virotherapy using XVir-N-31. A Time table for the in vivo experiment.
Nude mice were injected with 200 000 UMUCS3 cells. Tumors were treated with 3x10° viral
particles on day 11, 14 and 17. Mice were monitored twice a week until sacrifice. B
Ultrasound guided intratumoral injections. 1: Healthy bladder, 2-4: Growth of bladder
tumor 4, 8 and 14 days after injections, 5: Intratumoral virus injection, 6: Remaining tumor
after virotherapy (d27). C The tumor growth of virus treated animals compared to PBS
treated animals (n=4-5 per group). The tumor volume was measured by 3D ultrasound
imaging. Error bars indicate S.E. and *p<0.05 D Reduction of tumor volume after
virotherapy. E H&E staining of a remaining xenograft tumor (T) after virotherapy.
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4 Discussion

4.1 Generation and production of the novel virus XVir-N-31-aPD-L1

In general, recombinant adenoviruses can be generated by homologous recombination or by cloning
using multiple shuttle plasmids (Chartier et al. 1996; Graham und Prevec 1991). Here, we manipulated
the adenoviral genome by integrating the transgene into a segment of the WtAd E3 region and cloning
it into the backbone of XVir-N-31 via several shuttle plasmids. Within the adenoviral genome there are
regions like the E3 gene which are not necessary for adenoviral replication and packaging. These
regions are often deleted and are used for integration of large transgenes. Even undeleted WtAd can
keep transgenes with a size of up to 1796 bp. This is according to the common rule that there is a
constraint of DNA amount which is 105 % of the 35934 bp comprising WtAd genome that can be packed
into virions (Sugarman B.J. et al. 2003). Viruses with genome sizes exceeding this limitation are difficult
to produce and very unstable (Bett et al. 1993). Here, we used XVir-N-31 which has a size of 33114 bp
and integrated the Wt E3 region including the aPD-L1 or Fc encoding transgene. Altogether, the newly
generated viruses XVir-N-31scFvaPD-L1 and XVir-N-31-FLaPD-L1 had a size of 36971 bp and 36976 bp,
respectively, and XVir-N-31-Fc comprised 36141 bp. This is in consensus with the rule from Bett et al.
and should not influence virus production and viral titers (Bett et al. 1993). We were able to produce
the newly cloned viruses using HEK293 cells, however, the viral titers were lower for XVir-N-31-
scFvaPD-L1 and XVir-N-31-FLaPD-L1 compared to XVir-N-31. It is known that the size of transgenes as
well as the protein they encode for can influence adenoviral packaging. And a recent publication
showed that also the location of the transgene is influencing viral titers and that especially the
transgene integration into the E3 region can have an influence on the titer (Suzuki et al. 2015). We
assume that the size of the a-PD-L1 transgene and its location rather than the protein it encodes caused
a lower titer of XVir-N-31-FLaPD-L1 and XVir-N-31-scFvaPD-L1 compared to XVir-N-31. The titer of XVir-
N-31-Fc was normal which might indicate that transgene size is indeed crucial.

4.2 Characterization of XVir-N-31-aPD-L1 in UMUC3

After cloning and production of XVir-N-31-scFvaPD-L1 and XVir-N-31-FLaPD-L1, we characterized the
viruses regarding their virotherapeutic effects in UMUC3 cells.

Analysis of viral replication revealed comparable values for XVir-N-31-scFvaPD-L1, XVir-N-31-FLaPD-
L1 and XVir-N-31 showing that the integrated transgenes did not affect replicative activity. In general,
values of XVir-N-31-based viruses were about 10-fold lower than values of WtAd. This is within our
internal lab standards and can be attributed to the E1A13S deletion of XVir-N-31.

Further on, investigation of the viral potency showed an oncolytic effect of XVir-N-31-scFvaPD-L1
and XVir-N-31-FLaPD-L1. Here, we observed a slight trend indicating a higher cell killing effect of XVir-
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N-31-scFvaPD-L1 and XVir-N-31-FLaPD-L1 compared to XVir-N-31. This finding might be due to the
deletion of ADP in XVir-N-31. ADP induces efficient cell lysis in the late stages of infection and thereby
ensures the release of viruses from infected cells. In keeping with these results, it has been shown
before that ADP deleted viruses induce a slower cell lysis than viruses with wild type ADP without
affecting viral replication (Tollefson et al. 1996). Additionally, it is important to mention that slight titer
variations can influence in vitro experiments and especially the cell killing assay is very susceptible in
this point.

Further on, we investigated the antibody synthesis of XVir-N-31-scFvaPD-L1. We showed an efficient
synthesis of the HA tagged scFvaPD-L1 antibody starting at 24 hours after infection and a subsequent
secretion of the antibody which was detectable as early as 48 hours after infection. We integrated the
transgene into the E3 region and its transcription is controlled by the E3 promoter which is known to
be activate about 12 hours after infection leading to detectable E3 proteins, e.g. ADP at 24 hours after
infection (Bauzon et al. 2003; Hawkins und Hermiston 2001). Therefore, our results are in accordance
with the activity of the E3 promoter and the expression of E3 gene products (Bauzon et al. 2003).
Further on, our data are comparable with a similar viro-immunotherapeutic approach showing
secretion of an anti-CTLA-4 antibody which was also integrated into the E3 region at 48 hours after
infection (Dias et al. 2012).

Additionally, we showed the recognition and binding of the scFvaPD-L1 antibody to PD-L1 by
immunoprecipitation. If this causes a functional blockade of the PD-L1/PD-1 axis resulting in elevated
IFNy levels, IL-2 production and activation of immune cells has to be further investigated by cell based
blocking assays (Blank et al. 2004; Peng et al. 2012; Sanmamed et al. 2015).

Several in vivo and in vitro experiments showed the strong lytic and replicative potential of XVir-N-
31 in glioma cells (Rognoni et al. 2009; Kostova et al. 2015; Mantwill et al. 2013). Here, we
demonstrated for the first time the virotherapeutic effects of XVir-N-31, XVir-N-31-scFvaPD-L1 and
XVir-N-31-FLaPD-L1 in the bladder cancer cell line UMUC3.

4.3 The attempt to develop a coculture assay for measuring functional PD-L1
blockade

Recent publications showed that blocking the PD-1/PD-L1 axis led to elevated expression of IFNy (Blank
et al. 2004; Peng et al. 2012; Sanmamed et al. 2015). These findings inspired us to develop an in vitro
assay to proof the functional blockade of PD-L1. In all our experiments, viral infection led to titer
dependent elevation of IFNy levels which could be enhanced by adding additional anti-PD-L1 antibody.
However, despite many attempts and different conditions, we were not able to generate a stable
experimental setup to reliably reproduce our results. There are several aspects which can explain our
observations:

In our experiments, we cocultured PBMCs derived from colleagues with the established bladder
cancer cell line UMUCS3 disregarding HLA verification and matching. Furthermore, we used new PBMCs
for every experiment and thus there might have been variations in activity and stimulation status of
these cells.
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Moreover, it is known that adenoviruses induce a strong immune reaction which is also
characterized by IFNy production (Schagen et al. 2004). In this point many aspects can influence the
read out: First, the replicative behavior which differs 10-fold between XVir-N-31 and WtAd has to be
considered. Second, the genetic differences of XVir-N-31-scFvaPD-L1, XVir-N-31 and WtAd can lead to
variations in IFNy stimulation making a comparison of these viruses difficult. And third, taking the 1C50
values, the replicative potential and the cell killing effect of the viruses into account, we had to use
varying virus concentrations and P:l ratios which might have additionally influenced the IFNy response.

To obtain reliable results in the future, it might be necessary to use tumor cells and PBMCs from the
same donor. Alternatively, it would be worth trying to use the cell free supernatant of infected tumor
cells to stimulate PBMCs from patients and healthy donors (Dias et al. 2012).

4.4 Translational aspects of viro-immunotherapy using XVir-N-31-aPD-L1

The recent clinical success and the multitude of clinical trials using oncolytic therapy demonstrate that
virotherapy is about to become an integrative part of immune therapy for cancer treatment. Since the
first studies on recombinant oncolytic viruses, clinical research has increased showing excellent
tolerability and safety of oncolytic viruses, even at highest feasible doses. Additionally, virus
transmission causing viral spread has not yet been seen and viremia after systemic injection is unlikely
and has never been reported which is explained by the fast clearance of viruses by the liver, spleen and
serum factors (Liu et al. 2007).

Oncolytic viruses were initially developed with the aim to induce high infection rates and massive
tumor cell lysis to show the best effect and response. Latest research has shown that the immune
stimulatory effect of virotherapy was underestimated but is inevitable and central for a systemic and
long lasting immune response (Zamarin et al. 2014; Andtbacka et al. 2015). However, immune escape
mechanisms represent limitations and their extent influences success or failure of oncolytic therapy.

ICB, e.g. against the PD-1/PD-L1 axis, represents an immunotherapeutic approach that has gained
success in the last years. Nevertheless, the response rates to PD-1 blockade as a single therapy are still
limited and many patients do not respond or develop resistance against it. This was seen when patients
lacked intratumoral CD8* T cells or had low IFNy expression and thus showed reduced PD-L1/PD-1
expression (Ribas et al. 2017; Tumeh et al. 2014; Postow et al. 2015). It is hypothesized that limitations
of both therapies can be overcome by combining the two strategies and the recent therapeutic success
of virotherapy together with an anti-PD-1 ICB has confirmed the potential of this viro-immunotherapy
(Ribas et al. 2017; Bourgeois-Daigneault et al. 2018). The rational for this well-working combination is
the mutual stimulation and the following aspects are important when explaining viro-immunotherapy:

It has been shown that the immune stimulatory effect of OVT is essential for a successful cancer
treatment. However, this effect is often inhibited by the immune suppressive tumor environment which
can be overcome by relieving T cell inhibition by blocking negative immune checkpoints to enable a
strong immune activation by oncolytic viruses. Additionally, it is known that oncolytic viruses cause an
increase in circulating CD8* and CD4* immune cells, induce IFNy expression and thus have the potential
to reverse the limitations to PD-1/PD-L1 blockade (Ribas et al. 2017). The recent study from Ribas et al.
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demonstrated that a local injection of oncolytic viruses contributed to a systemic antitumor effect
(Ribas et al. 2017). This supports the idea of a local administration of the virus directly into the tumor
that can affect also distant metastasis. Moreover, it has been shown that oncolytic viruses have the
capability to broaden the spectrum of neoantigen-directed CD8* T-cell response compared to PD-1 ICB
(Woller et al. 2014; Woller et al. 2015). This finding has to be put in the context of publications showing
a survival advantage of patients with missense mutations (Brown et al. 2014). Analyzing the patients
from the study from Ribas et al. regarding their neoantigen directed immune activity would immensely
contribute to a comprehensive understanding of this promising combination (Ribas et al. 2017).

Arming oncolytic viruses with immune stimulatory molecules, e.g. IL2 or GM-CSF has been studied
since years but the idea of integrating antibodies against immune checkpoints into the viral genome is
quite new and there are only a few publications. In 2014, Engeland et al. published a measles virus
encoding for antibodies against CTLA-4 and PD-L1. They used fully immunocompetent mouse models
and showed that their viruses were able to induce tumor regression. Additionally, they analyzed
immunological aspects and found an increase of infiltrating T cells accompanied by a reduction of
regulatory T cells. Moreover, they compared virotherapy with systemic anti-PD-L1 therapy and local,
virus mediated anti-PD-L1 expression and obtained similar results (Engeland et al. 2014). Dias et al.
published an oncolytic adenovirus armed with an anti-CTLA-4 antibody. They showed a significant
antitumor activity of their virus in an immune deficient xenograft model and a virus mediated increase
in IL-2 and IFNy production in patient derived PBMCS (Dias et al. 2012).

Our new virus XVir-N-31-aPD-L1 was characterized in vitro, but so far we were not able to test its
immunological effects in vivo. We think that the direct combination of PD-L1 specific ICB and oncolytic
therapy is a further development in the field of viro-immunotherapy. We hypothesize that the local
administration into the bladder circumvents clearance of the virus, results in higher antibody
concentrations within the tumor and an improved anti-tumor response while reducing side effects and
systemic toxicity (Aznar et al. 2017). In addition, we speculate that the diffusion of a scFv antibody
within the tumor might be better compared to a large full-length antibody. This question was addressed
in a recent publication in which a FL aPD-L1 and a scFv aPD-L1 antibody vectorized in a vaccinia virus
were compared. However, they could not see differences in the antitumor effects of the two constructs
(Kleinpeter et al. 2016). A further important aspect is that the PD-1/PD-L1 axis regulates the effector
phase of stimulated T cells in the periphery and that signaling is more important in later phases of T
cell activation. Therefore, it is reasonable to exclusively inhibit PD-L1 signaling at the side of infection
(Pardoll 2012).

The investigation of OVT focused mainly on resistant patients or end stage cancer patients. Recently,
a new application of oncolytic viruses as neoadjuvant treatment has been published and obtained great
results (Bourgeois-Daigneault et al. 2018). In this study, mouse models representing the highly
aggressive and immune silent triple-negative breast cancer were used. The authors showed that
virotherapy stimulated the immune system, generated a tumor specific memory and sensitized
refractory tumors to ICB after surgery. This publication demonstrates once again the perfect match of
virotherapy and ICB and gives reasons to test oncolytic viruses as a neoadjuvant treatment option. In
the context of the present work, we argue that testing a neoadjuvant virotherapeutic approach for
MIBC is reasonable. Using oncolytic viruses prior to radical cystectomy early in the diagnosis of MIBC
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when patients have a low disease burden and stable immune system might help to reduce relapsing
patients with metastatic disease (Bourgeois-Daigneault et al. 2018).

4.5 Generating a syngeneic in vivo model for adenoviral research

Since the immune aspect is playing an important role in the therapeutic response to oncolytic viruses,
the understanding of virotherapy would benefit from the availability of suitable, immunocompetent
mouse models (Ganly et al. 2000). The Syrian hamster model has been used as an in vivo system to test
adenovirus-based therapy, although it allows only restricted adenoviral replication and immunological
reagents are limited for this animal system (Wold und Toth 2012; Jiang et al. 2014). One possibility to
analyze the oncolytic as well as the immune stimulatory effect of adenovirus-based therapy is the
humanized mouse model. This model is very challenging and complex, its establishment is time
intensive and experiments can vary due to differences in engraftment of the immune system (Shultz et
al. 2012). Syngeneic mouse models offer an alternative and several systems representing different
tumor entities (adenocarcinoma, hepatocarcinoma, bladder tumor) have been described (Kim et al.
2011; Diaconu et al. 2012; Cheng et al. 2015). To establish a syngeneic, orthotopic tumor model for
bladder cancer, we tested if the murine bladder cancer cell line MB49 allows adenoviral replication.

4.5.1 Investigation of MB49 cells for YB-1 dependent adenoviral research

Many mouse cell lines are considered deficient for adenoviral replication (Ganly et al. 2000). This fact
is based on data published decades ago which showed a limited permissiveness for adenoviral
replication in normal mouse tissue (Ginsberg et al. 1991; Halldén et al. 2003). It is speculated that low
CAR expression and the deficiency in viral particle formation are reasons, but this has not been clearly
shown (Tomko et al. 2000; Younghusband et al. 1979). In contrast, there are some reports about murine
tumor cells, e.g. glioma cells, showing permissiveness for adenoviral replication (Jiang et al. 2014;
Halldén et al. 2003). We investigated if the murine MB49 cells allow replication of XVir-N-31 and found
very limited replication rates for both XVir-N-31 and WtAd, whereby WtAd showed in general slightly
higher replication values. We also showed that MB49 cells were CAR negative which is in line with
literature (Tomko et al. 2000). This can explain the low replication values for WtAd, since it uses CAR to
enter the cell. However, XVir-N-31 uses its RGD motif for infection and is thereby mostly CAR
independent (Rognoni et al. 2009). Several ways to improve viral infection rates are known, e.g.
polymer-enhanced delivery, pretreatment of viruses with a protein transduction domain fused to CAR
or magnetofection (Kihnel et al. 2004; Tresilwised et al. 2012). We used magnetofection to improve
infection rates and this increased the replication of WtAd but did not influence XVir-N-31 replication in
MB49 cells indicating that replication of XVir-N-31 seems to be influenced by other cellular factors or
signaling pathways. In this context we also showed the YB-1 positivity of MB49 cells.
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To further understand and explain these observations, we looked at the oncolytic capacity of XVir-N-
31 based viruses in MB49 cells and could observe a cell killing effect starting at 100 to 200 MOI. In
context of our replication data, these results seemed to be contradictory since an oncolytic effect is
caused by active viral replication. Additionally, we observed a very conspicuous change in morphology
upon adenoviral infection which was different to the known CPE. Therefore, we speculate that these
observations indicate a toxicity induced cell killing caused by too high virus concentrations instead of
being induced by an oncolytic effect due to viral replication. All together these data confirm limited
activity of XVir-N-31 in the murine bladder cancer cell line MB49 which might be owed to the strict
species specificity of human adenoviruses, the low infection rates and possibly also differences in YB-
1 location, regulation and activation of the E2 promoter (Robinson et al. 2013).

In contrast to our findings there is a study showing virotherapeutic activity of their recombinant
adenovirus in MB49 cells. Han et al. could show an efficient expression of E1A and their transgene
although using quite low MOls (Han et al. 2013). Based on these data, it is worth testing if the deficiency
of XVir-N-31 replication in MB49 cells is due to its YB-1 dependency.

4.5.2 Combining oncolytic virotherapy and nutlin-3a in MB49 cells

Unpublished data from our lab showed that virotherapeutic effects of XVir-N-31 can be tremendously
improved upon combination with cell cycle inhibitors in human bladder cancer cell lines. These findings
include enhanced replication, cell lysis, viral particle formation and protein expression. We explain
these findings by hypothesizing that the downregulation of E2F1 and pRb play a major role in the
improved virotherapeutic effects in human cell lines. We proposed a model which ascribes a repressive
role of E2F1 on the E2-early promoter activation that can be overcome by E2F1 downregulation upon
inhibitor treatment leading to a fully activated E2 early promoter and a consequent strong replication
rate. This hypothesis could be further strengthened by data showing an increased replication of XVir-
N-31/E2Fm compared to XVir-N-31 which increased even more upon E2F1 downregulation in human
cells.

The interplay between E2Fs, pRb and E1A is not in detail understood. E2Fs are transcription factors
that can be divided into activating E2Fs (E2F1 to 3) and repressing E2Fs (E2F4 to 7) (Attwooll et al. 2004).
The adenoviral E1A protein is known to manipulate the host cell cycle by maintaining cell viability and
inducing S phase entry which is achieved by binding of E1A to pocket proteins like pRb and p107
(Kaczmarek et al. 1986; Seifried et al. 2008). It was long though that binding of E1A to pRb releases
E2F1 which than mediates cell viability by inducing DNA synthesis, DNA repair and cell proliferation
(Helin et al. 1993; Fattaey et al. 1993). However, this mechanism has been questioned by findings
showing that E1A selectively disrupts pRb-E2F4 complexes whereby leaving pRb-E2F1 interaction stable
(Seifried et al. 2008). These data challenge the common knowledge that E1A releases E2F1 to mediate
cellular viability and they strengthen our hypothesis that E2F1 has a repressive function on the
adenoviral E2 early promoter (Bagchi et al. 1990).
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Within this project, we analyzed if a combinatorial approach using nutlin-3a together with XVir-N-
31 can enable YB-1 based adenoviral research in MB49 cells and further on, if the underlying
mechanism in murine cells is, as in human cells, E2F1 dependent. We showed that nutlin-3a enhanced
viral replication, transgene expression and also cell killing capacity. Further on, nutlin-3a induced
downregulation of pRb and E2F1 and caused a cell cycle arrest in G1 which has been reported by many
others in various human, p53 wild type cell lines (Walsh et al. 2015; Ambrosini et al. 2007; Du et al.
2009). In order to show that the model we developed for human cells is also true in a murine
background, we measured the replication of XVir-N-31/E2Fm but could not see an increase in fiber
DNA. This indicated that a E2F1-pRb independent regulation is responsible for the upregulated
virotherapeutic effects in MB49. It is imaginable, that YB-1 plays a central role in this regard and it is
important to consider the species specificity of human adenoviruses and that they might behave
different in murine cells than in human cells. These differences in adenoviral regulation can include
variations in the E2 gene activation via YB-1 and E2F1 and also in the interplay of E2F/pRb and E1A.

Although we were able to show an upregulation in virotherapeutic effects upon combination with
nutlin-3a, this effect has to be further increased to investigate XVir-N-31 in a syngeneic in vivo model.
Higher infection rates are for sure one factor that can improve adenoviral replication. But to cause a
tremendous increase in replication rates it is inevitable to fully understand the involved mechanisms in
order to accurately manipulate them. Further inhibitors have to be combined with XVir-N-31 to
investigate if our findings are reproducible when using different cell cycle inhibitors. In this regard, we
began to evaluate the CDK4/6 inhibitor PD-0332991 in a combinatorial approach. So far, we showed
enhanced viral replication upon single treatment with PD-0332991 and PD-0332991 in combination
with nutlin-3a. The biochemical effects of PD-0332991 combined with nutlin-3a have been explored
only once showing an even stronger induction of G1 arrest and E2F1 downregulation compared to
single treatment (Pollutri, 2014). The detailed effects and mechanisms of this combination and their
relevance in our context remain to be explored.

Within this project, it was our aim to enable adenoviral replication in a murine cell line in order to
generate a syngeneic mouse model that allows the immunological characterization of the novel viro-
immunotherapy approach. With our in vitro findings, we are about to unleash the limitations of YB-1
based adenoviral replication in the murine cancer cell line MB49.

4.6 The ultrasound guided orthotopic bladder cancer mouse model

4.6.1 Establishment of the ultrasound guided orthotopic bladder cancer

mouse model

In this project, we have established the ultrasound guided orthotopic mouse model for bladder cancer.
Therefore, an imaging station consisting of an imaging platform and a highly precise mounting for the
needle are needed. Initially we tried to build the needle mounting on our own using a photo tripod and
a self-made construction to fix the needle. However, several attempts showed the enormous sensitivity
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and preciosity that is needed to hit the lamina propria of the bladder. The self-made construction could
not withstand these demands and thus we decided to use the professional mounting station. When
establishing the model, we realized that the isoflurane anesthesia caused a bladder emptying which
had the consequence that the bladder was very movable and flexible and intramural injections were
not feasible. Therefore, we had to catheterize every bladder. We figured out that an MMF anesthesia
did not induce a bladder emptying and we were able to inject one mouse in roughly 45 minutes. We
are convinced that this huge time factor can be significantly decreased by intensive practicing.

In the original publication from Jager et al. 2014, intramural injections were performed under
isoflurane anesthesia and they needed an average time of 3 to 8 minutes per mouse. Here, the long
experience and a perfectly organized mouse facility have to be considered when comparing with our
data.

After we have established the experimental setup, we began to generate the xenograft model using
UMUCS3 cells on the one hand and the syngeneic mouse model using MB49 cells on the other hand.
For the syngeneic mouse model, we tried various concentrations of MB49 cells. We had a tumor uptake
of 100 %, however, the tested cell numbers were too high and led to an uncontrolled and extreme fast
tumor growth. Even with as little as 70 000 MB49 cells, mice developed tumors with an average size of
32 mm?3 at day 5 after injection showing the aggressiveness of this cell line. Before using the syngeneic
model to study XVir-N-31 based virotherapy in the future, an appropriate cell number leading to
treatable tumors has to be found. Recently, this syngeneic, orthotopic bladder cancer mouse model
was published for the first time showing that injection of 20 000 MB49 cells led to a consistent tumor
growth (van Hooren et al. 2017).

For the xenograft mouse model, we used 200 000 UMUC3 cells for the injections which led to
detectable tumors on day 4 in all animals (100 % tumor uptake) and an average tumor size of 24 mm3
on day 10. Since there were variations in tumor growth and tumor volumes reached the experimental
end point too fast, it might be worth testing lower cell concentrations in order to get a controllable
tumor growth

4.6.2 Therapeutic effect of XVir-N-31 in the ultrasound guided, orthotopic

bladder cancer mouse model

Within this project, we revealed the therapeutic potential of XVir-N-31 using the ultrasound guided
orthotopic mouse model for bladder cancer. We could show that XVir-N-31 as a monotherapy
significantly slowed down tumor growth in this sophisticated tumor model, although we used a
relatively small number of animals per group. A complete tumor regression was not achieved which is
in line with published data demonstrating the difficulty to completely eradicate tumors in
immunodeficient xenograft models in which the immune response against the tumor is not present.
This was confirmed in experiments where the ablation of T cells in an immunocompetent mouse model
significantly reduced the efficacy of oncolysis (Tysome et al., 2012; Kleijn et al., 2017). In addition, since
nuclear YB-1 is a prerequisite for viral replication of XVir-N-31, combination treatments with
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chemotherapy or radiation therapy which translocate YB-1 into the nucleus are warranted and can help
to further improve the therapeutic activity (Bieler et al., 2008).

4.7 Outlook

In this project, we began to investigate a viro-immunotherapeutic approach for bladder cancer.
Therefore, we generated the novel virus XVir-N-31-aPD-L1 and provided the basis for further in vivo
experiments. However, the most relevant and important questions remain to be answered. In the
future, we want to address the immunological aspects of this therapy. Herein, we plan to analyze a
broad spectrum ranging from basic questions like expression levels of PD-L1, IFNy and E2Fs pre-and
post-infection till analysis of infiltrating immune cells and their function. Moreover, it is important to
investigate if inhibiting PD-1/PD-L1 signaling and the consequent activation of the immune system
remains the potency of XVir-N-31-aPD-L1 (Dias et al. 2012). Further on, we plan to evaluate the
induction of a systemic anti-tumor immune response that can fight also distant metastasis. This aspect
is of high clinical relevance and the generation of a systemic effect which enables the formation of
memory T cells might be the key to a long lasting anti-tumor immune response. Thereby, deleting T cell
subpopulations can help to identify important immune cells and understand the underlying mechanism
of this novel therapeutic approach.

In order to analyze the above mentioned immunological aspects of virotherapy in an
immunocompetent mouse model, we began to investigate YB-1 based adenoviral research in murine
MB49 cells. Herein, we found that nutlin-3a improved replication of XVir-N-31 and that this effect
seems, in contrast to human cells, independent of E2F1 and pRb downregulation. Various aspects
should be studied in order to uncover this mechanism in detail. Herein, it would be interesting to
analyze the activation of the E2 late promoter by looking at YB-1 expression, cellular localization and
its nuclear translocation. Further on, expression of E2F1 and its influence on E2early promoter have to
be studied. Additionally, based on the publication from Lasham et al. from 2012, it would be worth
evaluating the regulation of E2F1 by YB-1 and their influence on adenovirus replication (Lasham et al.
2012). Moreover, it is necessary to explore the biochemical effects of nutlin-3a as well as the roles of
cyclins, Rb and p53 in the context of XVir-N-31 in order to overcome the strict species specificity of
human adenoviruses.

Altogether, the viro-immunotherapeutic approach is a novel and innovative strategy that is about
to become an integrative part of cancer therapy and offers hope for a successful treatment of bladder

cancer.
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