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Abstract

Oncolytic virotherapy is one of the rapidly evolving therapeutic strategies in the domain
of cancer therapeutics. One of the key factors for the successful implementation of oncolytic
viruses in the clinic is their replicative ability. We have demonstrated earlier in our group that
the lytic potency of the oncolytic adenovirus XVir-N-31 is enhanced upon combining with
CDK4/6 inhibitors in RB-positive cell lines in bladder cancer cells. Adenoviruses have been
demonstrated to rely on RB and E2F family of proteins for their successful replication.
Contradictorily, CDK4/6 inhibitors reduce the levels of RB and E2F1 proteins. Thus, in this
thesis, we investigated the molecular mechanisms driving this therapeutic synergy to better

understand the viral biology.

Firstly, we showed that the enhanced replication of the adenoviruses upon CDK4/6
inhibition is not an effect caused by cell synchronization upon CDK4/6 inhibition. We also
observe that the enhancement in cell lysis upon CDK4/6 inhibition follows a linear kinetic with
the RB-protein levels. Interestingly, viral gene expression was advanced significantly upon
treatment with CDK4/6 inhibitors at earlier time points of the infection. Adenoviral genome
has E2F binding sites which are crucial for their replication, and these E2F proteins are
dysregulated upon CDK4/6 inhibition. siRNA mediated knockdown of single E2F proteins
revealed that they do not have a direct effect on viral replication and particle formation.
However, sequestering of E2F proteins using a mutated adenoviral construct, ADWT/Trap
showed enhanced viral replication compared to ADWT, especially at early time points.
Another novel adenovirus with mutations in E2F binding sites of E2-early promoter,
ADWT/E2Fm, showed reduced replication, suggesting that the complete removal of E2F
proteins throughout the adenoviral lifecycle is detrimental for replication. Interestingly, we
observe a far better response in replication when ADWT/E2Fm is treated with CDK4/6
inhibitors compared to ADWT. Thus, we hypothesize that the E2F proteins have a repressive
role in the early phases of adenoviral life cycle but are required in the later stages of infection.
This is supported by transcriptomic analysis which showed reduction of expression of E2F
targets upon Palbociclib treatment as early as 8hrs post treatment. In conclusion, our findings
suggest that the synergy of the oncolytic adenovirus XVir-N-31 and CDK4/6 inhibitors is

mediated by the dysregulation of repressive E2F proteins.

In a second project, we evaluated the therapeutic potential of targeting the JAK-STAT

signalling pathway components in bladder cancer cell lines. High STAT3 expression was



detected in 51.3% of invasive bladder cancer patient specimens by immunohistochemistry.
STAT?3 inhibition, but not JAK1/2 inhibition, showed reduced cell survival in bladder cancer
cell lines. Both JAK1/2 inhibition and STAT3 inhibition increased the lytic potential and
replication of the oncolytic adenovirus XVir-N-31. Our results provide evidence that inhibitors
against JAK1/2 and STAT3 are promising combination therapy with oncolytic viruses in

bladder cancer.
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1. Introduction

1.1.Cancer and the treatment landscape

The treatment landscape of cancer is most rapidly changing owing to the advances in basic
research and understanding of the tumour biology (Tsimberidou, Fountzilas et al. 2020).
Traditionally, cancer therapy included surgery, radiation, and chemotherapy for most of the
last century. However, both radiation and chemotherapy have severe side effects since they
also affect healthy cells while effectively killing cancer cells. Towards the end of 20" century,
a new mode of therapy called targeted therapy entered the treatment regimen, driven by the
progress in understanding of the molecular characteristics of tumour cells (Tsimberidou,
Fountzilas et al. 2020). This included development of drugs with intrinsic specificity to target
cells based on specific molecules. These drugs showed significant responses in many cancers
with tolerable toxicities. Cell surface markers such as receptors or antigens, or genomic
alterations in cancer cells were most commonly used to select patients eligible for such
therapies, thereby opening avenues for personalised therapy for cancers (Hanahan and

Weinberg 2011).

One of the hallmarks of cancers is evasion of the host’s immune system, thus making
themselves ‘invisible’ to the immune system (Hanahan and Weinberg 2011). Focus was
directed in the past decade to develop immunotherapies to make tumours susceptible to the
host immune system. Immunotherapies can vary widely in terms of the mechanisms of
treatment, but they share the common aspect of activating the host immune system to detect,
neutralize and eliminate the tumour cells (Emens, Ascierto et al. 2017). One such mode is
checkpoint blockade, targeting PD-1, PD-L1, CTLA4 receptors which aid in tumour immune
escape, which has shown success in a wide range of tumour entities and is better tolerated than
cytotoxic therapies. Other modes of immunotherapies include adoptive cell transfer involving
modification of host T-cell and reintroducing them in the system to specifically target cancer
cells (Zhang and Zhang 2020). Microbial therapies have also been implemented, for example,
intravesical immunotherapy using Bacillus Calmette—Guérin therapy in bladder cancer which
is one of the most successful immunotherapies in use. While the exact mechanism of action of
BCG therapy is still debated, it is understood that the bacteria upon reaching the cancer cells
turn the immune system ‘on’ and attract the host immune system to attack the tumour (Han,
Gu et al. 2020). More recently, oncolytic viruses have entered the domain of cancer

immunotherapy. These genetically modified viruses can specifically kill the infected cancer



cells and trigger an immune response against the tumours. Combining two or more of these
existing options are increasing becoming common since they have shown enhanced efficacy
with tolerable side effects, further advancing the current treatment landscape (Mantwill, Klein

et al. 2021).

1.2. Oncolytic virotherapy as a novel anti-cancer therapeutic strategy

Oncolytic viruses (OV) as therapeutic agents in cancer have been gaining attention in
recent years. The fact that viruses could kill and eliminate tumours was known since the 19"
century, where several reports observed tumour regression in patients with viral infections, but
little development was seen in the field of virotherapy due to safety concerns and hurdles in
genetic engineering (Mantwill, Klein et al. 2021). However, with the advent in modern genetic
engineering technologies, understanding of virology and development of viral vectors,
oncolytic virotherapy has made a significant progress in the past two decades. Oncolytic
viruses, meaning °‘cancer-killing’ viruses, are wildtype or engineered viruses that can
selectively replicate in tumour cells and lead to cell lysis, while leaving the surrounding normal
cells unaffected (Fig-1.1). The tumour-selectivity is achieved by making changes within the
viral genome making its replication mechanisms dependent on molecular changes of the cancer
cells (Goradel, Mohajel et al. 2019, Chaurasiya, Fong et al. 2021, Mantwill, Klein et al. 2021)
In addition to their cell lytic ability, they can evoke an immune response not only against the
viral infection, but also against the tumour. The ability of OVs to attract the immune system
through immunogenic cell death can potentially turn ‘cold tumours’, which are unlikely to
trigger an immune response, into hot tumours, which trigger an immune response. In some
studies, abscopal effect has also been observed in distant metastases sites upon treatment with
OVs (Havunen, Santos et al. 2018, Kuryk, Moller et al. 2019). A wide range of viruses, such
as adenovirus, poxviruses, herpes simplex viruses, rhabdovirus, reovirus, paramyxovirus,
parvovirus, and picornavirus, have been tested for their oncolytic potential in the past two

decades (Chaurasiya, Fong et al. 2021, Teijeira Crespo, Burnell et al. 2021).
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Figure 1.1. Principle of oncolytic virotherapy.

In normal, healthy cells, the oncolytic viruses can infect, but cannot replicate, leaving the cells
unaffected. In a tumour cell, the oncolytic virus can successfully infect and replicate leading to
production of more viral progeny which is then released upon cell lysis. The newly produced viral
progeny infects neighbouring tumour cells furthering the infection and leads to tumour clearance. The
successful viral infection causes immunogenic cell death (ICD). leading to release of virus progeny,
pathogen-associated molecular patterns (PAMP), damage-associated molecular patterns (DAMPs) and
Tumour-associated antigens (TAA) into the tumour microenvironment (TME) which attracts the host
immune system to the tumour leading to the activation of both innate and adaptive immunity against
the tumour (Adapted from Mantwill 2021 (Mantwill, Klein et al. 2021)).

Three OVs have been approved for the treatment of advanced cancers to date (Mondal, Guo
et al. 2020). An RNA virus derived from the native ECHO-7 strain of a picornavirus, called
Rigvir, was approved for melanoma treatment by Latvia in 2004, which recently showed 4.39—
6.57-fold lower mortality in stage-Il melanoma patients in a retrospective study (Alberts,
Tilgase et al. 2018). In 2005, Chinese food and drug administration approved a genetically
modified adenovirus, H101 in combination with cytotoxic chemotherapy, for the treatment of
nasopharyngeal carcinoma. A significant breakthrough in the field of OVs happened in 2015
with the approval of Talimogene laherparepvec (T-VEC), an attenuated herpes simplex virus,
type 1 (HSV-1) encoding additionally for granulocyte-macrophage colony-stimulating factor
(GM-CSF) for the treatment of unresectable melanoma by the U.S. Food and Drug
Administration (FDA) (Macedo, Miller et al. 2020, Mondal, Guo et al. 2020). In a multi-
institutional retrospective analysis of melanoma patients treated with T-VEC performed in
Germany, Austria and Switzerland, an overall response rate of 63.7% (Ressler, Karasek et al.
2021), was observed in patients who received T-VEC. These successful data from a real-life

cohort are encouraging to further explore OVs for transition into clinic. Among the several



clinical trials with plethora of oncolytic viruses, oncolytic adenoviruses are the most common

ones and are also the most well studied (Macedo, Miller et al. 2020).

1.3. Bladder cancer

Bladder Cancer (BLCA) is one of the most common cancers of the genitourinary tract
which includes tumours typically arising from the transitional cells of the bladder wall.
Worldwide, it is the 10th most diagnosed cancer, with an incidence of 573,000 and mortality
0f 213,000 in the year 2020 alone, according to GLOBOCAN estimates, with men being nearly
five times more affected than women (Sung, Ferlay et al. 2021). Majority of the bladder cancers
are of urothelial in origin that are responsible for around 95%, whereas minority encompasses
squamous cell carcinomas, adenocarcinomas, and sarcomas. Geographically, its incidence is
highest in Europe, making it a cancer of the developed world. Despite advances in treatment
regimen, it is still the costliest cancer to treat in terms of cost per patient due to high rates of
recurrence, causing significant burden on the healthcare system (Leal, Luengo-Fernandez et al.

2016, Richters, Aben et al. 2020).

Bladder cancers can be broadly categorised into two subtypes — non-muscle invasive
bladder cancer (NMIBC) which represents nearly 75% of all cases, and muscle-invasive
bladder cancer (MIBC) (Kamat, Hahn et al. 2016, Minoli, Kiener et al. 2020). The standard
therapy for NMIBC includes transurethral resection of the bladder tumours (TURB) followed
by adjuvant treatments such as single installation (SI) of Bacillus Calmette—Guérin (BCG) or
intravesical chemotherapy with mitomycin C, epirubicin or doxorubicin (Babjuk, Burger et al.
2022). NMIBC shows high rate of recurrence (50-70%) and these patients require extensive
lifelong surveillance with cystoscopies, and multiple therapeutic interventions, making BC the
most expensive malignancy to treat(Lindskrog, Prip et al. 2021). Patients with high-grade Ta
or T1 tumours show a 10-year recurrence-free survival after TURBT and BCG immunotherapy

of about 80%. However, about 15% of these patients can also progress into MIBC.

The current standard of treatment for MIBC is neoadjuvant chemotherapy with
methotrexate, vinblastine, doxorubicin, and cisplatin or gemcitabine and cisplatin, followed by
radical cystectomy (RC) (Tran, Xiao et al. 2021, Witjes, Bruins et al. 2021). Despite RC, nearly
half of the patients develop metastasis in distant sites because of disseminated micrometastases
(Patel, Oh et al. 2020), and 10-15% of cases present with metastasis at the time of diagnosis.

Neoadjuvant chemotherapy is related to high toxicity and causes grade-3 adverse events in



nearly 80% of cases and treatment related deaths have also been reported in 3-4% of cases
(Bednova and Leyton 2020). MIBC treatment landscape changed drastically with the
introduction of immune checkpoint inhibitors (ICIs) which have drastically low toxicity profile
compared to chemotherapeutics (Lenis, Lec et al. 2020). As many as 5 ICIs have been approved
since 2016 by the FDA targeting PD-1 or PD-L1 for the treatment of metastatic and refractory
bladder cancer, which is an exemplary achievement. The biggest advantage with ICIs is that
they have lower and more tolerable toxicity profile when compared to chemotherapeutics. A
major disadvantage associated with these drugs is that the response rates are still relatively low,
and the cost is exorbitant, and are restricted by the biomarker profile of the patients to make
them eligible to receive ICls (Tran, Xiao et al. 2021).

In addition to IClIs, targeted therapy as a treatment strategy has been explored in the recent
years in the treatment of MIBC. Fibroblast growth factor receptor (FGFR) is a receptor tyrosine
kinase involved in cell proliferation, survival and migration and its expression level and
mutation frequency is elevated in bladder cancers (Lenis, Lec et al. 2020, Tran, Xiao et al.
2021). Erdafitinib, an FGFR kinase inhibitor was approved by the FDA in 2019 for patients
with bladder cancer and an FGFR mutation, which are frequently found altered in bladder
cancer patients, in nearly 20% of advanced bladder cancer patients (Lenis, Lec et al. 2020,
Tran, Xiao et al. 2021). Bladder cancers are highly heterogeneous in histology and in genetic
profile, which makes it difficult to have a one-for-all therapeutic approach. Despite advances
in therapies in recent years, there is a necessity to develop more targeted therapy approaches
and alternative therapy options to be able to achieve better response rates in patients, and to

tackle multiple recurrences.

1.3.1. Oncolytic virotherapy in bladder cancer

Bladder cancer is uniquely accessible for therapeutic purposes via the urinary tract.
Intravesical administration of drugs not only avoids drug sequestration, but also prevents or
minimizes possible toxicity from off- target effects. Intravesical treatment can propagate their
immunogenic effects to distant sites. Hence combining therapies that can generate a tolerable
local response within the bladder would potentially allow tumour-specific abscopal effects (Li,
Zhang et al. 2021). Since intravesical administration of BCG for bladder cancer therapy is
already established, it is easy to adapt the technology for administration of oncolytic viruses.

The feasible local administration would also avoid any potential immune reaction that may



happen upon systemic administration. The papillary structure of the urothelium increases the

surface area for topical application and virus infection (Taguchi, Fukuhara et al. 2017).

A wide range of viruses and oncolytic strategies are currently being tested in vitro, in
vivo and in clinical trials in bladder cancer. A recombinant vaccinia virus expressing influenza
hemagglutinin or nucleoprotein antigens was successfully tested in a murine orthotopic bladder
cancer model and was well tolerated in a phase-I clinical trial in MIBC patients, with mild
dysuria as the most common side effect (Li, Zhang et al. 2021). When compared to intravesical
BCG-treatment, intravesical reovirus treatment showed a response rate of 90% in rat models
of bladder cancer with significantly less side effects compared to BCG treatment. An oncolytic
Herpes simplex virus named Oncovex reduced tumour volumes by 95% in an orthotopic rat

bladder cancer model (Li, Zhang et al. 2021).

CAVATAK is a bio- selected formulation of Coxsackie virus A21, which has
demonstrated oncolytic and immunotherapeutic activity both in vitro and in vivo and was well
tolerated in a phase-I clinical trial in patients with NMIBC. The Coxsackievirus A21 is being
tested in an ongoing clinical trial as a monotherapy and in combination with pembrolizumab

in metastatic bladder cancer patients (Li, Zhang et al. 2021).

CGO0070, a conditionally replicating oncolytic adenovirus based on serotype 5 is the
most studied oncolytic virus in the pipeline for bladder cancer (Ramesh, Ge et al. 2006). Its
E1A region is placed under the control of E2F1 promoter, and it also encodes for GM-CSF, a
pro-inflammatory cytokine, to induce anti-inflammatory response upon infection. In a phase |
clinical trial in patients with NMIBC recurring after intravesical BCG, complete response rate
and median duration of complete response were 48.6% and 10.4 months. The most common
adverse effects were grade 1-2 bladder toxicities such as dysuria, haematuria, urinary
frequency, and urgency. The six-month CR rates in patients with CIS and pure CIS were 50%
and 58%, respectively with no development of muscle-invasive disease in patients with CIS.
In contrast, progression occurred in approximately 9.8% to 40% of patients with intravesical
BCG treatment. This could also be followed up by the interim data from phase-II study where
a 6- month CR of 47% was observed, with enhanced efficacy of 55.3% in patients with CIS
(L1, Zhang et al. 2021, Mantwill, Klein et al. 2021).

The oncolytic adenovirus that’s the focus of this thesis, XVir-N-31, was also shown to
induce ICD in an immunodeficient bladder cancer model as evidenced by enhanced release of

HMGBI and exosomal Hsp90 (Lichtenegger, Koll et al. 2019).



1.4. Adenoviruses

Adenoviruses are a family of non-enveloped, icosahedral viruses with double-stranded
DNA genome. Currently, there are more than 120 species of adenoviruses identified, which
can infect a variety of host species including, but not limited to, humans, monkeys, rats, and
reptiles. Human adenoviruses belong to the genus Mastadenovirus, consisting of 51 species
which can infect hosts like humans, monkeys, and rats. Human adenoviruses are generally not
associated with severe disease in humans upon infection, with the most common manifestations
of infection being respiratory diseases, gastroenteritis or adenoviral keratoconjunctivitis

(Russell 2009, Kulanayake and Tikoo 2021).

Human adenoviruses are sub-divided into seven species based on their capacity of
agglutinating erythrocytes of humans, rats, or monkeys. These species are further categorised
into different types, formerly called serotypes, depending on serological cross-neutralisation.
Lately genome sequencing is used to define new adenovirus types. There are currently 104
HAdV genotypes known. Different species also exhibit different clinical properties, such as,
species B1, C and E cause respiratory disease, in contrast species B, D and E infect mainly the
eyes (Russell 2009). Species B2 leads to infections of the kidney and urinary tract, whereas
species F are responsible for gastrointestinal infections. Species C, types 2 and 5 are the most
used adenoviruses for gene therapy and virotherapy approaches (Braithwaite and Russell

2001).

Adenoviruses are highly immunogenic. The virus capsid and the viral DNA exhibit
strong pathogen-associated molecular patterns (PAMPs) that can be detected by host pathogen
recognition receptors (PRRs) to trigger an inflammatory response. Cells infected with
adenoviruses exhibit immunogenic cell death (ICD) and release PAMPs, damage-associated
molecular patterns (DAMPs), tumour-associated antigens (TAA) and neoantigens into the
tumour microenvironment, and effectively trigger an anti-tumour response in addition to anti-
viral response (Fig-1.1). This characteristic of adenoviruses makes them a lucrative option for

cancer immunotherapy to induce host immune response against infection and tumour.
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Figure 1.2. A schematic representation of adenoviral structure and its components.

Figure adapted from Russell 2009 (Russell 2009).

1.4.1. Adenoviral genome

Adenoviruses are DNA viruses with a double stranded DNA genome of approximately
30-40kb in length covered by an icosahedral capsid, with no envelope (~70 to 100 nm in
diameter in size) (Kennedy and Parks 2009). Human Adenovirus serotype, which is the most
well characterised one, has a genome of ~36kb. The capsid contains three major capsid
proteins, hexon, fibre and penton, and several minor proteins such as VI, VIII, IX, I1la, [Va2.
Inside the virus core, structural components like V, VII, Mu, IVa2 and terminal protein (TP)
are associated with the double stranded DNA, and the 23K virion protease, which plays a key
role in the assembly of the virion (Russell 2009). The structure of the adenovirus is shown in

the figure- 1.2.

The dsDNA genome is linear and flanked by inverted terminal repeats, which serve as
the origin of replication. The Adenoviral genome encodes on both the strands for specific genes
and exhibit bi-directional transcription. The top strand which reads from rightwards direction
during transcription is called r-strand, and the bottom strand which reads leftwards is called I-
strand (1977, Zhao, Chen et al. 2014). The adenoviral transcription follows a complex pattern
with 8 different transcription units being transcribed from both DNA strands by RNA
polymerase II and III. This complex transcription, alternative splicing, and multiple
polyadenylation sites give rise to multiple transcripts from each transcription units, also leading

to multiple protein isoforms (Braithwaite and Russell 2001).



The adenoviral infection is categorised in two phases- early phase and late phase. The
genes are likewise categorised into three groups - early, intermediate, and late genes- based on
the temporal pattern of their expression. The adenoviral genome consists of five early
transcription units (E1A, E1B, E2, E3 and E4) which are necessary for viral replication and
late gene activation, two intermediate transcription units (IX, IVa2) encoding for components
of viral capsid, and a major late unit that gives rise to five families of late mRNAs, all of which
form viral capsid proteins (Braithwaite and Russell 2001). An overview of adenoviral genome

is shown in the figure-1.3.
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Figure 1.3. Genome organisation of human Mastadenovirus type C.

Detailed organisation of the human Mastadenovirus type C wildtype genome. The genes depicted on the top
of the line represent the genes transcribed rightwards from the upper strand, r-strand. The genes depicted
beneath the line represent the genes transcribed leftwards from the lower strand, 1-strand. Boxes represent
viral genes (Mantwill, Klein et al. 2021).

E1A region

E1A is the first transcriptional unit to be expressed after the adenoviral genome enters
the cellular nucleus and its activity is imperative in the early stages of infection. It is transcribed
from the E1A promoter at the left end of the r-strand of the genome. E1A promoter contains
inverted terminal repeats, an enhancer region, and binding sites for several crucial transcription

factors, most notably, E2F1 binding site in the enhancer region (Berk 1986).

Extensive deletion analyses have led to the conclusion that E1A is indispensable for
viral replication and deletions in E1A lead to highly attenuated viruses. E1A products have also
been demonstrated to regulate several cellular promoters either by transactivation or repression
(Braithwaite and Russell 2001, Ben-Israel and Kleinberger 2002). It is thought to display a
transcription factor like activity to control cellular gene promoters to promote a conducive
environment for viral replication. Five different proteins are encoded from the E1A region by

alternative splicing- 9S, 10S, 118, 12S and 13S. Among these, 13S and 12S are the most



important proteins. Under experimental conditions, both proteins can carry out the necessary

biological functions required by E1A (Braithwaite and Russell 2001).

E1A products contain 4 conserved regions- CR1, CR3, CR3 and CR4. E1A13S is the
largest transcript and the only transcript with all 4 conserved regions (CR). E1A12S lacks the
CR3 domain. These conserved regions are crucial for the transcription factor binding and
interactions with other cellular proteins. CR2 allows the binding with cellular pocket protein
Retinoblastoma (RB) and allows for the release of the transcription factors E2F proteins and
initiates gene transcription from cells controlled by RB/E2F cascade, leading to cell cycle
progression and S-phase induction. RB/E2F pathway and its role in cell cycle progression have
been described in detail in further chapters. Adenoviruses with a mutation in the CR2 domain
of E1A can, thus, only replicate in cells with mutated RB (Bressy and Benihoud 2014). The
CR3 domain is needed for the transactivation of viral late genes, and viral promoters such as
E2-early promoter. The CR2 domain also possesses transactivation activity, but at a much
lower extent compared to E1A13S (Berk 1986). The CR3 region has also been shown to recruit
p300 to E4-promoter (Pelka, Ablack et al. 2009). These aspects of different binding partners
for different CRs facilitate the generation of vectors for oncolytic virotherapy, allowing for

cancer specificity.

E1B region

The E1B gene is transcribed from the left end of r-strand, adjacent to E1A. E1B
promoter also possesses several binding sites for transcription factors, located in a closely
packed region allowing the transcription factors to interact with each other, but is devoid of
any E2F binding sites (Berk 1986). Two different proteins are generated by the E1B gene upon
alternative splicing. E1B19k protein is homologous to Bcl-2 family of apoptotic proteins and
exhibits anti-apoptotic activity by blocking both p53-dependent and p53-independent apoptotic
pathways.

E1B55k protein’s major documented function is to facilitate the transport of viral late
mRNASs to ribosomes for translation. It also forms a complex with E4AORF6, and they both can,
independently or together, bind to p53 and interfere with the activation of promoters by p53
and facilitate p53 degradation (Braithwaite and Russell 2001). The role of EIB55kD in cell
death regulation is exploited in E1B55kD deleted viruses that can be used for the treatment of

cancers. E1B55k-E40ORF6 also allows the translocation of Y-box binding protein 1 (YB-1)
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from the cytosol into the nucleus. YB-1 acts as a transcription factor for the E2-late promoter
which contains three YB-1 binding sites and stimulates the transcription from E2-late promoter
(Holm, Bergmann et al. 2002). This complex is also shown to activate DNA replication by
stabilising E1A and amplifying the activation of E2F1 (Dallaire, Schreiner et al. 2016).

E2 region

The E2 region is located on the l-strand with leftwards transcription. This region
contains two promoters- E2-early and E2-late. E2-early is active during both early and late
stages, however its activity is overshadowed by E2-late in the late phase. E2-early promoter
contains 2 key binding sites for E2F1 aligned in the opposite direction to each other. Binding
of E2F1 at these sites, TATA-Box binding protein (TBP), and activating transcription factor
(ATF) are required for the E2-early promoter activation. The promoter activation is further
enhanced by E4orf6 stabilisation of E1A (Swaminathan and Thimmapaya 1996). E2-late
promoter on the other hand is E2F-independent. It contains 3 binding sites for YB-1 for its

activation (Holm, Bergmann et al. 2002).

The protein products of E2-region are solely involved in viral DNA replication and
regulation of viral DNA synthesis. The products include DNA polymerase, a primase (terminal
protein) and a DNA-binding protein (DBP-E2A) which helps in denaturation of the template
ahead of replication fork. E2B protein serves as DNA polymerase as well as primer for the

DNA synthesis initiation (Braithwaite and Russell 2001).
E3- region

Adenoviral E3 region is located on the r-strand and the promoter region overlaps with
the E2-early promoter on the opposite strand. E3 promoter does not contain any E2F binding
sites. It has been speculated that it’s close proximity to E2-early promoters and transcription
factors binding sites could affect E3-transcription (Berk 1986). Nine distinct transcripts
originate from the E3 region with various roles in modulation of antiviral immune responses
by the host. Despite the high number of transcripts arising from this region, it is not
indispensable for viral replication (Braithwaite and Russell 2001). It is for this reason that E3
region is deleted in adenoviruses to introduce transgenes in gene therapy and virotherapy

approaches.
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E4 region

The E4 region is located on the far right end of the I-strand of adenoviral genome, along
with E2-early genes. E4 promoter, alike E3 promoter, does not contain any E2F binding sites
but is induced by E1A through activation of transcription factors such as pSOE4F and ATF. Its
activity is also negatively regulated by E2A. A negative feedback loop of E4orf4 in complex
with Protein phosphatase 2A (PP2A) regulates the E4 promoter through dephosphorylation of
transcription factors, including E1A, leading to decreased transactivation of E1A on the E4

promoter gene (Téauber and Dobner 2001).

E4 region contains several open reading frames with 5 of them containing their own
start codons. So far, 7 distinct transcripts have been identified from E4 region. The gene
products have been shows to display an array of activities like regulation of viral DNA
synthesis, inhibition of cellular protein synthesis, regulating mRNA shuttling, and cell death.
E4orf6 regulates viral gene expression and viral DNA replication in complex E1B55k as
mentioned before. E4orf6/7 stabilises E2F1 by forming complexes and enhance gene

expression from E2-early promoter (Braithwaite and Russell 2001).
Intermediate, late genes and Major late promoter

Intermediate genes are regulated by two promoters, IX and [Va2, which become active
after initiation of DNA replication. These proteins, which encode minor components of the
virus particle, are expressed at low levels in early phase of infection, but their levels increase
gradually with the duration of the infection. Both the proteins also act as transcriptional factors
for the major late promoter (MLP) (Tribouley, Lutz et al. 1994, Zhang and Imperiale 2003).
Late genes are present on the r-strand and are transcribed rightwards from the major late
promoter (MLP). These genes mainly encode for the structural components of the virus

particle, like hexon and fiber and is majorly controlled by E1A.

1.4.2. CDK4/6/RB/E2F pathway- Interplay of cell cycle regulation and adenoviral
lifecycle
Cell division is a very tightly regulated process, with multiple control mechanisms to
ensure the generation of two identical cells from a parental cell. To prevent accumulation and
propagation of DNA damage and mutations during cell division, several cell cycle checkpoints

operate as DNA surveillance mechanisms. Cell cycle progression happens sequentially through
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the gap 1 (G1), synthesis (S), gap 2 (G2) and mitotic (M) stages. This transition from one phase
to the next is tightly regulated via a complex signalling network involving consecutive
expression of different cyclins and CDKs in a timely manner (Matthews, Bertoli et al. 2022).
Before S-phase, a window occurs during which the cell commits to initiate DNA replication
and enters the cell cycle. This G1/S transition is the key mechanism that controls cell division

and supresses uncontrolled cell proliferation (Matthews, Bertoli et al. 2022).

The key regulator of cell cycle progression is CDK activity. CDK4 and CDK6
complexes are formed in the cells upon receiving mitotic stimuli and bind with cyclin D1.
These activated CDK4/6-cyclin D1 complexes can then phosphorylate pocket proteins such as
RB, p107, and p130 and inactivate them. In quiescent cells, these pocket proteins bind to
transcription factors such as members of E2F family of proteins and repress S-phase entry
(Matthews, Bertoli et al. 2022). The growth suppressive properties of RB could be largely
attributed to its binding with E2F proteins. This inactivation by CDK4/6 leads to hypo
phosphorylation of the pocket proteins, leading to the release of E2Fs from the pocket proteins.
The now free E2Fs can subsequently act as transcriptional activators/repressors and initiate
transcription of genes involved in cell cycle progression, such as cyclin A, cyclin E and CDK2.
Cyclin A and cyclin E interact with CDK?2, further phosphorylating RB and other cell cycle
mediators allowing the cell to pass the restriction point and progress to S/G2 phase. Thereafter,
CDKI1 is activated by cyclin A and cyclin B ensuring the cell cycle progression to mitosis (Pan,

Sathe et al. 2017).

Adenoviral replication involves a closely intertwined mechanism with the cell cycle
regulation. They exploit the cell cycle machinery to interfere with cellular gene expression and
utilise it for the progression of adenoviral life cycle. It has been described in literature that
adenoviruses require S-phase induction for optimal viral replication, and that cells in GO/G1
phase can provide ideal environment for adenoviral replication (Flint and Shenk 1989,
Goodrum and Ornelles 1997). The established model is that the adenoviral E1A protein
interferes with RB/E2F complexes and replaces E2F by binding to RB, leading to the release
of E2F transcription factors and allowing G1 to S transition (Nakajima, Masuda-Murata et al.
1987). A simplified overview of the interaction of adenoviral replication and RB/E2F cascade

is shown in figure-1.4.

A lot of research has been performed to understand the replication machinery of

adenoviruses, and most of the breakthrough discoveries occurred in the late 80s and early 90s,
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with E2F’s role in adenoviral biology being unravelled. The E1A gene is the master regulator
of viral replication as it possesses transactivating abilities to almost all viral genes. It has been
shown that the CR2 domain of E1A is crucial for its interaction with RB/E2F. E1A-E2F
interactions are not direct and pRB/p107 can serve to facilitate these interactions (Fattaey,
Harlow et al. 1993). It has also been speculated that EIA CR1 and E2Fs may bind to the same
region on pRB, and CR2 binds independently on a different region (Fattacy, Harlow et al.
1993).
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Figure 1.4. Cell cycle regulation by CDK4/6 and interplay with adenoviral life cycle.

Regulation of the cell cycle by pocket proteins of RB family, E2Fs, CDKs, and cyclins allowing
GI1/S transition in the cells- CDK4/6 inhibitors (Palbociclib(PD-0332991), Abemaciclib
(LY2835219), and Ribociclib (LEEO11)) are shown on the left side. Adenoviral E1A replaces
E2F1 by binding with RB, leading to E2F-release. These released E2Fs can thus bind on the E2F
binding sites on the adenoviral E1A and E2-promoters (grey triangles) and lead to viral gene
expression and DNA replication.

The overview of E1A region and its binding sites with other proteins are shown in
figure-1.5. The Adenoviral E2- region possesses two E2F binding sites arranged in a

palindrome which are considered indispensable for adenoviral replication (Swaminathan and
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Thimmapaya 1996). It also contains additional binding sites for TBP and ATF proteins, which
together with E2Fs, regulate the transcription. It has been demonstrated that E1A modulation
of E2-early gene requires the activity of a E4 gene product, which was later found, and

characterised to be E4orf6/7 (Neill, Hemstrom et al. 1990, Helin and Harlow 1994).
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Figure 1.5. Overview of Adenoviral EI1A protein and its binding domains with major interacting
O # S ] S
proteins.

The E2F family of transcription factors were initially discovered in context with their
activity in the E2-region and were eventually characterised as cellular transcription factors
(Kovesdi, Reichel et al. 1986, Kovesdi, Reichel et al. 1987). The described ‘E2F’ activity is in
2 components- E2F proteins, and their distant relatives- DP family of proteins. E2Fs form
heterodimers with DP-1 proteins which are collectively required for its activation of the E2-
early promoter (Cress and Nevins 1994, Helin and Harlow 1994, O'Connor and Hearing 1994).
E1A protein, which is a major transactivator of E2-genes, acts along with TBP, ATF and E2Fs
in a coordinated interaction and complex formation for the activation of E2-early promoter.
More recently, it has been demonstrated that E1A can directly interact with E2F/DP1
complexes through a direct interaction with DP1 leading to the complex recruitment at the E2F-

regulated promoters (Pelka, Miller et al. 2011).

In addition to E1A, the adenoviral E4orf6/7 protein also mediates the binding of the
E2F-DP1 complex at the inverted binding sites at the E2-early promoter sequence by providing

a dimerization interface to two adjacent E2F heterodimers. (Raychaudhuri, Bagchi et al. 1990,
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Helin and Harlow 1994). Furthermore, it has been shown that the binding of E4orf6/7, and the
binding of RB to E2F are mutually exclusive, suggesting that E4orf6/7 may mimic RB in its
activity (O'Connor and Hearing 1994). Interestingly, E4orf6/7 also shows transactivating
properties at the E2-promoter, but at a much lower level compared to E1A, by direct interaction
with E2F/DP1 (Hardy, Engel et al. 1989, Reichel, Neill et al. 1989, Obert, O'Connor et al.
1994, Swaminathan and Thimmapaya 1996). In the absence of the E1A gene products, it has
been demonstrated that the expression of the E4orf6/7 protein is sufficient to displace RB
protein family members from E2Fs to activate E2-promoter (O'Connor and Hearing 2000).
E4orf6/7 can also transactivate the E2-promoter even in the absence of ATF, possibly by
promoting E2F-binding at the promoter and stabilising the transcription complex (Nevins 1992,
Swaminathan and Thimmapaya 1996). The E4 protein has also been shown to induce an
infection-specific DNA-binding activity of E2F upon DNA band shift assays, which was not
observed with E1A (Hardy, Engel et al. 1989). Abridging the above findings, E1A and E4 both
can interact with E2F proteins and have distinct roles in promoter activation independent of

each other.

Babiss et al in 1989 have shown that the relation between E2F activity and E2A
expression could only be observed in the early phases of infection but not in late phases,
suggesting that E2F may not be required for E2-promoter activity 24hrs after infection (Babiss
1989). E1A protein is shown to stabilise E2F1 protein levels in late phase of infection to
maintain cell viability until the completion of viral life cycle (Seifried, Talluri et al. 2008). This
suggests that E2F proteins may have varied activities in different phases of infection. Although
canonically E2F1-3 proteins have been described as activators, studies have demonstrated that
they possess phase-dependent repressor function in certain biological processes such as cellular
differentiation and myeloid development (Chong, Wenzel et al. 2009, Trikha, Sharma et al.
2011). However, detailed analyses into the role of E2F proteins in different phases of viral life

cycle have not been performed so far.

While the focus of adenoviral gene regulation has largely been on the transactivating
properties of E1A on the E2-promoter, little is known about the interaction the other way
around. Chang et al have demonstrated that the DNA Binding Protein (DBP) encoded from
E2A promoter can influence transcription from E1A, E2A and major late promoters in a
plasmid based analysis (Chang and Shenk 1990). The major late promoter showed greater
response upon activation by DBP than by the E1A protein, indicating that DBP may have a

major role in activation of late gene expression.
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E2F1 protein has been the predominant transcription factor of interest in the adenoviral
context so far. However, some groups have studied the role of other E2F family proteins in
adenoviral life cycle. Recently, it was demonstrated that E4orf6/7 facilitates nuclear
localisation of E2F4 protein upon adenoviral infection and binding to the E2-early promoter
confirming that E2F4 transactivates this viral early promoter region along with E4orf6/7
(Schaley, Polonskaia et al. 2005). It has also been demonstrated that EIA enhances E2F4
promoter occupancy (Pelka, Miller et al. 2011). While the regulation of E2-early promoter by
a complex interaction of multiple transcription factors has been extensively studied, very little
is known about the interaction of other E2F proteins with adenoviral genome leaving gaps in
the knowledge about the role of E2F proteins on other adenoviral regions, and the individual

roles of the E2F proteins other than E2F1 in adenoviral life cycle.

1.4.3. Adenoviruses in Oncolytic virotherapy

Adenoviruses are one of the best studied viruses for gene therapy and virotherapy
approaches. They have many advantages in oncolytic therapy, such as their ability to their
tropism. Them being double stranded DNA viruses gives a relative ease in their genetic
manipulation and they are also comparatively easy to produce in large scale with high purity.
They have a high capacity of transgene incorporation, nearly 6kb in non-replicating vectors
and 2 kb in oncolytic vectors, to allow for therapeutic transgene expression (Cunliffe, Bates et
al. 2020). Oncolytic adenoviruses (OAdV) have been among the earliest OVs to be tested in
clinical trials. For example, Onyx-015, an E1B55k mutant adenovirus for selective replication
in p53 dysfunctional tumour cells, has been investigated extensively. Even though their
efficiency as monotherapy has been limited so far, these studies have demonstrated that
administration of OAdVs is well tolerated and safe (Peter and Kuhnel 2020, Mantwill, Klein
et al. 2021). A major advantage that OAdVs offer over traditional therapeutics is that they are
also effective in tumour stem cells, which enables them to completely eliminate tumours and
lower the chances of recurrence (Mantwill, Klein et al. 2021). Increase in release of
immunogenic compounds such as HMGBI1, Hsp90 have been observed upon oncolytic
adenovirus therapy in both in vitro and in patients (Farrera-Sal, Moya-Borrego et al. 2021),

suggesting that ICD is also a crucial mechanism of action in the therapy.

Replication-competent adenoviruses which are made tumour-specific by introducing

genetic modifications are referred to as conditionally replicating adenoviruses (CrAds). So far,
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4 different strategies are implemented to render adenoviruses tumour specific and achieve
conditional replication. The first strategy is to replace the E1 promoter with cancer-specific
promoters such as the prostate specific antigen promoter or the telomerase promoter, to activate
viral gene transcription. An example for this type of OAdVs is the Adenovirus CG0070 in
which E1A expression is regulated by the cellular E2F1 promoter. The other three strategies
involve modifications of the adenoviral early transcription units E1A and E1B to render them
dependent upon the cancer cell (Mantwill, Klein et al. 2021). Delta-24, which is also the most
widely used backbone for oncolytic adenoviruses, is an example of the OAdVs with E1A
deletions. A deletion of 24 base pairs in the CR2 region of adenoviral E1A renders it unable to
bind to pRB, and thus cannot release E2F in the cells to initiate replication. Hence it can only
replicate in cells with RB dysregulation where E2F is not dependent on RB, which is found in

a lot of cancer cells (Mantwill, Klein et al. 2021).

The safety and tolerance of oncolytic adenoviruses have been established in clinical
trials so far. However, the in vivo efficacy has been limited due to inefficient tumour
transduction or immune reactions. Thus, more strategies are employed to enhance oncolytic
virotherapy, for example, by combining oncolytic virotherapy with existing cancer treatments

such as chemotherapeutic agents or targeted therapies.

1.4.4. The oncolytic adenovirus XVir-N-31

The oncolytic adenovirus used in this study, referred to as XVir-N-31, was first
described in 2011 by Holzmuller et al (Holzmuller, Mantwill et al. 2011). The construct
contains several deletion sites, and arming strategies to make it cancer-specific and increase
infectivity. It contains a deletion in the CR3 domain of E1A region, hence it doesn’t produce
ET1AT13S. This leads to attenuated transactivation on E2-early promoter mediated by E1A13S,
thus making it dependent on E2-late promoter for E2-gene expression and replication. As
mentioned in earlier sections, E2-late promoter contains three YB-1 binding sites and relies on
YB-1 for its activation. The lack of EIA13S proteins also leads to a reduction in transactivation
of E4 genes, particularly E4orf6, which along with E1B55k plays a crucial role in the nuclear
translocation of the transcription factor YB-1 from cytosol. This renders the virus dependent
on nuclear YB-1 for its replication. YB-1 can only activate the viral gene expression, and
subsequent replication, if it is already present in the nucleus, which is the case for several

cancers (Holm, Bergmann et al. 2002, Holm, Lage et al. 2004). Thus, the virus is made cancer-
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specific by being nuclear YB-1 dependent. In addition to these changes, XVir-N-31 also lacks
the E1B19k protein which is an anti-apoptotic protein. Additionally, 2681 bp were deleted in
the E3-region, making the virus susceptible to host inflammatory response, meanwhile
providing space for transgene incorporation, for example, PD-L1 antibody (Lichtenegger, Koll
et al. 2019). To improve the viral entry into the cell, the fibre gene encodes for an additional
arginyl-glycyl-aspartic acid (RGD) motif which can facilitate better viral entry into the cells
irrespective of the CAR levels in the host cell (Holzmuller, Mantwill et al. 2011). A schematic
of the genetic changes in XVir-N-31 is shown in the figure-1.6.

E1A13S A10 (CR3) E1B19k A200 E3 A2681 L5 RGD motif
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Figure 1.6. Overview of the structure of the oncolytic adenovirus XVir-N-31.

A minimal schematic with major adenoviral genes of ADWT is shown in the top panel of the
figure. The bottom panel shows the schematic of XVir-N-31 with the changes in comparison with
ADWT.

1.4.5. Enhancing Oncolytic Virotherapy with combination therapies

Oncolytic adenoviruses are highly immunogenic and are well tolerated in patients, with
limited side effects. However, in terms of efficacy, there is a need for improvement as
genetically modified viruses demonstrate reduced replicative ability (data not shown). Several
strategies can be implemented to improve the efficiency of various aspects upon infection, such
as introduction of transgenes in the viral genome like GM-CSF, improving viral tropism by
introducing an RGD motif on the fiber knob. Apart from these modifications in the viral
genome, combination therapy approaches are implemented to enhance the oncolytic activity of
the viruses, with existing therapies such as chemotherapeutics, targeted therapies, or

immunotherapies (Mantwill, Klein et al. 2021).
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Some studies have reported that combining oncolytic viruses with chemotherapeutics
could enhance viral replication and cell lysis, even though the mechanism wasn’t clearly
understood. In previous studies by our group, it was shown that YB-1 gets translocated to
nucleus in response to irradiation and stress induced by chemotherapy, and a triple therapy with
trichostatin, irinotecan and oncolytic adenoviruses could enhance the viral replication (Bieler,
Mantwill et al. 2006). It is hypothesised that the topoisomerase I inhibitor irinotecan causes
DNA breaks which leads to translocation of YB-1 into the nucleus resulting in activation of
viral replication via the E2 late promoter. Alike chemotherapy, radiation can also induce
nuclear translocation of YB-1 leading to enhanced viral replication and higher viral yield

(Bieler, Mantwill et al. 2006).

As described earlier, adenoviral life cycle is intrinsically intertwined with the molecular
mechanisms of the host cell. Using targeted therapies for specific molecules/pathways, the
biology of the virus could be exploited to create a feasible replicative environment for oncolytic
adenoviruses. The ability of OVs to turn cold tumours into hot tumours makes them a lucrative
treatment option in ICI refractors tumours as OVs make tumours susceptible and eligible to
ICIs. It was also previously observed that oncolytic adenoviruses (OAdV) work best in
immunologically cold tumours (Breitbach, Lichty et al. 2016, Taipale, Téhtinen et al. 2018).
To further enhance the immunogenicity of the OVs, several combination therapy regimens with
immunotherapy have also been tested. It was observed by Woller et al that OAdV infection
could overcome resistance to PD-1 immunotherapy in mice (Woller, Gurlevik et al. 2015). A
broader T-cell response and neoepitopes were also observed and the combination approach has
inhibited the tumour spread in a CD8+ T-cell dependent manner. In a melanoma model treated
with the OAdV ONCOS-102 in combination with checkpoint inhibitor, Pembrolizumab,

enhanced immune infiltration has been observed (Kuryk, Meller et al. 2019).

Aside from immune checkpoint blockade, other targets have been explored in
combination therapies. Some of the examples of studied targeted therapeutics include mTOR
inhibitors (RADO001, Rapamycin) which inhibit mTOR kinases that are involved in cell
proliferation, autophagy, apoptosis, immune cell differentiation among other functions, or
inhibitors of histone deacetylases that inhibit HDACs which regulate transcription of genes,
(Trichostatin, Valproic acid). Studies have shown that small molecule inhibitors also enhance
virotherapy by increasing viral replication or tumour cell but unfortunately the molecular
mechanisms are not thoroughly investigated. Monoclonal antibodies directed against

molecules such as epithelial growth factor receptor (EGFR), cetuximab or anti-vascular
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endothelial growth factor (VEGF) antibody bevacizumab showed promising outcomes were
observed in vivo (Bressy and Benihoud 2014). mTOR kinase is a key protein which is
frequently activated in tumours. It has been shown that combination of mTOR inhibitor
rapamycin with oncolytic virotherapy led to an increase in enhanced viral replication, and
cytotoxicity due to rapamycin induced increase in autophagy (Comins, Simpson et al. 2018).
Similar results have also been seen with combining oncolytic viruses with mTOR inhibitor
Everolimus (Homicsko, Lukashev et al. 2005). Other kinase inhibitors have also been studied
in combination with oncolytic viruses, like, aurora B kinase inhibitor AZD1152, MEK inhibitor
CI11040, Chk1 inhibitor UCN-01, all resulting in increased viral replication and cytotoxicity
(Bagheri, Shiina et al. 2011, Connell, Shibata et al. 2011, Libertini, Abagnale et al. 2011).
Collectively, these studies demonstrate that combination therapies with oncolytic viruses and

targeted therapies could be a potentially successful therapy strategy.

1.4.6. Combining the oncolytic adenovirus XVir-N-31 with CDK4/6 inhibitors

The dissociation of RB from E2F is crucial in controlling G1 to S transition, and is part
of a complex signalling cascade (Matthews, Bertoli et al. 2022). Dysregulations in this
signalling pathway are found in multiple cancers. Thus, targeting these proteins with small
molecule inhibitors proves as an attractive strategy for therapy in cancers. Several inhibitors
targeting the components of CDK4/6 signaling network have been developed over the years.
Next generation CDK4/6 inhibitors were much more refined with selected activity towards
CDK4/6 and include Palbociclib (PD-0332991 from Pfizer), Abemaciclib (LY-2835219 from
Eli Lilly) and Ribociclib (LEEO11 from Novartis). All three of these drugs have different
pharmacokinetic properties and clinical toxicities despite similar functioning mechanisms
(Finn, Aleshin et al. 2016, Braal, Jongbloed et al. 2021). These inhibitors target the CDKs in
RB positive tumour cells to induce cell cycle exit and reduce cell proliferation by cytostatic
activity and are largely inactive in RB negative cells making the RB-expression a prerequisite
for the therapy. They have shown success in preclinical studies both in vitro and in vivo in
several cancers, like, melanoma, glioma, breast cancer, pancreatic cancer, and metastatic
bladder cancer (Pan, Sathe et al. 2017, Iwata 2018). CDK4/6 inhibitors have shown success in
clinic, with the major breakthrough being the approval by the FDA for the treatment of
Hormone Receptor (HR)-positive and Human Epidermal Growth Factor Receptor 2 (HER2)-

negative breast cancer. However, acquired resistance remains a concern, limiting their success.
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This encourages the exploration of combinatorial approaches since CDK4/61 have tolerable

safety profile.

In previous studies by Jana Annika Koch from our group, we have tried to enhance the
oncolytic activity of XVir-N-31 by combining with targeted therapies via small molecule
inhibitors (Koch 2021). Connell et al had demonstrated that the Chk1 inhibitor UCN-01 could
enhance the effects of oncolytic virotherapy by increasing DNA damage and viral genome
replication, leading to an enhanced cytotoxicity in the combination therapy (Connell, Shibata
et al. 2011). It was observed by our group that XVir-N-31 showed increased viral genome
replication, particle formation and virus-induced cell death upon combination with the Chk-
inhibitor UCN-01. However, these effects could not be observed upon combination with AZD-
7762, a Chkl inhibitor with improved specificity, suggesting that the enhanced oncolytic
activity by UCN-01 is possibly due to off-target effects of the compound. UCN-01 was also
reported to potently inhibit the proteins CDK4 and 6 (Ashwell and Zabludoff 2008). Hence,
CDK4/6 inhibitors were used in combination with XVir-N-31 to explore their potential as a

combination therapy.

Three specific CDK4/6 inhibitors, Palbociclib, Abemaciclib and Ribociclib, were used
in combination with XVir-N-31 and bladder cancer cell lines, and a potent enhancement in
oncolytic activity was observed. It was observed that XVir-N-31 showed synergy with CDK4/6
inhibitors in bladder cancer cells that had functional RB-protein. This synergy was also
observed in glioblastoma and a xenograft model of sarcoma. In a previously published study
by our group, it was showed that functional RB protein is required for the activity of CDK4/6
inhibitors (Sathe, Koshy et al. 2016). A remarkable factor in the observed synergy was that the
viral genome replication and particle formation were enhanced upon CDK4/61 even at lower

MOlIs.

At a molecular level, CDK4/61 leads to reduction in RB and E2F1 protein levels.
However, RB levels are partially restored as a resistance mechanism at day-2 after treatment.
An increase in protein level was also observed with E2F3 and 4. However, upon combining
with adenoviral infection, it was observed that E2F1 levels started recovering 12hrs past
infection and completely restored by 24hrs, while the RB levels remained downregulated. As
described in the earlier chapter, E2F proteins are crucial for adenoviral gene regulation and
transcriptional activation of E1A and E2-early regions. Hence, it comes as a surprise that we

observe an enhancement in adenoviral replication in the absence of E2F proteins. It is also quite
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interesting that the virus overrides the CDK4/61 mediated downregulation of E2F1 by restoring
the E2F1 protein levels within 24hrs (Koch 2021). It has been published earlier that the
adenoviral E1A protein stabilised E2F1 levels to keep the cell viable for successful completion
of adenoviral life cycle (Seifried, Talluri et al. 2008). The synergy observed upon reduction of
RB and E2F1 levels with CDK4/61 raised questions about the roles of these proteins in
adenoviral replication. This prompted us to investigate the mechanisms driving the synergy
between oncolytic adenoviruses and CDK4/6 inhibitors, and also the role of RB and E2F

proteins in adenoviral life cycle, which forms the major focus on this thesis.

1.5. JAK-STAT pathway in Bladder cancer

The JAK-STAT signalling pathway is composed of two main components- Janus
Kinases (JAKs) and signal transducer and activator of transcription (STAT). It is one of the
most important pathways regulating immune mechanisms in cells. The functions of JAK-
STATs encompass a wide array of cellular functions, such as, haematopoiesis, immune
regulation, inflammation, tissue repair, adipogenesis, and apoptosis. Hence it is of no surprise
to find that it is also widely dysregulated in cancers, since immune dysregulation is one of the

hallmarks of cancer (Owen, Brockwell et al. 2019).

JAKs are transmembrane tyrosine kinase molecules belonging to the Receptor Tyrosine
Kinase (RTK) family comprising of 4 members- JAK1, JAK2, JAK3 and TYK2. JAK1, JAK2
and TYK2 are expressed ubiquitously whereas JAK3 is predominantly found in haematopoietic
cells. Together, these molecules can conduct signal transduction of approximately 60 different
cytokines, hormones, and growth factors such as interferons, interleukins, erythropoietin,
thrombopoietin, prolactin, and growth hormone (Xiu, Ma et al. 2016). STATs are downstream
targets of JAKSs, comprising of 7 members- STAT1, STAT2, STAT3, STAT4. STATS5a,
STATS5b and STAT6. They play a crucial role in cytokine-mediated signalling, with STAT3

and 5 showing wide range of functions compared the rest of the STATSs.

Mechanistically, the JAK-STAT pathway is quite simple in its activation and
regulation. A variety of ligands such as cytokines and chemokines, can bind to JAKs leading
to their activation. Activation of JAKs lead to their dimerization and thus, facilitating
transphosphorylation. The activated JAKs can then interact with, and phosphorylate their key

substrates, STATS, leading to dimerization of STATS forming homo, or heterodimers. These
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STAT dimers are then translocated to the nucleus where they can initiate signalling at their
target genes either by activation or by repression (Xin, Xu et al. 2020). Despite the relatively
simplistic nature of pathway activation, events such as selective dimerization, negative
pathway regulation, and post-translational modifications of pathway members have
characterized the JAK-STAT pathway a complex cascade to understand with many regulatory
processes still poorly understood (Xin, Xu et al. 2020).

Activation of JAK-STAT pathway in chemo resistant bladder cancer cells has been
demonstrated. Particularly, JAK2 and STAT3 activation was observed suggesting that JAK?2
and STAT3 are perhaps involved in tumour recurrence by acquiring resistance to chemotherapy

in bladder cancer (Ojha, Singh et al. 2016).

STAT family of proteins have been shown to be dysregulated in many human cancers
such as lung cancer, kidney cancer, cervical cancer and they’re also associated with poor
prognosis (Guo, Yang et al. 2009, Takemoto, Ushijima et al. 2009, Tong, Wang et al. 2017).
Dysregulation in STAT3 activation in bladder cancers has been shown in multiple studies with
elevated STAT3 levels observed in bladder cancer tissues. More specifically, activated STAT3
has been shown to predominantly localize in the nucleus of cancer cells indicating an increased
active-STAT3 (Mitra, Pagliarulo et al. 2009, Shen, Gu et al. 2013, Degoricija, Situm et al.
2014). Furthermore, the nuclear localization of p-STAT3 was observed to be more pronounced
in invasive cancer tissues when compared to non-invasive and early-stage cancer tissues
suggesting that the higher nuclear localization of p-STAT3 in invasive bladder tumors might
be of prognostic importance. Ho et al., have created a transgenic mouse model of invasive
bladder cancer by targeting an active dimerized form of STAT3 to the basal cells of bladder
epithelium (Ho, Lay et al. 2012). When exposed to carcinogens, the transgenic mice directly
developed invasive carcinoma from carcinoma in situ highlighting the possible role of STAT3
in bladder cancer progression. Collectively, evidence suggests that the higher nuclear
localization of p-STAT?3 in invasive bladder tumors might be of prognostic importance and it
is of interest to monitor STAT3 role in bladder cancer disease progression. What is also of
interest is that STAT3 is shown to be highly expressed and activated in Bladder cancer stem

cells when compared to bladder cancer non-stem cells (Yang, He et al. 2017).

Several studies have studied the prognostic significance of p-STAT3 in bladder cancers.
It has been shown that higher p-STAT3 levels were associated with poorer survival (Mitra,

Pagliarulo et al. 2009). High STAT3 activation levels are also correlated with invasiveness,
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higher grade, and stage of the disease (Chen, Cen et al. 2008, Yang, Shen et al. 2017). From
the above-mentioned studies, it could be concluded that STAT3 activation plays a major role
in the disease progression in bladder cancers, thus making it an interesting target for therapy in

advanced and muscle-invasive bladder cancers.

Several small molecule inhibitors targeting JAKs are already in the clinic for various
immune- mediated illnesses, such as, auto-immune disorders and myelofibrosis. Inhibitors
against STAT3 have showed preclinical success in various cancers and have successfully been

tested in phase-I clinical trials for safety and efficacy in solid tumours (Xin, Xu et al. 2020).

In a CRISPR/dCas9 screening performed by our group to study resistance mechanisms
upon CDK4/6 inhibiton in bladder cancer, it was found that the components of JAK-STAT
pathway may have a role in mediating acquired resistance (Tong, Sathe et al. 2019). Inhibitors
against STAT3 and JAKs could potentially be used to overcome acquired resistance upon
CDK4/6 inhibition. It was also observed that combining JAK inhibition with oncolytic viruses
could enhance viral replication and cell lysis, in oncolytic herpes simplex virus and vesicular
stomatitis virus (Ghonime and Cassady 2018, Patel, Dash et al. 2019). This could possibly be
mediated by modulation of interferon signaling upon JAK inhibition. This is an encouraging
finding to further explore combination therapies with JAK and STAT inhibitors along with

oncolytic adenoviruses.
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1.6. Aim of the study

Oncolytic virotherapy is a rapidly expanding mode of therapy in the treatment landscape
of cancers. Oncolytic adenoviruses, in particular, have shown remarkable safety profile in
clinical trials so far. A major limiting factor for their success is their limited replicative ability
in cancer cells which results in incomplete tumour elimination and probably also limited effects
on stimulation of the immune system. One way to overcome this drawback is by implementing
combination therapy strategies which enhance viral replication and cell killing ability. Our
group has earlier demonstrated that the oncolytic adenovirus XVir-N-31 shows remarkable
synergy in combination with CDK4/6 inhibitors in bladder cancer (Koch 2021). This strategy
also proved to be successful in glioblastoma and sarcoma in other studies in our group (PhD
thesis, M. Ehrenfeld and PhD thesis, S. Schober, yet unpublished). As CDK4/6 inhibitors
suppress RB/E2Fs, and from established knowledge, it is understood that adenoviruses need
RB and E2F for their life cycle, this synergy comes as a surprise. Thus, a thorough investigation
of molecular mechanisms underlying this synergy is important in identifying this obviously
novel regulatory mechanisms involved in adenoviral life cycle. Understanding this mechanism

might result in the design of novel adenoviral therapy strategies with improved efficacy.
In this study, we aimed to:

I.  Investigate the dose and time dependency of Palbociclib treatment for the enhancement
in oncolytic activity.
II.  Investigate the MOI dependency on the adenoviral gene expression upon Palbociclib
treatment.
III.  Study the functional effects on the cells upon CDK4/6 inhibition by assessing apoptosis
and cell death.
IV.  Perform temporal analysis of enhancement in viral gene expression upon Palbociclib
treatment.
V. Investigating the role of E2F family of proteins in adenoviral replication by using
siRNA mediated knockdown.
VI.  Studying the importance of E2F-binding sites in adenoviral genome, and the
availability of E2Fs, for adenoviral replication using novel adenoviral constructs.
VII.  Characterizing JAK-STAT pathway components as therapeutic targets in Bladder

cancer as monotherapy, and in combination with oncolytic adenovirus XVir-N-31.
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2. Materials and methods

2.1. Materials

2.1.1. Adenoviruses

Table 2.1. Adenoviruses

Name Producer

ADWT-RGD-dE3 Klaus Mantwill, Klinikum rechts der Isar der TUM, Germany

ADWT/E2Fm Klaus Mantwill, Klinikum rechts der Isar der TUM, Germany

ADWT/2xE2Fm Klaus Mantwill and Maximilian Ehrenfeld, Klinikum rechts der
Isar der TUM, Germany

ADWT/Trap Klaus Mantwill, Klinikum rechts der Isar der TUM, Germany

XVir-N-31 Klaus Mantwill, Klinikum rechts der Isar der TUM, Germany

2.1.2. Antibodies

Table 2.2 Antibodies
Name Cat. no. Dilution Producer
E1IA Sc-25 1:100 Santa cruz
E2A 1:100 Kindly provided by M. Dobbelstein,
Gottingen University, Germany
E2F1 3742 1:1000 Cell Signaling Technology
E2F3(PG37) 3E2F04 1:1000 Thermo Fisher Scientific
E2F4 sc-398543 1:1000 Santa cruz
GAPDH (14C10) 2118 1:1000 Cell Signaling Technology
Hexon ABIN2686029 | 1:1000 Antibodies online
HRP conjugated | P0449 1:1000 Dako
rabbit-anti-goat
Peroxidase- 715-036-150 1:10,000 Dianova
conjugated
anti-mouse IgG
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Peroxidase- 711-036-152 1:10.000 Dianova
conjugated anti-
rabbit IgG
Rb (D20) 9313 1:1000 Cell Signaling Technology
Phospho Rb (Ser | 8182 1:1000 Cell Signaling Technology
780) (D59B7)
YB-1 (EP2708Y) ab76149 1:500 Abcam
2.1.3. Buffers and solutions
Table 2.3. Buffers and solutions
Buffer Composition

Chemiluminescence reagent A

0.1M Tris-HCI (pH 8.5)
2.5mM Luminol

0.4mM p-Coumaric acid

Chemiluminescence reagent B

0.1M Tris-HCI (pH 8.5)
0.18% H>O>

buffer

DNA Lysis buffer 10mM Tris-HCI (pH 8)
100mM NaCl
25mM EDTA (pH 8)
0.5% SDS
Immunoblotting primary antibody dilution | 5% BSA in TBS

0.02% Sodium azide

Immunoblotting blocking solution

5% non-fat milk powder in TBST

Protein loading buffer (4x)

0.25M Tris-HCI (pH 6.8)

8% SDS

0.04% Bromophenol blue

40% Glycerin

100ul 1M DTT to 500ul prior to use

SDS page running buffer (10x)

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

SDS protein lysis buffer (1%)

10mM Tris-HCI (pH 7.2)
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1% SDS
1mM Na-orthovanadate
one Mini-Protease Inhibitor tablet

10ul/ml phosphatase inhibitor prior to use

Separating gel buffer

1.5M Tris/HCI pH 8.8

SRB staining solution (0.5%)

0.5% SRB (w/v) in 1% acetic acid

Stacking gel buffer 0.5M Tris/HCI pH 6.8
TBE (10x) IM Tris
IM Boric acid
0.02M EDTA
TBS (10x) 0.5M Tris pH 7.6
TBS-T 0.1% Tween-20 in TBS (1x)
TCA (100%) 0.3M TCA in 22.7ml dH,0O
TE (0.1x) 0.1% TE (100x, pH 8)
Transfer buffer (10x) 25nM Tris
192mM Glycine
Transfer buffer (1x) 10% Transfer buffer (10x)
20% Methanol
Tris base (10mM) 1% Tris Base (1M)
Virus resuspension buffer 20mM Tris
25mM NacCl
Virus storage buffer 20 mM NaCl
25 mM Tris

2.5 % Glycerol

2.1.4. Cell lines
Table 2.4. Cell lines

Cell lines Source

253] Kindly provided by W. Schulz, Heinrich-Heine-University, Diisseldorf,
Germany

639V Kindly provided by W. Schulz, Heinrich-Heine-University, Diisseldorf,
Germany
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647V Leibniz Institute DSMZ- German collection of microorganisms and cell
cultures, Braunschweig, Germany

EJ28 Cell Lines Service GmbH

HEK-293 American type culture collection, Manassas, VA, USA

J82 LGC Standards Ltd.

RT112 Leibniz Institute DSMZ- German collection of microorganisms and cell
cultures, Braunschweig, Germany

SD Kindly provided by W. Schulz, Heinrich-Heine-University, Diisseldorf,
Germany

T24 American type culture collection, Manassas, VA, USA

UMUC3 American type culture collection, Manassas, VA, USA

UMUC6 Kindly provided by W. Schulz, Heinrich-Heine-University, Diisseldorf,

Germany

2.1.5. Cell culture media
Table 2.5. Cell culture media

Medium

Composition

Culture medium for cells cultured at 5% CO2 RPMI

10% FBS
1% NEAA
1% PS

Culture Medium for cells cultured at 10% CO; DMEM

10% FBS
1% P/S

Freezing Medium

50% RPMI or DMEM
40% FBS
10% DMSO

Infection medium for cells cultured at 5% CO2 RPMI

1% NEAA
1% PS

Infection medium for cells cultured at 10% CO» DMEM

1% P/S
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2.1.6. Chemicals, reagents, and enzymes

Table 2.6. Chemicals, reagents, and enzymes

Material Source

100% Ethanol Sigma-Aldrich Chemie GmbH

70% Ethanol GriiggemannAlcohol Heilbronn GmbH,
Heilbronn, Germany

Acetic Acid Sigma-Aldrich Chemie GmbH

Ammonium persulfate (APS)

Sigma-Aldrich Chemie GmbH

Boric acid

Sigma-Aldrich Chemie GmbH

Bovine serum albumin (BSA)

Sigma-Aldrich Chemie GmbH

Bromophenol blue Serva

Calcium chloride (CaCl,) Merck Chemicals GmbH
Chloroform Sigma-Aldrich Chemie GmbH
Color Prestained Protein Standard, Board | New England Biolabs

Range

Complete mini protease inhibitor Roche

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Chemie GmbH

Dithiothreitol (DTT)

Cell Signaling

Dulbecco’s Medium

(DMEM)

Modified Eagle's

Biochrom

Ethidium bromide (10mg/ml)

Sigma-Aldrich Chemie GmbH

Ethylene diamine tetra acetic acid (EDTA,
0.5M)

AppliChem

Foetal bovine serum (FBS)

Biochrom

Fluoroshield with DAPI

Sigma-Aldrich Chemie GmbH

FuGENE HD Transfection Reagent

Promega Cooperation

Glucose Sigma-Aldrich Chemie GmbH
Glycine Sigma-Aldrich Chemie GmbH
GoTaq qPCR master mix Promega Cooperation

GoTaq Green PCR master mix

Promega Cooperation

Hydrogen chloride (HCI)

Merck Chemicals GmbH

Isopropanol

Sigma-Aldrich Chemie GmbH

31




Lipofectamine RNAimax

Invitrogen

Magnesium chloride (MgCl)

Sigma-Aldrich Chemie GmbH

Methanol

Sigma-Aldrich Chemie GmbH

Opti-MEM

Invitrogen

Penicillin Streptomycin (P/S; 100x)

Sigma-Aldrich Chemie GmbH

Phenol Chloroform Isoamyl Alcohol (PCI)

Sigma-Aldrich Chemie GmbH

Phosphate buffered saline (PBS, 1x, 10x,
20x)

Biochrom

Phosphatase inhibitor Mix 11

Serva Electrophoresis GmbH

Phusion High-Fidelity PCR Master Mix

Thermo Scientific

Precision plus protein standard BioRad

Proteinase K Qiagen

Potassium chloride (KCl) Merck Chemicals GmbH
Skimmed milk powder Sigma-Aldrich Chemie GmbH
Sodium acetate Merck Chemicals GmbH
Sodium azide Sigma-Aldrich Chemie GmbH
Sodium chloride (NaCl) Merck Chemicals GmbH

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich Chemie GmbH

Sodium orthovanadate

Sigma-Aldrich Chemie GmbH

Sodium phosphate dibasic

Merck Chemicals GmbH

Sulforhodamine B (SRB)

Sigma-Aldrich Chemie GmbH

Tetramethyl ethylene diamine (TEMED)

Carl Roth

Trichloroacetic acid (TCA)

Sigma-Aldrich Chemie GmbH

Tris(hydroxymethyl)-aminomethane

Merck Chemicals GmbH

Triton X-100

Sigma-Aldrich Chemie GmbH

Trypan blue (0.5%) Biochrom
Trypsin/EDTA Biochrom
Tween-20 Serva Electrophoresis GmbH
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2.1.7. Commercial Kits

Table 2.7.Commercial kits

Kit Cat. No Source
Caspase -Glo 3/7 Assay G8090 Promega
CellTiter-blue Cell Viability Assay G8080 Promega
DNase I digestion Kit AMPDI1 Sigma-Aldrich Chemie
GmbH
High-Capacity cDNA Reverse | 4368813 Thermo Scientific
Transcription Kit
Liquid DAB + Substrate Chromogen | K3468 Dako
System
mirVANA miRNA Isolation Kit AM1560 Thermo Scientific
HiSpeed Plasmid Midi Kit 12643 Qiagen
Pierce BCA Protein assay 23225 Thermo Scientific
2.1.8. Disposable equipment
Table 2.8. Disposable equipment
Equipment Source
Amersham hybond-P PVDF-Membrane GE Healthcare

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

well, 6-well, 10cm, 15¢m)

Corning Incorporated

Cell culture plates (24-well)

Techno Plastic Products AG

Cell lifter

Sigma-Aldrich Chemie GmbH

Cell lifter with 2-position blade

Sarstedt, Incorporated

Conical tubes Falcon (15ml, 50ml)

Greiner GmbH

Cryogenic vials Nunc (1.8ml)

Thermo Scientific

Gel Saver II — Tips 1-200ul

Kisker Biotech GmbH

Glass coverslips

Corning Incorporated

Hard-shell PCR plates (96-well)

BioRad

Lens cleaning paper

The Tiffen company

Needles (27 Gauge)

BD Biosciences

PCR reaction tubes (0.5ml)

Biozym Scientific
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Pipette tips with/without filter

Sarstedt

Reaction tubes (0.5ml, 1.5ml, 2ml)

Sarstedt

Serological pipettes (Sml, 10ml, 25ml)

Greiner Bio-One International AG

Slides, microscope

Merck Chemicals GmbH

Sterile filter Nalgene (0.25um, 0.4pum)

B. Braun Melsungen AG

Syringes

B. Braun Melsungen AG

White polystyrene plates (96-well)

Corning Incorporated

2.1.9. Multiple use equipment
Table 2.9. Multiple use equipment

Equipment Source
Analytic balance AT250 Mettler Toledo
Autoclave Sytec DX-65 Systec GmbH

Avanti JXN-30 Ultracentrifuge

Beckman Coulter

Biological safety cabinet Herasafe KS12

Thermo Scientific

BVC professional laboratory fluid aspirator | Vacuubrand GmbH
Centrifuge 5430R Eppendorf GmbH
Centrifuge 5810R Eppendorf GmbH
Centrifuge ROTINA 35R Hettich

ChemiDoc XRS Imaging System BioRad

ChemiDoc MP Imaging System BioRad

CO; incubator HERA Cell240

Thermo Scientific

CO; incubator HERA Cell2401

Thermo Scientific

Cold light source Leica L2

Leica Microsystems GmbH

Countess II FL automated cell counter

Thermo Fisher

Cryogenic freezing container, 1 Deg C

Nalgene

Electrophoresis power supply EPS 601

Amersham Pharmacia Biotech

Glassware Schott AG
Heating and drying oven Heraeus | Thermo Scientific
FunctionLine B6

Heating and drying oven Heraeus | Thermo Scientific
FunctionLine UT20
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Heating block thermostat BT 100

Kleinfeld Labortechnik

Ice machine Manitowoc

Manitowoc Ice

Intellimixer RM-2L

Elmi Ltd. Laboratory Equipment

Magnetic Stirrer

Heidolph Instruments GmbH

Microcentrifuge 5430R

Eppendorf GmbH

Microcentrifuge QikSpin QS7000 personal

Edwards Instrument Co.

Micropipettes Pipetman

Gilson Inc.

Micropipettes

Eppendorf

Microplate reader Vmax Kinetic

Molecular Devices

Microscope AxioVert 135 Carl Zeiss
Microscope AxioVert Al Carl Zeiss
Microscope camera AxioCam ERc 5s Carl Zeiss
Microscope EVOS M5000 Invitrogen

Mini protean system BioRad

Mini trans-blot cell transfer system BioRad
Mini-protean tetra cell gel system BioRad
Minishaker IKA MS2 IKA Works Inc.

Multilabel plate reader Victor X3

Perkin Elmer

Neubauer chamber

LO Laboroptik

Orbital shaker K15

Edmund Buehler GmbH

Perfect blue gelsystem Mini M

PEQLAB Biotechnologie GmbH

pH Meter 691 Metrohm
Power supply PowerPac HC BioRad
Pressure cooker Fissler & Fissler

Spectrophotometer Nanodrop 2000¢

Thermo Scientific

Stereo microscope Stemi DV4 Carl Zeiss
Thermal cycler C1000 CFX96 BioRad
Thermal cycler iCycler 1Q Real-time PCR | BioRad
detection system

Thermal cycler MJ Research PTC-200 BioRad
Trans-Blot Turbo Transfer System BioRad

Vortex-Genie 2

Scientific Industries
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Water bath W350 Memmert

Water purification system, Purelab ELGA Lab water
2.1.10. Plasmids
Table 2.10. Plasmids

Plasmid Source

pE2-early-luc-Trap

Klaus Mantwill

pE2-early-luc-TrapM

Klaus Mantwill

2.1.11. Primers
Table 2.11. Primers

Name Company Forward primer Reverse Primer

B-actin Eurofins TAAGTAGGTGCA AAAGTGCAAAGAA
CAGTAGGTCTGA CACGGCTAAG

E1AI12S | Eurofins CGACGAGGATGAA CTCAGGATAGCAG
GTCCTGTGTCTG GCGCCAT

E1A13S | Eurofins TGTTTGTCTACAG CTCAGGATAGCAG
TCCTGTGTCTG GCGCCAT

E1B55k | Eurofins CCTGGCCAGTGTTT CCCGTTCAGGTTCA
GAGCAT CCTTGG

E2-early | Invitrogen CCGTCATCTCTAC GGGCTTTGTCAGA
AGCCCAT GTCTTGC

E2-late Apara CTTCCTAGCGACT GTCAGAGTGGTAG

Bioscience TTGTGCC GCAAGGT
E2F1 Life ACGCTATGAGAC TCCTGGGTCAA
Technologies | CTCACTGAA CCCCTCAAG

E40rfo6 Metabion TCC CTC CCA ACA CAC | GAC AGG AAA CCG TGT
AGA GT GGA AT

Fiber Eurofins AAGCTAGCCCTGC CCCAAGCTACCAG
AAACATCA TGGCAGTA

GAPDH | Eurofins TGGCATGGACTGT ACTGGCGTCTTCA
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GGTCATGAG CCACCATGG
Hexon MWG GGCCATTACCTTTGA GCATTTGTACCAGGAA
Biotech AG | CTCTTC CCAGTC
RB Life AGCAACCCTCCTA TGTTTGAGGTATC
Technologies | AACCACT CATGCTATCA

2.1.12. Programs and softwares

Table 2.12. Programs and softwares

Program Website

Adobe Illustrator https://www.adobe.com/de/products/illustrator.html
Adobe Photoshop https://www.adobe.com/de/products/photoshop.html
Bio-Rad CFX Manager BioRad, Hercules, CA, USA

cBioPortal https://www.cbioportal.org/

Compusyn www.combosyn.com/

ImageJ https://imagej.nih.gov/ij/

Image Lab BioRad, Hercules, CA, USA

Microsoft Office https://www.microsoft.com/de-de/microsoft-365

2.1.13. siRNAs
Table 2.13. siRNAs

siRNA Source

Negative control siPOOL siTOOLs Biotech GmbH, Planegg, Germany
siE2F1 pool siTOOLs Biotech GmbH, Planegg, Germany
siE2F3 pool siTOOLs Biotech GmbH, Planegg, Germany
siE2F4 pool siTOOLs Biotech GmbH, Planegg, Germany

2.1.14. Small molecule inhibitors

Table 2.14. Small molecule inhibitors

Name Target Stock conc. Dissolvent Company

PD-0332991 CDK4/6 10mM Water MedChemExpress
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Palbociclib

BBI608 STAT3 10mM DMSO Selleckchem

Napabucasin GmbH

Ruxolitinib JAK1/2 10mM DMSO Selleckchem
GmbH

Stattic STAT3/5 10mM DMSO Selleckchem
GmbH

2.2. Methods

2.2.1. Cell culture, maintenance, and cryopreservation

Cells were cultured under sterile conditions in laminal flow safety cabinets. Cell lines were
grown in 10-cm plates and maintained under sub-confluent conditions with daily monitoring
and ensured that they were used for experiments in early passages. Cell lines were cultured in
either RPMI medium at 37°C and 5% CO; or DMEM medium at 37°C and 10% CO- as per
cell line guidelines. Upon reaching 60-70% confluency, cells were split by aspirating cell
culture medium, washing with PBS containing 5% 0.5M EDTA, and incubating with trypsin
at 37°C until the cells were detached from the surface. Fresh medium was added to neutralise
the trypsin, and cells were collected in a falcon tube and spun for 5 min at 300rcf. The cell
pellet was resuspended in fresh medium and fraction of cells was seeded in fresh 10-cm plates
as recommended by cell line manufacturers. For seeding, cell counting was performed using
Countess II FL automated cell counter. Depending on the experiment, 0.2-1x10°, 0.5-3x10°,

0.125-1x10° were seeded in 10cm, 6-well, or 12-well formats, respectively.

For cryopreservation, cells were dissociated from plates in PBS and trypsin as described above.
After centrifugation of cells, the cell pellet was re-suspended in 1ml of freezing medium and
transferred into cryovials. Cells were frozen using a freezing container and stored at —80°C for
1-2 days, before transferring to liquid nitrogen. While thawing of cells, the cryovial was thawed
in a water bath at 37°C to ensure quick thawing, and then cells were added to a tube containing

fresh medium, centrifuged and sub-cultured as described above.
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2.2.2. Adenoviral production and preservation

Virus production from G2 stocks was performed using HEK-293 cells. A lower passage of
HEK-293 cells were seeded in 20x 15-cm plates and grown till 80% confluency and were
infected with 20 MOI of corresponding G2 stock of the adenoviral construct. The G2 stock was
diluted in 4ml medium and applied onto the cell layer after aspirating the growth medium and
incubated at 37°C for 1hr with gently swirling every 15mins. After 1 hour, 10 ml of growth
medium was carefully added onto the cells and the cells were incubated at 37°C for 2 days.
After 2 days, cells were observed under the microscope for change in morphology and
cytopathic effect and are collected carefully into tubes and centrifuged at 1000rct for 10 mins.
The supernatant was discarded and the pellet from 20 plates was resuspended in 8-10ml
resuspension buffer. Intact viruses within the cells were released by subjecting the pellet to
repeated freeze thaw cycles three times, and the lysates were stored at -80°C until caesium

chloride purification.

The lysates were thawed and centrifuged at 3000rcf for 15 minutes to pellet the cell debris. The
supernatant was collected in a fresh tube and incubated with 100U/ml of benzonase and 2mM
MgCI2 for 2hrs at 37°C to digest any free cellular DNA in the solution. The purification of
virus concentrate was performed by caesium chloride density gradient method. In two ultra-
centrifuge tubes, 17ml of a 1.33g/ml caesium chloride solution was pipetted and carefully
layered with 9ml of a 1.45g/ml caesium chloride solution. The virus solution was added
carefully on top of these two layers of caesium chloride solutions, and then centrifuged at
100,000rcft for 3hrs at 10°C in Avanti JXN-30 ultracentrifuge. The virus particles appear as a
visible white band at the interface which is removed using a syringe and needle. A second
round of caesium chloride centrifugation is performed to increase the purity by centrifuging
again at 100,000rcf for 18hrs. The purified virus band was extracted using a syringe and the
salt residues were removed using PD-10 desalting columns. The freshly produced and purified

virus was stored in buffers, aliquoted and stored at -80°C.

2.2.3. Adenoviral infection

Cells were seeded for infection in 10cm, 6- or 12-well plates as per the assay requirements and
followed up with small molecule inhibitor treatment or transfections as mentioned in the
experimental design. 24hrs post treatment/transfection, cells were infected with viruses in the
desired MOIs in 2mL, 400uL, or 250uL serum-free medium for 1h respectively and incubated
at 37°C for 1hr, with gently swivelling plates every 15mins. Growth medium (2mL or 1mL)
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was then added to the cells with and without inhibitors. Cells were processed for further

analysis at specific time points after virus infection.

2.2.4. Small molecule inhibitors

Inhibitor stock solutions were prepared as per the concentrations mentioned and in
corresponding solvents as per the table 2.1.14. Working solutions were prepared freshly before
use in cell culture medium. For inhibitors dissolved in DMSO, highest concentration of DMSO

was used as a control.

2.2.5. Serum starvation

Cell culture medium supplemented with serum was aspirated from the wells to be subjected to
serum starvation. Fresh medium without serum was added to the wells and cells were grown
for 24hrs. After infection, medium with serum was added to the wells for continued growth of

cells after infection.

2.2.6. Cell proliferation assays

Cell viability was assessed by either Cell Titer-Blue assay or sulphorhodamine-B assay
(Skehan, Storeng et al. 1990). Cell Titer-Blue assay was used to detect cell proliferation upon
small molecule inhibitor treatment. 500-700 cells were seeded in 96-well plates and treated
with increasing concentrations of the inhibitors on the following day. Cell viability was
measured after 72hrs as per manufacturer’s protocol using 560nm and 580nm excitation and

emission wavelengths respectively. All treatments were performed in triplicate.

Sulphorhodamine-B assay was used to assess virus-induced cell death in combination with
small molecule inhibitors. It was also used to measure cell viability upon small molecule
inhibitor treatment as monotherapy where mentioned. 0.25-0.5x10° cells were seeded and
treated with desired concentrations of inhibitors one day after seeding. 24hrs post treatment,
cells were infected with desired multiplicity of infection (MOI) of the indicated viruses. The
wells were replenished with the inhibitors post infection. Four days after infection (dpi), cells
were washed with PBS and fixed with 10% Trichloroacetic acid (TCA) for 1h at 4°C. Cells
were washed with cold water and stained with 0.5 % Sulforhodamine B (SRB) for 30min at
room temperature (RT), followed by washing with 1% acetic acid to remove excess of SRB.
The plates were then allowed to dry to completely remove excess acetic acid. Dried SRB was
dissolved in 10mM tris base and quantified by photometric measurement using a multilabel

plate reader at 590nm. All treatments and infections were performed in triplicate.
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2.2.7. Live cell counting by trypan blue staining

2x10° were seeded in 10-cm plates and treated with increasing concentrations of the inhibitors
the following day. Medium was aspirated and cells were harvested with PBS and trypsin,
centrifuged at 300rcf for 5 mins and stained with Trypan Blue. Stained cells were visualized
and quantified using Invitrogen EVOS M5000 microscope and live cells were quantified by

counting 10x optical fields.

2.2.8. Caspase 3/7 activity

To determine caspase-dependent apoptosis after treatment with Palbociclib, 2000 cells were
seeded per well in 96-well plates. 24hrs post seeding, cells were treated with increasing
concentrations of the inhibitors for indicated amount of time. Caspase-Glo 3/7 (Promega
G8091) and Cell Titer-Blue (Promega G8081) assays were conducted in parallel according to
the manufacturer’s instructions. The caspase 3/7 activity was quantified from the Caspase-Glo
assay was normalised to the number of living cells present in each condition as determined by

Cell Titer-Blue assay.

2.2.9. Viral genome replication

Viral DNA replication was determined by a qPCR directed against fiber DNA. 0.5x10"5 cells
were seeded in 6-well plates and treated with inhibitors as per the experimental design. Cells
were then infected with indicated viruses at desired MOlIs. Inhibitors were replenished in the
medium after infection for combination treatment conditions. Cells were harvested at 4-72hpi
as per experimental design. The medium was aspirated from the wells and cells were washed
with PBS once. Cells were lysed using 200ul DNA lysis buffer, and lysates were digested with
3ul proteinase K for 2-24h at 56°C.

DNA was isolated from the lysates using phenol chloroform method. 200ul of phenol
chloroform isoamyl alcohol was added to the lysates and vortexed for 30-60 seconds. The
mixture was incubated on ice for Smins and centrifuged at 16000rcf for Smins at 4°C to allow
phase separation. The upper phase was transferred to a fresh tube and 200ul of chloroform was
added to remove phenol residues. The samples were mixed carefully by vortexing, incubated
on ice for Smins, and centrifuged at 16000rcf for Smins at 4°C. The upper phase was transferred
to a fresh tube and mixed with 800ul of DNA precipitation buffer (100% EtOH and 3M sodium
acetate) and a drop of glycogen to facilitate DNA precipitation. Tubes were inverted thoroughly
and centrifuged at 16000rcf at 4°C for 30mins to pellet the precipitated DNA. The supernatants
were discarded, and the DNA pellets were washed with 75% EtOH at room temperature for 10
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mins and centrifuged at 7500rcf for 5 mins at 4°C. The EtOH supernatant was discarded, and
the pellets were airdried in an incubator at 37°C until the pellets become colourless. The dried
pellet was then resuspended in 50-100ul of 0.1x TE buffer and the samples were incubated at
40°C on a thermomixer with gentle shaking until the DNA is completely dissolved. DNA
concentrations were measured with Nanodrop 2000 and samples for diluted to 10 ng/ul for

further use.

2.2.10. Gene expression analysis

0.5x10"5 cells were seeded in 6-well plates and treated with inhibitors as per the experimental
design. Cells were then infected with indicated viruses at desired MOIs. Inhibitors were
replenished in the medium after infection for combination treatment conditions. Cells were
harvested at corresponding time points as per experimental design. The medium was aspirated
from the wells and cells were washed with cold PBS once. Cells were lysed using 500ul

mirVana RNA lysis buffer and stored at -80°C until further use.

RNA was extracted using phenol-chloroform method. 50ul of RNA homogenising additive
was added to the lysates and incubated on ice at 10 mins. 500ul of acid phenol chloroform was
added to the lysates and mixed thoroughly by vortexing. The samples were centrifuged at
16000rcf for 5 mins at 4°C for phase separation. The upper phase was transferred to a fresh
tube and 500l of isopropanol was added and mixed thoroughly by inverting the tubes. Samples
were incubated for 10mins on ice, and then centrifuged at 16000rct for 30 mins at 4°C. The
supernatants were discarded, and the pellets were washed twice carefully with 75% EtOH for
10 mins on ice, and then centrifuged at 7600rcf for 5 mins at 4°C. EtOH was discarded, and
pellets were dried in an incubator at 37°C until it turned colourless, but not completely dry.
Pellet was resuspended in 20-50ul of RNase free H20 and incubated at 56°C on a thermomixer
to facilitate RNA dissolution. RNA concentration was measured using Nanodrop 2000, and the

samples were stored at -80°C until further use.
DNase digestion and Reverse transcription:

DNase digestion was performed after RNA isolation to remove any DNA remnants using
Amplification grade DNase . 1pg of RNA was digested in DNase for 15 mins at room
temperature and the reaction was stopped by adding inactivating the DNase by adding stop
solution and incubating at 70°C for 10 mins. This DNA-digested RNA 1is further used for

reverse transcription.
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RNA samples were reverse transcribed to cDNA using the cDNA reverse transcription Kkit,
Applied Biosystems. 1ug of RNA was used for reverse transcription of viral genes, and 2pg of
RNA was used for cellular genes with random primers. A master mix containing
deoxynucleoside triphosphates (ANTPs), reverse transcriptase, RNase inhibitor, and random
hexamer primers was prepared as per the table 2.15. This was added to the DNase digested
RNA samples and incubated in a thermocycle using the program. These samples were then

further diluted to 10ng/ul for further use in qPCR.

Table 2.15. Master mix- reverse transcription

Ingredient Amount (1x)
RT buffer (10x) 2ul

dNTP mix (25x, 100mM) 0.8ul

RT random primer (10x) 2ul *
Reverse Transcriptase Tl

RNAse inhibitor 0.8ul

RNA 2ug

H>O upto 20ul

*For RT of viral genes, gene specific primers were used (forward primers for genes on 1-strand,
and reverse primers for the genes on r-strand) at a concentration of 0.1uM instead of random

hexamers were used.

Table 2.16. Reverse transcription program

Step Temperature Duration Process

1 25°C 10 min Initiation

2 37°C 120 min Elongation
3 85°C 5 min Inactivation

2.2.11. Real-time PCR

Real time PCR was performed to determine viral genome replication on the isolated DNA
samples, and to assess gene expression in the reverse transcribed cDNA samples. The protocol
for master mix is mentioned in the table 2.17. The reactions were performed in 96-well qPCR-

compatible plates by mixing 10ul of master mix and Sul (50ng) of either DNA or cDNA from
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previous steps. Non template controls were included by adding nuclease free H>O instead of
nucleic acid samples. Plates were sealed with film, briefly centrifuged, and analysed on Real-
Time PCR detection system by BioRad using the corresponding programmes in the genes. The
quantification was performed relatively using comparative CT method. For viral genome
replication analysis, the CT values of samples were normalised to reference gene and values
from 4hpi. For viral gene expression analysis, values were normalised to either reference gene
alone, or to reference gene and untreated control sample values as mentioned in the figure

legends.

ACT = CT (gene of interest) — CT (house keeping gene)
AACT = ACT (treated sample) — ACT (control sample)

relative normalised gene expression = 2~(84CT)

SD ACT = SD AACT = +/CQ SD (gene of interest)? + CQ SD (house keeping gene)?
SD UP = AACT — 2—(AACT—SD AACT) : SD DOWN = AACT — 2—(AACT+SD AACT)

As the housekeeping gene Actin was used and the samples were normalised to their 4hpi values.

Table 2.17. Master Mix for gPCR

Target gene | Housekeeping
master mix master mix
GoTaq qPCR Master Mix 7.5 7.5
Forward primer (1:10) 0.75 0.75
Reverse primer (1:10) 0.75 0.75
Ultra-pure H>2O (DNase/RNase free) 1 1
Total [pl] 10 10
Table 2.18.qPCR Programme for Fibre
Step Temp. Duration Process
1 94°C 120 sec Initiation
2 94°C 15 sec Denaturation
3 60°C 15 sec Annealing
4 72°C 15 sec Polymerase activity (go to step 2, 45x)
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Table 2.19. qPCR Programme for viral genes

Step Temp. Duration Process

1 94°C 90 sec Initiation

2 94°C 15 sec Denaturation

3 58°C 15 sec Annealing

4 72°C 15 sec Polymerase activity (go to step 2, 45x)

Table 2.20. gPCR Programme for cellular genes

Step Temp. Duration Process

1 95°C 120 sec Initiation

2 95°C 15 sec Denaturation

3 60°C 30 sec Annealing

4 72°C 60 sec Polymerase activity (go to step 2, 40x)

2.2.12. Viral particle formation by hexon titre test

Infectious viral particle formation was measured by a hexon titre test. Cells were seeded,
treated, and infected as mentioned in ‘Viral genome replication’ section. At 3dpi, the medium
and the attached cells were collected in a 15mL falcon to ensure that all the viral particles
within the cells and that are released in the medium are collected. Viruses within the cells were
released by repeated freeze-thaw cycles for 3 times, followed by centrifugation at 1600rcf at
RT. The supernatants containing the virus particles are transferred to fresh tubes and viral
particle determination was performed in HEK-293 cells. 2x10° HEK-293 cells were seeded per
well in 24-well plates. The supernatants from the previous step were serially diluted (10° — 10-
4) and HEK-293 cells were infected immediately after seeding in duplicates for each dilution.
At 2 dpi, the wells that do not show obvious cytopathic effect were fixed by aspirating the
medium from the wells and drying, and adding 100% ice-cold methanol for 10 mins at -20°C.
Cells were then washed twice with 1%BSA-PBS and incubated with 250ul of the goat-anti-
hexon primary antibody (AB), diluted 1:500 in 1%BSA-PBS, for 1h at 37°C. The primary
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antibody was removed by aspiration and cells were washed again with 1% BSA-PBS for three
times. Goat-anti-rabbit secondary antibody was diluted to 1:1000 in 1% BSA-PBS and added
to the wells, and the cells were incubated for 1h at 37°C. The wells were washed twice with
1% BSA-PBS to remove the secondary antibody and stained with 250ul of DAB solution. The
infected cells turn brown upon adding DAB solution, which can then be counted under the

microscope at the desired dilution using 5x magnification and the titer is calculated as follows:

average number of positve cells/fields * fields/well

Ti =
iter [pfu/ml] volume of diluted virus used per well (ml) = dilution factor

2.2.13. Protein expression analysis by western blotting

The expression levels of cellular and viral proteins were measured by immunoblotting. Cells
(0.5-2x10° cells) were seeded in 10-cm plates. For cellular protein analysis, the cells were
treated with the inhibitors on the following day of treatment. For viral protein analysis, cells
were infected with viruses on the following day upon seeding and lysates were at the indicated

time points.

Protein lysates were prepared on ice at the indicated time points. The medium was aspirated
from the wells and the cells were washed three times with ice-cold PBS to ensure that all the
residues were removed from the wells. The PBS was then aspirated thoroughly before adding
400-500ul of 1% SDS lysis buffer containing proteinase and phosphatase inhibitors and
collected into microfuge tubes. Shear forces were applied to the samples using a 27-gauge
needle to breakdown DNA molecules and remove the viscosity, and the samples were
centrifuged for 30 min at 30,000rcf at 4°C. The supernatant was collected in a fresh tube and

stored at -80°C until further use.

Protein concentrations in the lysates were determined by BCA assay according to the
manufacturer’s protocol. A standard series was prepared and 112.5ul of working reagent
(mixture of solution A and B in 50:1 ratio) were pipetted into 96-well plate. 12.5ul of the
standards or samples were added to the wells in duplicates and the plate was incubated at 37°C
for 30 min. The absorbance was measured at 562nm, and the protein concentrations of the
samples were calculated using the standard curve. Subsequently, the equal concentrations were
adjusted with lysis buffer and a mixture of 4x protein loading buffer and DTT was added to the
adjusted samples followed by boiling of the samples for 10 min at 100°C.
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The samples were then further used in SDS gel electrophoresis. The percentage of the
separating gels was decided based on the desired separation of the target proteins, for example,
6, 8, 10, 12 or 15% gels. The gel compositions are mentioned in the table 2.21. The separating
gel was poured into the assembled gel casting chamber without any leakages, and isopropanol
was added on top to ensure uniform surface. Upon polymerization, isopropanol was discarded
the gel surface was gently rinsed with water. Then, stacking gel was poured on top and either
a 8-well or 10-well comb were inserted. The polymerised gels were assembled in the gel
electrophoresis unit and the samples were loaded onto the wells. Protein ladder was loaded on
a well for reference. 1x SDS buffer was added to the electrophoresis tank and run at 90V until

the samples enter the separating gel and continued at 150V.

Table 2.21.Separating and stacking gel

Separation gel (10%) Stacking gel
ddH:0O 1.5ml 1.4ml
30% Acrylamide 3.3ml 0.5ml
Separation buffer (pH 8.8) Sml -
Stacking buffer (pH 6.8) - 2ml
10% APS 100ul 40ul
TEMED 10ul 4ul
Total [ml] 10ml 4ml

The samples were run until the dye front reaches the bottom of the gels and the proteins were
then transferred on to a PVDF membrane. The membrane was soaked in methanol for 2-5min
to activate it, followed by rinsing off methanol in blotting buffer. Sponges were soaked in 1x
blotting buffer. The gel plate was removed from the electrophoresis unit and the stacking gel
was cut out and discarded. The separating gel was then incubated in blotting buffer for few
minutes to remove the residues of SDS buffer. The membrane, gel was assembled between two
layers of filter papers and the soaking sponges, and the transfer was carried out in cold 1x
blotting buffer for 2h at 100V. Upon completion of transfer, the membrane was then blocked
for non-specific binding by incubating in a blocking solution made of 5% milk in TBST for

1h.

The membranes were washed 3-times in TBST upon blocking and incubated with appropriate

dilutions of primary antibodies against desired proteins at 4°C overnight. The primary

47



antibodies residues were removed by washing the membrane with TBST and incubated with
corresponding secondary antibody diluted in the blocking solution for 30-60 mins at RT. The
membranes were washed thoroughly with TBST, and the proteins were detected using the ECL
reaction. Chemiluminescent signals were detected by Chemidoc MP imaging system. The

antibody information is described in detail in the table 2.2.

2.2.14. siPOOL transfection

siRNA mediated transient gene knockdowns were performed as per siTools Biotech protocols
using reverse transfection method in 6-well plates. A 50nM siRNA prediluted stock was
prepared and mixed with OptiMEM for a final concentration of 1nM. RNAiMax transfection
reagent was mixed with OptiMEM concurrently. These two solutions were combined by
mixing thoroughly in 1:1 ratio and vortexing briefly, followed by a short centrifugation and
incubation at 5 min at RT. The mix was transferred to the empty wells in 6-well plates. Cells
were harvested, counted, and added to the plates. The cells were gently mixed by pipetting and
incubated at 37°C. Viral infection was performed 24hrs after transfection, and the cells were

harvested at corresponding time points for further experimental analysis.

2.2.15. Plasmid production and transfection

For the plasmids and empty vectors, corresponding glycerol stocks were amplified in 10 or
100mL LB medium with 0.1% ampicillin overnight at 37°C until the medium turned cloudy.
Following day, the grown bacteria were harvested by centrifugation at 3000rcf for 10mins, and
a Qiagen mini- or midi-prep was performed according to the manual. The eluted plasmid

concentration was measured using nanodrop and stored at 4°C for further experiments.

0.5-1x10° cells per well were seeded in 6-well plates overnight. Following day, the required
concentration of plasmid DNA was mixed with FuGENE® HD transfection reagent according
to the manufacturer’s protocol The mixture was incubated at room temperature for 5-10 mins,
and gently added to the wells dropwise, and the cells were incubated at 37°C. In case of small
molecule inhibitor treatment after transfection, the treatment was performed 6-8hrs after
transfecting the plasmid. Viral infection was performed 24hrs after transfection, and the cells

were harvested at corresponding time points for further experimental analysis.

2.2.16. Transcriptomics analysis by RNA-Seq:
Library preparation for bulk-sequencing of poly(A)-RNA was done as described previously
(Parekh, Ziegenhain et al. 2016). Briefly, barcoded cDNA of each sample was generated with
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a Maxima RT polymerase (Thermo Fisher) using oligo-dT primer containing barcodes, unique
molecular identifiers (UMlIs) and an adaptor. 5-ends of the cDNAs were extended by a
template switch oligo (TSO) and full-length cDNA was amplified with primers binding to the
TSO-site and the adaptor. NEB Ultrall FS kit was used to fragment cDNA. After end repair
and A-tailing a TruSeq adapter was ligated, and 3’-end-fragments were finally amplified using
primers with Illumina P5 and P7 overhangs. In comparison to Parekh et al. (2016), the P5 and
P7 sites were exchanged to allow sequencing of the cDNA in readl and barcodes and UMIs in
read2 to achieve a better cluster recognition. The library was sequenced on a NextSeq 500
(Illumina) with 57 cycles for the cDNA in readl and 16 cycles for the barcodes and UMIs in
read2. Data was processed using the published Drop-seq pipeline (v1.0) to generate sample-
and gene-wise UMI tables (Macosko, Basu et al. 2015). Reference genome (GRCh38) was
used for alignment. Transcript and gene definitions were used according to the GENCODE
version 38. Differential expression analysis was performed using DESeq2 method (Love,

Huber et al. 2014). Gene ontology and KEGG pathway analyses were performed on R Studio.

2.2.17. TCGA analysis
The Cancer Genome Atlas (TCGA) analysis was performed by using the cBioPortal website

(www.cbioportal.org). Indicated altered parameters were identified in the TCGA dataset, and

the survival analysis was performed.

2.2.18. Statistics

All experiments were performed at least three times unless stated otherwise. Graphs were
plotted using Microsoft excel depicting the arithmetic mean * standard deviation (S.D.) or
standard error of the mean (S.E.) as mentioned in the corresponding figure legends. Statistics for
comparisons between two conditions were performed by two-tailed Student’s t-test using the ‘Data
analysis’ function on Microsoft Excel. p<0.05 was defined as significant. * represents p<0.05. **

represents p<0.01. *** represents p<0.001. ns = not significant.
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3. Results

3.1. Analysis of oncolytic virotherapy in combination with CDK4/6 inhibitors

CDK4/6 pathway plays a crucial role in cell cycle progression from G1 to S-phase. The
RB/E2F pathway which is downstream of CDK4/6 is also crucial for adenoviral replication as
evidenced by decades of research into adenoviral biology. It was a serendipitous discovery by
our group that CDK4/6 inhibitors enhance replication and cell killing ability of adenoviruses
Type 5 (Koch 2021), whereas in principle, they should induce antagonistic mechanisms. Thus,
we intended to reveal the molecular mechanisms/factors driving this synergy, to understand the
underlying biology. The primary focus of this dissertation research has been to elucidate the
mechanisms driving this synergy, and to investigate the roles of E2F proteins in the adenoviral

life cycle.

3.1.1. Palbociclib monotherapy does not affect cell death via apoptosis

In a vast majority of studies, CDK4/6 inhibitors induce cell cycle arrest or senescence
to an extent, but only in single reports, apoptosis (Goel, DeCristo et al. 2018). Also, replication
of adenoviruses relies on a viable host cell (Seifried, Talluri et al. 2008). Since CDK4/6
inhibitors degrade RB, we wanted to explore whether a potential increase in free E2F might
lead to an increase in apoptosis. In order to characterize our cellular system used in this respect,
we examined apoptosis and cell viability upon treatment with Palbociclib using Trypan Blue
staining, and caspase 3/7 activity. No cell death was observed upon Palbociclib treatment,
which is plausible since Palbociclib is cytostatic, not cytotoxic (Ingham and Schwartz 2017).
We observed a reduction in caspase 3/7 activity in T24 and UMUCS3 cells in a dose-dependent
manner which could be explained by decrease in E2F1 protein levels upon CDK4/61 (Fig-3.1)
which has been reported to be involved in regulation of apoptosis (Ginsberg 2002). These
results and the results from other groups consolidate that monotherapy with CDK4/6 inhibitors

does not induce apoptosis.
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Figure 3.1. Palbociclib treatment does not induce apoptosis.

(a) Caspase 3/7 activity was assessed in T24, and UMUC-3 cells treated with increasing
concentrations of Palbociclib for 24 hrs as a surrogate marker for apoptosis. Data is shown as
luminescence relative to untreated control. (b) Live cell counting was performed by Trypan blue
staining in T24 cells treated with indicated concentrations of Palbociclib for 24 hrs. Data is shown as
live cell percentage among total cells (Mean + SE). p<0.05.

3.1.2. Serum starvation of cells prior to infection increases adenoviral replication

It has been shown earlier that adenoviruses replicate better under synchronized cell
cycle conditions and GO/G1 phase (Ben-Israel and Kleinberger 2002). To determine whether
this applies also to our cellular system and the oncolytic adenoviruses, cells were synchronized
before infection by serum starvation for 24hrs. DNA was extracted at 24hrs post infection and
viral genome replication was assessed by qPCR for fiber DNA. Serum starvation induced a
strong increase in viral genome replication accompanied by reduction in RB and phospho-RB
levels, as seen via western blotting. While this confirms the published findings that
adenoviruses show enhanced replication under GO/G1 arrest, it also suggests that the enhanced
replication might be an RB-dependent mechanism (Fig-3.2). The RB dependency is
substantiated by the fact that we do not observe an enhancement in the adenoviral activity upon
CDK4/61 in RB-negative cells (Koch 2021), emphasising that RB protein is a key element for

this combination strategy.
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Figure 3.2. Cell synchronisation by serum starvation induces adenoviral replication.

(a) T24 cells subjected to serum starvation for 24 hrs prior infection with XVir-N-31 (MOI 50) and
viral replication was assessed by qPCR against fiber DNA at 24 hpi. Data is represented relative to
fiber DNA at 4hpi as the baseline. Error bars S.D. (b) Protein expression was assessed by western
blotting in T24 cells subjected to 24 hrs of serum starvation. GAPDH was used as internal control.

3.1.3. Viral replication enhancement is independent of the timing of CDK4/6 inhibition

The primary effect of CDK4/6 inhibition on cancer cells is GO/G1 arrest (Goel,
DeCristo et al. 2018). Since we also observed an enhancement in viral genome replication upon
cell cycle synchronisation in our cell system, it was crucial to investigate whether the
enhancement upon CDK4/61 is solely because of the GO/G1 arrest. To assess this, T24 cells
were treated with Palbociclib with 3 different treatment timings - 24 hrs before infection, 6 hrs
before infection, and concurrently with infection, and the cells were then infected with either
ADWT or XVir-N-31. Surprisingly, viral genome replication was enhanced in all three
timepoints in both ADWT and XVir-N-31 (Fig-3.3). This provides strong evidence that the
observed effects of CDK4/61 on adenoviral replication are not simply due to cell cycle

synchronisation by it, but possibly regulated by a deeper molecular mechanism.
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Figure 3.3. Enhancement of viral genome replication by Palbociclib is independent of treatment
duration.

Viral replication was assessed in T24 cells that were treated with 500nM Palbociclib for either 24
hrs or 6 hrs before infection, or concurrently with infection with ADWT or XVir-N-31 (MOI 50).
Fiber DNA was quantified at 24 hpi by qPCR. Error bars S.D.

3.1.4. The effect of CDK4/6i on virus-induced cell death is dose-dependent

The next question we asked was if there is a dose dependent threshold in this
combination therapy. T24 cells were treated with increasing concentrations of Palbociclib for
24hrs and infected with MOI 50 of either ADWT or XVir-N-31. Cell viability was measured
on day-4 of infection by sulphorhodamine-B assay. It was observed that the enhancement
begins at a PD concentration of 50-100nM (Fig-3.4a). Interestingly, cell proliferation in the
monotherapy setting was only inhibited from 250nM Palbociclib onwards. At a molecular
level, this response to Palbociclib concentration was also observed with dose-dependent
decrease in RB protein levels. Thus, the synergy correlates with the reduction of RB protein
level in a linear kinetic (Fig-3.4b), underlining that the complete elimination of RB protein is

not essential rather only a reduction in the levels is sufficient for the synergy.
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Figure 3.4. Effect of Palbociclib on virus induced cell killing shows a linear kinetic.

(a) Cell proliferation was determined in T24 cells that were treated with increasing concentrations of
Palbociclib for 24 hrs and infected with ADWT (MOI 50) and XVir-N-31 (MOI 50). Cell viability
was measured at 4 dpi by sulphorhodamine B assay. Error bars S.D. p<0.001. (b) Protein expression
was assessed by western blotting in T24 cells subjected to treatment with increasing concentrations
of Palbociclib for 24 hrs. GAPDH was used as internal control.

3.1.5. The effect of CDK4/6i on viral gene expression is not MOI-dependent

Since the effect of CDK4/61 on viral replication is dependent on Palbociclib
concentration, we examined the critical threshold of virus is required to observe this effect,
which is an important factor from a clinical perspective. To assess this, T24 cells were treated
with 500nM Palbociclib for 24hrs before infection and cells were infected with increasing
MOIs of XVir-N-31 ranging from MOI 1 to 250. It was observed that a drastic enhancement
in viral gene expression was observed in EIA12S and hexon irrespective of the MOlIs used,
even at lower MOIs where the expression levels in untreated cells were negligible (Fig-3.5).
Concurrently, this effect was also observed on viral genome replication where critically low
amounts of XVir-N-31 could also successfully replicate in the presence of CDK4/61 (Koch et
al. 2022, manuscript under review). This was also confirmed by hexon staining demonstrating
higher viral particle production in the presence of CDK4/61 with low viral load. Thus, we
conclude that CDK4/61 provide a conducive cellular environment for viral replication and

enable viral replication even with low viral load.
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Figure 3.5. The effect of Palbociclib on viral gene expression is MOI-independent.

Viral gene expression was evaluated in T24 cells treated with 500nM Palbociclib 24 hrs before
infection with indicated MOIs of XVir-N-31. RNA was extracted at indicated time points, cDNA
was generated by gene-specific reverse transcription, and qPCR was performed for EIA12S and

Hexon genes. Error bars S.D.
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3.1.6. Viral gene expression is increased by CDK4/6i at early time points

Since it is established from previous results that the viral replication enhancement is
mediated by Palbociclib by unknown mechanisms, the focus is directed to deduce these
underlying molecular mechanisms involved in the process. Initially, a detailed time kinetic of
viral gene expression was performed upon Palbociclib treatment with both ADWT and XVir-
N-31 to determine when exactly in the viral life cycle does the shift occur. Hence, we used a
time kinetic spanning both early and late infections including very early time points of 4 and 8
hrs in ADWT. 6hrs was chosen as the earliest timepoint for XVir-N-31 owing to its slower
action compared to ADWT. A panel of early and late transcripts were used to detect which
genes are affected by CDK4/61. T24 cells were treated with 500nM Palbociclib for 24hrs and
infected with MOI 50 of either ADWT or XVir-N-31. RNA was extracted over a time course,
and cDNA was generated for qPCRs by gene-specific reverse transcription. In ADWT, it could
be observed that several early transcripts expression levels were increased as early as 8hrs after
infection upon Palbociclib treatment (Fig-3.6a). For hexon, there was already a highly
significant increase in expression by 16hrs post infection. Similar trend was observed with
XVir-N-31 as well (Fig-3.6b). These results imply that the effects of CDK4/61 on viral
replication occur during very early stages of infection, perhaps even before the initiation of
viral transcription. It also suggests that CDK4/61 presumably changes the molecular milieu of

the cells to initiate early gene expression and replication of the adenoviruses
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Figure 3.6. Enhancement in viral gene expression upon CDK4/6 inhibition is observed at early time
points.

(a)Viral gene expression was evaluated in T24 cells treated with 500nM Palbociclib 24 hrs before
infection with indicated ADWT (MOI 50). (b) Viral gene expression was evaluated in T24 cells
treated with 500nM Palbociclib 24 hrs before infection with indicated XVir-N-31 (MOI 50). RNA
was extracted at indicated time points, cDNA was generated by gene-specific reverse transcription,
and qPCR was performed for the denoted viral transcripts. Data is represented on log-scale for 3.6B
to represent the drastic differences in a legible manner.Error bars S.D.
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3.1.7. CDK4/6 inhibition does not affect YB-1 expression

YB-1 is a transcription factor that plays pivotal role in initiating viral replication by
mediating transcription of DNA-polymerase from E2- region. Since transcription from E2-
region is enhanced at very early time points, it was of interest to investigate whether Palbociclib
treatment affects YB-1 levels in the cells, thus triggering an earlier gene expression from E2-
region. To assess whether the observed synergy upon CDK4/61 is due to modulation of YB-1
expression, YB-1 protein levels were examined upon Palbociclib treatment. T24 and UMUC3
cells were treated with 500nM Palbociclib and protein lysates were collected at 24hrs post
treatment. No effect on YB-1 levels were observed upon CDK4/61 in both these cell lines (Fig-
3.7). In an independent experiment, it could also be confirmed by immunofluorescence that
CDK4/61 by Palbociclib does not affect the nuclear translocation of YB-1 from cytoplasm in
T24 and UMUC-3 cells (Koch et al. 2022, manuscript under review). These results affirm that
the observed synergy of CDK4/61 and adenoviruses is independent of YB-1.

T24 UMUC-3
-+ -+ PD (0.5pM)

- aniew» e | YB-1

-g-ﬁ GAPDH

Figure 3.7. YB-1 protein levels are unaffected by Palbociclib treatment.

Protein expression of YB-1 was analysed via western blotting at 24 hrs after treatment with
Palbociclib in T24 and UMUCV-3 cells. GAPDH was used as internal control.

3.1.8. RB and E2F1 levels increased in a time-dependent manner upon adenoviral
infection and CDK4/6i

Further, the focus was directed to identify the changes in cellular environment by
analysing the transcriptional changes occurring in RB and E2F1 after adenoviral infection and
CDK4/61, since RB-E2F pathway is implicated in adenoviral replication and modulated by
CDK4/61. Upon monotherapy with Palbociclib, no changes in mRNA levels of RB and E2F1
were observed in the indicated concentration. Adenovirus infection positively altered mRNA

levels of both RB and E2F1, which were further enhanced by its combination with CDK4/6,
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in a time-dependent manner (Fig-3.8). This effect was not visible at early time points of
infection at 6hrs, but at highest level at 24hrs after infection. However, at protein level, E2F1
was recovered partially at 12hrs post infection, and completely by 36hrs post infection, whereas
RB remained downregulated in combination therapy (Koch et al. 2022, manuscript under
review). The mRNA and protein level changes indicate that adenoviruses can regulate RB and
E2F1 levels even in the presence of CDK4/61 and override the effect of CDK4/61, and that
adenoviruses can stabilise E2F1 protein even under the influence of CDK4/61. This further
hinted that the synergy might be mediated by either RB/E2F1 together as a complex or by
either one of the proteins. To investigate this, in the further experiments, attempts were made

to elucidate the individual role of E2Fs in adenoviral life cycle.
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Figure 3.8. Combination therapy of adenovirus and Palbociclib induces RB and E2F1 transcript
expression.

T24 cells were pre-treated for 24hrs with 0.5uM Palbociclib and infected with ADWT or XVir-N-31
(MOI 50) (a, b) RNA was extracted at indicated time points and cDNA was generated by reverse
transcription using random primers. Cellular gene expression was analysed by qRT-PCR at indicated
time points for the genes E2F1 (a) and RB (b). Data is presented as relative mRNA expression
compared to the housekeeping gene beta-actin. n=3, Error bars S.D. p<0.05.

3.2.Investigating the role of RB-E2Fs and E2F binding sites on adenoviral replication

3.2.1. E2F knockdown does not affect viral life cycle

In our previous studies, it was noted that Palbociclib treatment affects the protein levels
of E2Fs. While levels of E2F1 are decreased upon CDK4/61, E2F3 and E2F4 levels are
increased (Koch 2021). It is suggested in literature that in the absence of E2F1, other E2Fs
show compensatory activity and can take over the roles of E2F1 (Kong, Chang et al. 2007).
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Hence, we wanted to determine whether any of the E2Fs E2F1, E2F4, and E2F4 affect viral

replication directly.

For this purpose, siRNAs using siPOOL technology were used. Since siPOOLs contain
a cocktail of 30 single siRNAs targeting same protein, the knockdown is considered highly
reliable (Hannus, Beitzinger et al. 2014). First, the efficiency of the siRNAs was tested by
qPCR and western blotting 24hrs after transfection in T24 cells with siRNAs against E2F3 and
E2F4. As seen in fig.3.9, the knockdown by siPOOLs was highly efficient and resulted in

complete reduction in transcript and protein levels in T24 cells.

In the next step, viral genome replication and particle formation were tested upon
siRNA-mediated knockdown of E2F1, E2F3 and E2F4. For this purpose, T24 cells were
transfected with siRNAs while seeding to ensure maximum transfection efficiency, and then
infected with ADWT or XVir-N-31 24hrs after transfection. Viral genome replication was
observed 24hrs after infection by fiber qPCR, and particle formation, 72hrs after infection by
hexon titer test. Knockdown of E2F1, E2F3 and E2F4 did not result in an increase in viral
genome replication. In hexon titer test, it appeared that there was slight increase in viral
particles upon E2F4 knockdown, but it was statistically insignificant (Fig-3.10). These results
show that the protein levels of individual E2Fs are not the direct contributing factors for the

enhanced viral replication in the combination therapy.
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Figure 3.9. E2F3 and E2F4 are efficiently knocked down by siPOOL siRNAs.

siRNA mediated knockdown of E2F3 and E2F4 was performed in T24 cells by reverse transfection
with siPOOL. Knockdown was confirmed by (a) qPCR and (b) western blotting at 24hrs.
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Figure 3.10. Knockdown of siE2F1, 3 and 4 does not affect viral genome replication and particle
formation.

siRNA mediated knockdown of E2F1,3 and 4 was performed with siPOOL technology in T24 cells
for 24hrs and infected with ADWT or XVir-N-31 (MOI 50). (a) Viral genome replication was
analyzed at 24hpi. n=4. (b) Viral particle formation was determined by a hexon titer test and
represented as infectious units per milliliter (IFU/ml). n=4, mean + SE.

3.2.2. E2F1 knockdown by siPOOL leads to increase in adenoviral E1A expression

We further investigated whether E2F1 knockdown affects viral protein expression
levels. T24 cells were reverse transfected with siPOOL against E2F1 and infected with ADWT
(MOI 50), and protein lysates were extracted over a time course of 24hrs. Western blotting was
performed to detect cellular protein levels of RB and E2F1 and adenoviral E1A. Interestingly,
E2F1 downregulation mediated by knockdown was completely abrogated by adenoviral
infection, and a strong recovery of E2F1 was detected at 24hrs. This is accompanied by
downregulation of RB at 24hrs. These results correlate with the effects seen upon combination
therapy with CDK4/6i. On the adenoviral protein side, strong increase in E1A expression was
observed at early time points, suggesting that E2F1 protein availability might have a role in

regulation of early viral gene expression (Fig-3.11).
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Figure 3.11. E2F 1 knockdown upon siRNA is abrogated upon adenoviral infection.

siRNA mediated knockdown of E2F1 with siPOOL technology in T24 cells for 24hrs and
infected with ADWT (MOI 50). Protein expression was detected by western blotting.

Independently, the role of RB- family of pocket proteins was observed with a similar
approach. It was observed that knockdown of RB, but not RBL1 (p107) and RBL2 (p130) led
to a marginal increase in viral genome replication (Koch et al. 2022, manuscript under review).
This implies that probably only RB protein has a direct role in viral replication at a protein

level, but not other pocket proteins of RB family, or E2F transcription factors.

3.2.3. Sequestering of E2F proteins leads to increase in viral replication

Since individually manipulating the E2F protein levels did not affect the viral genome
replication, and it is difficult to control the potential compensatory activity of E2Fs in such a
condition, alternate approaches have been implemented to study the role of E2Fs on adenoviral

replication.

As a first approach, a plasmid-based promoter analysis was performed. An E2-early
promoter plasmid was cloned with a luciferase reporter fused with E2F binding sites, wildtype
and mutated. These E2F binding sites have been described to ‘trap’ the free active E2Fs (He,
Cook et al. 2000). This resulted in two plasmids, the pE2-early-luc-Trap with wildtype E2F
binding sites, and pE2-early-luc-TrapM with mutated E2F binding sites. T24 cells were then
transfected with either of the plasmids and treated with 500nM Palbociclib 6hrs after

transfection. Cells were infected with ADWT 18hrs after treatment. Luciferase transactivation
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and viral genome replication were assessed in these cells. It was observed that the introduction
of E2F-trap cassette led to a reduction in the promoter activation, as demonstrated by reduced
luciferase activity, emphasizing the importance of E2Fs for E2-early promoter activity (Fig-
3.12a). In addition, Palbociclib treatment did not have an effect on this construct. Since the
mutated E2F-trap site cannot bind to E2Fs, the activation of E2-early promoter by E2F was not
affected. In contrast, an increase in viral genome replication was observed in ADWT upon

introduction of E2F-trap cassette compared to the mutated-trap construct (Fig-3.12b).

ADWT  + + + o+ ADWT  + + + o+
PD - o+ — PD - o+ —
pE2-early- pE2-early- pE2-early- pE2-early-
luc-Trap luc-TrapM luc-Trap luc-TrapM

Figure 3.12. Trapping E2F proteins by plasmids induces adenoviral replication.

T24 cells were transfected with a plasmid containing 10 E2-early motifs with 20 E2F binding sites
(pE2-early-luc-Trap) or with mutated E2F binding sites (pE2-early-luc-TrapM) and were infected
with ADWT (MOI 50) 24hrs post-transfection. (a)Luciferase activity was measured to detect
promoter activity. Error bars. S.E. (b) viral genome replication was assessed by fiber qPCR. Error
bars S.D. p<0.05

To further characterize these E2F binding sites in the viral context, and their role on
viral genome replication, the E2F-trap cassette was cloned into the adenoviral E3 region, to
generate a new viral construct ADWT/Trap. T24 cells were infected with ADWT or
ADWT/Trap at different MOIs and viral replication was observed at early and late time points.
It was observed that viral replication was significantly increased in ADWT/Trap, particularly
at low MOIs compared to ADWT (Fig-3.13a). It was also observed that the effect was seen at
a maximum level at early time points of replication 1.e., 18hrs, and the differences diminished
at later time points (Fig-3.13b). These results with the trap plasmids and trapping virus suggest
that the unavailability of E2Fs is not detrimental for viral life cycle. In fact, the viruses replicate
better in the absence of E2Fs at early time points suggesting that E2F availability may not be
indispensable in adenoviral life cycle and E2Fs might have a repressive activity in the early

phase of adenoviral life cycle.
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Figure 3.13. Trapping the available E2F proteins leads to increase in adenoviral replication.
Viral genome replication was assessed in T24 cells infected with ADWT/Trap or ADWT by fiber

qPCR (a) at indicated MOIs and (b) at indicated time points with MOI 10. n=3. Error bars S.D.
p<0.05.

3.2.4. Mutations in E2F-binding sites in adenoviral E2-region reduces adenoviral
replication and gene expression

The previous set of experiments were focused on availability of E2F proteins at
adenoviral promoters. Since the binding of E2Fs to the adenoviral promoters is an important
aspect of adenoviral replication, attempts were made to elucidate the role of E2F binding sites
on adenoviral replication. A mutated adenovirus, ADWT/E2Fm, was generated with two point
mutations in its E2F-bindings sites at E2-early promoter, and viral genome replication and gene
expression were assessed.

T24 and UMUC-3 cells were infected with either ADWT or ADWT/E2Fm and viral
genome replication was analyzed. A drastic reduction in viral genome replication was detected
in ADWT/E2Fm compared to ADWT, which substantiates the fact that the E2F-binding sites

are crucial for E2-early promoter activity, and thus, adenoviral replication (Fig-3.14).

64



T24 UMUC3
1000 -

100

Rel. fiber DNA

1
ADWT  + - +

ADWT/E2Fm - + - +

Figure 3.14. Mutation in E2F-binding sites of adenoviral E2- early region reduces viral replication.
Viral genome replication was assessed upon E2F-binding site mutation in E2-early promoter in T24

and UMUC-3 cells that are infected with ADWT or ADWT/E2Fm (MOI 10) at 24hpi by qPCR
against fiber DNA. Error bars S.D. p<0.05.

Next, viral gene expression was assessed for early and late viral genes in a detailed time
kinetic. A decrease in E2-early expression was observed, which was expected. Surprisingly,
E1A levels were decreased upon mutations in E2-early promoter (Fig-3.15a). This decrease in
E1A levels would affect the transactivation of late viral genes, which was confirmed by reduced
hexon levels. This also reflected in the reduced protein levels of E1A, E2A and hexon as seen
by western blotting (Fig-3.15b). This effect of E2-early promoter mutation on E1A levels was
unexpected. E1A enhancer region also possesses an E2F-binding site. We thus speculated that
the mutation in E2-early promoter might lead to an increased pool of free available E2Fs which
might bind at E1A enhancer region and act as a repressor, and thus suppressing E1A
expression. We speculated that this effect could be reversed by Palbociclib treatment, which

would result in enhanced E1A expression in ADWT/E2Fm.
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Figure 3.15. Mutation in E2F-binding sites of adenoviral E2- early region reduces viral gene
expression and protein levels.

(a) Viral gene expression was studied in T24 cells infected with viruses ADWT or ADWT/E2Fm
(MOI 10) at indicated time points after infection. RNA was extracted at indicated time points, cDNA
was generated by gene-specific reverse transcription, and expression was assessed by qPCR for the
viral E1A13S gene, E2-early transcripts, E2-late transcripts, and fiber gene. Data is represented as
relative mRNA expression compared to the reference gene beta-actin. n=3, Error bars S.D. p<0.05.
(b) Protein expression was analyzed by western blotting in T24 cells infected with ADWT and
ADWT/E2Fm (MOI 10) at indicated time points. One representative blot is shown of three
independent experiments.

3.2.5. CDK4/6i enhances viral gene expression in ADWT/E2Fm

To determine the effect of E2F-binding sites mutation on the response to CDK4/6
inhibition, T24 cells were pretreated with 500nM Palbociclib for 24hrs and infected with
ADWT/E2Fm. RNA was extracted over a time course and viral gene expression was assessed
for early and late genes. The analysis showed that the viral gene expression increased
consistently in a time-dependent manner, as is observed with ADWT and XVir-N-31,
confirming that the effect of Palbociclib on adenoviral life cycle is independent of E2-early
promoter region (Fig-3.16a). It was also observed that the ADWT/E2Fm responds much better
to Palbociclib treatment compared to ADWT, as evidenced by higher fold changes in response
(Fig-3.16b). This confirmed the hypothesis that E2F binding at E1A could have a repressive

activity which could be reversed by Palbociclib treatment.
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Figure 3.16. Palbociclib treatment enhances viral gene expression in ADWT/E2Fm.

(a): Viral gene expression was studied in T24 cells pretreated with 0.5uM Palbociclib and infected
with ADWT/E2Fm (MOI 50). RNA was extracted at indicated time points, cDNA was generated by
gene-specific reverse transcription, and expression was assessed by qPCR for the indicated viral
transcripts. Data is represented as relative mRNA expression compared to the reference gene beta-
actin. n=3, Error bars S.D. p<0.05. (b) Viral gene expression for indicated genes were assessed by
qRT-PCR in T24 cells pre-treated with 0.5 uM Palbociclib and infected with ADWT and ADWT-
E2Fm (MOI 50) at 20hpi. Data is represented as the fold increase relative to untreated control. n=3,
Error bars S.D.
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3.2.6. Compensation of E1A levels restores gene expression in ADWT/E2Fm

Since the mutations in E2-early promoter reduce E1A levels, which would in turn
reduce viral gene expression by reduced transactivation, it is difficult to assess the role of E2F-
binding site mutations on E2-early promoters alone. We tried to compensate for the diminished
E1A by introducing E1A plasmids in T24 cells. T24 cells have low transfection and infection
efficiency, and it is hard to ensure that same cells are both transfected and infected. Since this
was too difficult to establish, this approach was abandoned as the results did not give any

biological insights (data not shown).

To overcome this disadvantage, HEK-293 cells were used, which contain the entire
adenoviral E1 region integrated in its genome. HEK-293 cells were infected with either ADWT
or ADWT/E2Fm and viral gene expression was studied over a span of 48hrs. The levels of E2-
early and hexon transcript levels were reduced at early time points after infection. However,
towards the late stages of infection, the transcript levels from ADWT/E2Fm reached up to
similar levels as of ADWT (Fig-3.17). This suggests that while E2F-binding maybe important

for adenoviral life cycle, it is possibly not indispensable.
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Figure 3.17. Compensation of E1A protein levels restores viral gene expression of ADWT/E2Fm.
Viral gene expression of the transcripts E2-early and hexon were assessed in HEK-293 cells

infected with either ADWT or ADWT/E2Fm (MOI 1) by qRT-PCR. Data is represented as the viral
transcripts relative to incoming fiber DNA at 4h. Error bars S.D.

To summarise the results upon E2F proteins manipulation,

e Knockdown of E2F-1,3 and 4 proteins does not affect viral replication.
e E2FI knockdown leads to enhanced expression of E1A at 12hrs, and recovery of E2F1
is observed at 24hrs upon ADWT infection.
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e The introduction of E2F-trapping sites via plasmids led to reduction in E2-early
promoter activity, but increased replication.

e Trapping on E2Fs by additional E2F binding sites led to an increase in adenoviral
genome replication.

e Mutation in E2F binding sites of E2-early promoter led to a reduction in E1A levels.

e When EI1A levels are compensated, the gene expression from ADWT/E2Fm is nearly
the same as ADWT.

e (CDKA4/6 inhibition on ADWT/E2Fm leads to an increase in viral gene expression, and
the fold increase is much higher compared to ADWT, possibly by the reversal of E2F’s

repressive effect on E1A enhancer region.

The ADWT/Trap results also suggest that adenoviruses can replicate earlier and better when
E2Fs are unavailable. In literature, E2F1 has been described to have a canonically activator
role. Since the observed results and proposed hypothesis is contradictory to published
literature, it is imperative to show the excess binding of E2F1 at E1A-enhancer region. To
prove this, a chromatin immunoprecipitation was performed by our group, and it was proved
that there is indeed higher E2F1-binding at the ElA-enhancer region in ADWT/E2Fm
compared to ADWT (Koch et al. 2022, manuscript under review). Hence, we next directed our

focus to understand the E2F-binding site at E1 A-enhancer region.

3.2.7. Mutation in E2F binding sites in E1A-enhancer does not affect E1A expression

To characterize the E2F-binding site in E1A-enhancer region, a new adenoviral
construct was generated (Maximilian Ehrenfeld, PhD thesis, 2022, unpublished). This
construct, named ADWT/2x-E2Fm, possesses mutations in E2F-binding sites of E1 A-enhancer
region, and in E2-early promoter region. Replication analysis by this construct has been
described elsewhere (Maximilian Ehrenfeld, PhD thesis, 2022, unpublished). In this thesis, the
focus was on the gene expression of early and late genes upon the complete disruption of E2F
binding at both the early gene regions. It was observed that ADWT/2xE2Fm exhibits unusual
characteristics of viral entry, a 10x more entry into the cells as compared to ADWT at
comparable MOIs, which is puzzling (data not shown). Hence a 10 times lower MOI of
ADWT/2xE2Fm was used in the following experiments as compared to ADWT. UMUCS3 cells
were infected with either MOI 10 of ADWT or MOI 1 of ADWT/2XxE2Fm and viral gene
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expression for early genes was assessed at 24 hrs after infection. As seen in the figure 3.18, the
expression was E2-early transcripts were downregulated in ADWT/2XE2Fm compared to
ADWT, which is expected because of the mutations in E2-early promoter. However, the
expression of E1A was not affected at all despite the mutation at E1A-enhancer, effectively
abrogating the effect seen in ADWT/E2Fm. This strengthens the hypothesis that RB/E2F as

complex or just E2F proteins alone act as a repressor at E1 A-enhancer region predominantly

in the early phases of infection.
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Figure 3.18. Mutations in E2F-binding sites of E1A enhancer does not affect E1A expression.

Viral gene expression was assessed in UMUC-3 cells infected with either ADWT (MOI 10) or
ADWT-2xE2Fm (MOI 1) at 24hpi. Data is represented as the viral transcripts relative to incoming
fiber DNA at 4h. Error bars S.D.

3.2.8. CDK4/6i enhances viral gene expression in ADWT/2xE2Fm

Furthermore, the effects of Palbociclib treatment of viral gene expression were assessed
in ADWT/2xE2Fm. UMUC3 cells were pretreated with 500nM Palbociclib for 24hrs and
infected with ADWT/2XE2Fm. Viral gene expression was assessed at 24hrs after infection. It
could be observed that despite the mutations in E2F-binding sites at E1A enhancer and E2-
early promoter, the virus still responds quite strongly to Palbociclib treatment, and an
enhancement was observed in viral genes E1A13S, E2-early and hexon (Fig-3.19). These
results suggest that, while RB/E2F may have a role in mediating adenoviral replication and be

the link between CDK4/61 and adenoviral life cycle, there might be additional mechanisms

involved that are regulating this synergy.
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Figure 3.19. Palbociclib treatment enhances viral gene expression in ADWT/2xE2Fm.

UMUC-3 cells were treated with 0.5uM Palbociclib and infected with ADWT/2XxE2Fm (MOI 1).
RNA was extracted at 24hpi, and cDNA was generated by gene specific reverse transcription and
qPCR was performed for indicated genes. Error bars S.D.

3.3. Transcriptomics analysis upon Palbociclib treatment at 8hrs and at 24hrs

In this study, so far, several adenoviral mutated constructs were studied in combination
with Palbociclib treatment. One common aspect that all the constructs show despite their
mutation status is that they all respond strongly to Palbociclib treatment and show enhanced
replication and gene expression. This could also be observed in an El-deleted construct (data

not shown), emphasizing that the adenoviral response to CDK4/61 is E1-independent.

Concurrently, it was also observed that ADWT and XVir-N-31 respond strongly to
Palbociclib treatment even when treated 6hrs before infection or in parallel to infection. This
suggests that the molecular changes responsible for synergy can potentially be already
observed at 6-8hrs of Palbociclib treatment, since that is when the viral internalization would
complete, and the virus would start early gene expression. Hence, we decided to study the
molecular changes that occur at a transcriptomic level at 8hrs after treatment of Palbociclib.
Since most of the experiments are performed with 24hr- priming of Palbociclib, we also
investigated the transcriptomics changes at 24hr treatment of Palbociclib as well. Common
dysregulated genes and transcription factors at this time point would give an insight into the

mechanisms regulating the synergy.

T24 cells were treated with 1uM Palbociclib and lysates was extracted at Ohrs, 8hrs and
24hrs of treatment. RNA was isolated and subjected to single-end sequencing, and the data was

analyzed as per DESeq2 standard protocol (Love, Huber et al. 2014). Differential gene
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expression analysis was performed based on the normalized reads, for 8hrs vs Ohrs and 24hrs
vs Ohrs. Log fold changes were corrected using the algorithm ‘apeglm’ to exclude the effect of
biological and technical variation (Zhu, Ibrahim et al. 2019). Gene ontology and KEGG

pathways were performed based on the shrunken log fold changes.

Upon gene ontology analysis, it was observed that the key terms detected were related to
mostly cell cycle pathway with G2-M checkpoint, E2F targets, enriched in control upon 24hrs
of treatment. This also reflected in the KEGG pathway analysis with the key enriched pathways
in control after 24hrs of treatment were related to cell cycle and DNA replication. Interestingly,
these results also looked very similar when the treatment duration was just 8hrs. E2F targets,
cell cycle, and DNA repair related genes were enriched in control even within 8hrs of treatment
with Palbociclib. In KEGG pathways, cell cycle, DNA replication and DNA repair related
pathways were enriched at 8hrs of treatment already (Fig-3.20). Most significant of these
observations is that E2F targets are dysregulated as early as 8hrs of treatment, implying the
effect of Palbociclib on E2F proteins at very early time points, which was not known earlier
based on our biochemical assays. This provides strong support to the hypothesis that E2F levels
hinder adenoviral replication in the early time points, and reduction of E2F levels early on
provides suitable environment for earlier and higher adenoviral gene expression and

replication.
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Figure 3.20. E2F targets are dysregulated as early as S8hrs post Palbociclib treatment.

Gene ontology (a,c) and KEGG pathway analysis (b,d) were performed in T24 cells that were treated
with 1uM Palbociclib for (a,b) 8 hrs and (c,d) 24 hrs. For both the analysis, only the top 10
dysregulated terms enriched at 0 hrs compared to the respective time points have been shown in the

image.

3.4. Characterizing JAK-STAT pathway components as therapeutic targets in Bladder

cancer

The secondary focus of this thesis has been to characterize the components of JAK-STAT

pathway components as therapeutic targets in bladder cancer. A detailed overview of JAK-

STAT pathway and its significance in cancer has been described in the introduction.

3.4.1. JAK-STAT pathway is dysregulated in Bladder cancer

Activation of JAK-STAT signalling in bladder cancer has previously been shown by

several studies, especially via protein levels and phosphorylation of STAT3/5. In this study,

the aim was to characterise JAK and STAT proteins as potential targets for therapy. To
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investigate the transcript profile of JAK-STAT proteins in bladder cancer, The Cancer Genome
Atlas (TCGA) dataset was explored using a cohort consisting of 412 bladder cancer patients to
identify the alterations in 4 JAK family proteins and 7 STAT family proteins. In 54% of the
patients, alterations in the JAK-STAT proteins were observed with no effect on overall survival
in patients (Fig-3.21a, b). Upon looking at individual elements, alterations in STAT3 were
observed in 7%, STATS5A in 8%, STATSB in 7% of patients, JAK1 in 8% and JAK2 in 15%
of patients indicating that some of these genes are frequently altered in bladder cancer (Fig-
3.21c¢). Interactions were observed between STAT3 and 5 with JAK1 and 2. Significant co-
occurrence was observed between JAK2-STATSA, STAT3-STATSA and STAT3-STATSB.
Based on these results, an immunohistochemistry analysis was performed to study STAT3
expression in bladder cancer patients, and a higher STAT3 expression was observed (fig-
3.21d). In a panel of bladder cancer cell lines, constitutive expression of JAK1 and 2, STAT3
and 5 were observed, prompting us to attempt inhibition of JAK-STAT pathway components.
This was done at 2 levels, inhibition of JAK1/2, and inhibition of STAT3 using specific

inhibitors.
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Figure 3.21. JAK-STAT pathway components are dysregulated in Bladder cancer.

(A) A TCGA cohort of 412 patients (413 samples) was analysed using cBioPortal. Components of
JAK-STAT pathway were altered in 54% of bladder cancer specimens. (B) Overall survival is
depicted by Kalpan-Meier plot among patients with and without alterations in JAK-STAT pathway
in the TCGA cohort. (C) OncoPrint showing alterations in JAKI, JAK2, STAT3, STATSA and
STATSB genes - indicating tumours altered with mutations (green bars), amplification (red bars),
homozygous deletion (blue bars), high mRNA (red—outlined bars), mRNA low (blue-outlined bars),
protein high (bars with red cap), protein low (blue-bottomed bars) and no alterations (grey bars). (D)
Immunohistochemistry of bladder cancer patient tissues stained for STAT3- with various staining
intensities categorised as- Negative (Score-0), Low (Score-1), Moderate (Score-2), High (Score-3).
Tissue sections were imaged at 200X magnification.

3.4.2. STAT3/5, but not JAK1/2 inhibitors reduce cell proliferation in bladder cancer

JAK1 and 2 were inhibited using JAK1/2 inhibitor Ruxolitinib. Bladder cancer cell
lines were treated with increasing concentrations of either of the compounds, and cell viability

was assessed 72hrs post treatment by cell-titer blue assay. As seen in figure 3.22, JAK1/2
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inhibition did not affect cell survival at all in bladder cancer cell lines, thus ruling out the

proteins as potential therapeutic targets.
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Figure 3.22. JAK /2 inhibition has no effect on cell viability in bladder cancer cell lines.

A panel of 10 bladder cancer cell lines were treated with increasing concentrations of Ruxolitinib
and cell viability was assessed at 72hrs post treatment by CellTiter-Blue® Cell Viability Assay. Data
is represented as percentage of surviving cells relative to control. Error bars S.E. (Data from Eva
Maria Baur)

Napabucasin, a STAT3 inhibitor and also a stemness inhibitor, was used to determine
the effects of STAT3/5 inhibition in vitro. T24 and UMUCS cells were treated with increasing
concentrations of Napabucasin, and cell viability was measured 72h after treatment. STAT3
inhibition with Napabucasin led to a dose-dependent reduction of cell viability in bladder
cancer cell lines (Fig-3.23). This also correlated with the data from our group with other STAT3
inhibitors Stattic and SH-4-54 (Hindupur, Schmid et al. 2020). Collectively, these results
suggest that STAT3/5 inhibition could be a successful therapeutic strategy to be implemented

in bladder cancer.
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Figure 3.23. STAT3 inhibition leads to reduced cell viability in bladder cancer cell lines.
T24 and UMUCS3 cells were treated with increasing concentrations with STAT3 inhibitor

Napabucasin and cell viability was assessed at 72h post treatment by sulphorhodamine B assay.
Data is represented as percentage of survining cells relative to control. Error bars S.E.

3.4.3. Both JAK1/2i and STAT3i enhance oncolytic virotherapy by XVir-N-31

Since the primary focus of this thesis has been studying the mechanisms involved in a
successful combination therapy approach of CDK4/61 and XVir-N-31, we attempted to test
whether the oncolytic XVir-N-31 shows enhancement in its efficiency upon combination with
other targeted approaches like JAK1/2 inhibitors and STAT3 inhibitors. Principally,
adenoviruses activate JAK-STAT pathway upon infection. A study demonstrated that vesicular
stomatitis virus-based oncolytic virus shows enhancement in efficiency upon combination with
JAK inhibitor Ruxolitinib (Patel, Dash et al. 2019). Hence, oncolytic adenovirus XVir-N-31
was combined with either JAKi Ruxolitinib or STAT31 and their effects on cell viability and

viral replication were studied.

T24 and UMUCS3 cells were treated with STAT3 inhibitors Napabucasin or Stattic for 24hrs,
and then infected with XVir-N-31. Cell viability was assessed 4 days after infection by
sulphorhodamine B assay. It was observed that STAT3 inhibition by either of the drugs
enhanced virus induced cell death (Fig-3.24a, b). Viral replication was also assessed at 48 hrs
after infection in T24 cells pretreated and infected with XVir-N-31. A significant increase in
viral genome replication was observed upon the combination (Fig-3.24¢). An increase in viral
particle formation was also observed in the combination of XVir-N-31 and Stattic in T24 cells
(Fig-3.24d). These results suggest that STAT3 inhibitors and XVir-N-31 could potentially offer

a successful therapeutic regimen in clinic.
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Figure 3.24. STAT3 inhibition leads to enhancement of oncolytic activity of the oncolytic adenovirus
XVir-N-31.

(a,b) Cell viability was assessed by sulphorhodamine B assay in T24 (a) and UMUC3 (b) cells upon
pretreatment with Stattic for 24 hrs, and infection with XVir-N-31 at indicated MOIs. Error bars S.E.
(C) T24 cells were treated with increasing concentrations of Stattic and infected with XVir-N-31
(MOI 50) 24 hrs after treatment. Viral genome replication was analysed at 48h by fiber DNA Error
bars S.D., and (D) the viral particles were measured by by hexon titre test and represented as
infectious units/mL (IFU/mL).

Ruxolitinib does not affect cell viability at all in bladder cancer cell lines as shown
earlier. Despite its lack of efficiency as monotherapy, we studied whether the drug could affect
the efficacy of oncolytic adenoviruses. T24 cells were treated with Ruxolitinib in increasing
concentrations for 24 hrs and cells were infected with XVir-N-31. Cell viability was assessed
at 96 hrs after infection and viral genome replication was assessed at 24 and 48 hrs after
infection. Surprisingly, an enhancement in virus-induced cell death was observed in T24 cells
upon combination therapy (Fig-3.25a). This also reflected in the increase in viral genome
replication at both 24 and 48 hrs post infection (Fig-3.25b). It is surprising to see that a
compound which has no effect as monotherapy can lead to enhancement in the effectivity of
oncolytic viruses. This can potentially open new avenues for therapy in oncolytic virotherapy,

to employ more combination therapy strategies for successful clinical translation.
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Figure 3.25. JAK1/2 inhibition leads to enhancement of oncolytic activity of the oncolytic adenovirus
XVir-N-31.

(a) Cell viability was assessed by sulphorhodamine B assay in T24 cells upon pretreatment with
Ruxolitinib for 24 hrs, and infection with XVir-N-31 at indicated MOIs. Error bars S.E. (b) T24 cells
were treated with SuM Ruxolitinib for 24 hrs and infected with XVir-N-31 (MOI 50. Viral genome
replication was analysed at 48 h by fiber DNA Error bars S.D.

79



4. Discussion

4.1.Combination of oncolytic adenoviruses and CDK4/6i for therapy

In this study, we have studied molecular effects of CDK4/6 inhibitors on adenoviral
replication, and the role of E2F binding sites in adenoviral genome. As discovered by our group
earlier, CDK4/6 inhibition results in increase of virus-induced cell death and viral particle
formation. It was also observed that there were more virus producing cells upon CDK4/61
(Koch 2021). These results are very encouraging from a clinical aspect, since lower MOlIs of
oncolytic viruses can be used in patients to achieve higher efficacy for tumour elimination. In
this study, most of the experiments were performed on bladder cancer cell lines, but we have
established in our group that the combination therapy strategy is successful in other solid
tumour entities also, like paediatric sarcoma and glioblastoma. Considering the broad
applicability of the therapy strategy, understanding the mechanisms behind the synergy would
be beneficial so that the efficacy of the OVs can be enhanced by the newfound knowledge. To
achieve this, studies were performed to understand both functional and molecular changes that

occur in the cell upon combining OAdVs with CDK4/61.

4.1.1. Functional and biochemical alterations upon CDK4/6i and oncolytic adenovirus
infection
CDK4/6 pathway has multitude of functions in cells affecting several signalling
proteins in the cascade (Bonelli, La Monica et al. 2019). Therefore, it was crucial to investigate

whether CDK4/61 enhances viral replication by merely disturbing the signalling pathway.

E2F1 has implicated roles in apoptosis (Ginsberg 2002), and CDK4/6 inhibition could
potentially lead to increase in free E2F1 protein levels which might induce apoptosis. To rule
out enhanced cell death due to apoptosis, we measured cell death and apoptosis upon CDK4/61
and found that no increase in apoptosis or cell death was observed. This is also in line with
previously published studies demonstrating that virus needs viable cell for its replication
(Seifried, Talluri et al. 2008). We could also successfully show that the enhancement is not due
to an increase in the levels of transcription factors such as YB1, which is known to facilitate
adenoviral replication. It was also supported by parallel studies which demonstrated that
CDK4/61 does not enhance the CAR protein expression, or an uptake of adenoviruses in

combination (Lichtenegger, Koll et al. 2019).
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It is an established fact that the dominant effect of CDK4/6 inhibition is GO/G1 arrest
(Ingham and Schwartz 2017). Adenoviruses have been shown to ideally infect quiescent cells,
and then drive the cells into S-phase (Nakajima, Masuda-Murata et al. 1987, Ben-Israel and
Kleinberger 2002). However, we observed that the viruses show enhancement in replication
even with concurrent treatment of CDK4/61, thus ruling out the possibility that cell

synchronisation via GO/G1 arrest is the reason behind the synergy in combination therapy.

A crucial aspect for oncolytic viruses in clinical implementation is their critical viral
load. Insufficient viral load leads to unsuccessful replication and the viral infection would not
successfully trigger the host immune system (Yang, Gu et al. 2021). A promising aspect of the
combination therapy is that we can observe increase in viral gene expression, as seen in results
with E1A and hexon transcript levels, even at low MOIs which show negligible gene
expression in untreated condition. This was also supported by an increase in viral genome
replication in lower MOIs as mentioned in the results section (Koch et al., 2022, Manuscript
under review). This suggests that a critical amount of viral load is required to achieve successful
infection and propagation of infection, and this critical threshold is lowered upon CDK4/61.
Based on these data, it is safe to conclude that CDK4/61 changes the cellular milieu so as to

support adenoviral replication.

Subsequently, we also examined whether the response of oncolytic adenovirus to
Palbociclib treatment is dose dependent. As shown in the results, the effect of CDK4/61 showed
a linear kinetic in cell survival assay and correlated with reduction in the levels of RB protein.
These data suggest that the effect of CDK4/61 on adenoviral replication might be an RB-
dependent mechanism since we do not see the synergy in combination therapy in RB-negative
cells. It has been reported earlier by our group as well as others that CDK4/6 inhibitors are only
effective in vitro in RB-positive cells presumably due to inactive cyclin D-CDK4/6 complexes
in RB-negative cells (Pan, Sathe et al. 2017). RB-family of proteins have been shown to be
closely interrelated with adenoviral life cycle, by their interactions with adenoviral E1A. RB-
family of pocket proteins, p107 and p130, have also been demonstrated to interact with E1A
by the virtue of being binding partners to E2F proteins (Fattacy, Harlow et al. 1993, Liu and
Marmorstein 2007, Ferreon, Martinez-Y amout et al. 2009). Previous results from our lab have
shown that CDK4/61 can modulate the expression levels of E2F1, 3, and 4, and also modulate
RB and p107 levels (Koch 2021). Based on this evidence, the focus was directed to characterise
the roles of RB and E2F proteins in adenoviral replication since the results so far raised

questions on their exact roles.
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4.1.2. Molecular mechanisms upon CDK4/6i and oncolytic adenovirus infection

RB has been identified as a major factor in the combination therapy, based on previous
results from our group. The combination therapy is only successful in RB-positive cells. In a
CDK4/6 resistant cell line SK-N-MC, downregulation of RB led to increase in viral replication
(Koch 2021). Since E2F proteins are also majorly dysregulated upon CDK4/6 inhibition, and
we observed that the adenoviruses can restore the E2F1 levels that are downregulated by
Palbociclib, hereon we focussed mainly on studying roles of E2F proteins, and E2F binding

sites on adenoviral replication.

To evaluate the role of E2F proteins on adenoviral replication as individual proteins,
we implemented siRNA mediated knockdown approach. In this study, only E2F1, 3 and 4
proteins were knocked down using siPool as shown in results, since these are the only E2Fs
that are modulated by CDK4/61 (Koch 2021). It has earlier been shown that E2F4 translocation
to nucleus is increased upon adenoviral infection, and E1A protein can interact with E2F4 and
increase promoter occupancy of E2F4 (Schaley, Polonskaia et al. 2005, Pelka, Miller et al.
2011). We postulated that lack of E2F1 mediated by CDK4/61 maybe compensated by an
increased protein level of E2F3 or E2F4. Surprisingly, knockdown of the tested E2F proteins
had no effect on viral replication or particle formation. This could potentially be attributed to
the compensatory activity exhibited by E2F proteins in the absence of one or more E2Fs (Kong,
Chang et al. 2007). To test the effects of E2F proteins more accurately, one would have to
knockout all E2F proteins which would be detrimental for cell survival. Since it would be
difficult to achieve successful knockdown of multiple E2F proteins in a single cell using
siRNAs, multiple E2F knockdown was not attempted. E2F proteins form heterodimers with
DP1 at the DNA-binding sites, and E1A has been shown to interact with E2F/DP complexes
(Pelka, Miller et al. 2011). Accordingly, it was also demonstrated earlier by our group that

knocking down of DP1 did not induce viral replication (Johanna Krusche, Master’s thesis).

Since the analysis of individual roles of E2F proteins did not give significant insight
into the roles of single E2Fs in adenoviral life cycle, the focus was redirected to understand
their binding and availability on adenoviral promoters. Adenoviral genome possesses E2F
binding sites at E2-early promoter and at E1A enhancer regions. The two binding sites at E2-
early promoter are considered indispensable for E2- transcription, and thus viral replication

(Zajchowski, Boeuf et al. 1987). Upon introducing mutations in E2F-binding sites at the E2-
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early promoter (ADWT/E2Fm), a reduction in replication was observed, which is expected
since the expression levels of E2 are drastically reduced, as confirmed by qPCR and western
blotting. Surprisingly, these mutations also led to decrease in E1A transcript and protein levels.
A lot of studies performed on the adenoviral biology focussed on the role of E1A and its
transactivation properties on other adenoviral genes. It has been well established that E1A is
required for E2F-binding on the E2-early promoter (Babiss 1989). However, the interaction in
the other direction is not completely understood. Previously published data suggested that DBP
protein transcribed by E2-early region can affect the promoter activities of E1A promoter and
major late promoter in plasmid-based assays (Chang and Shenk 1990). It has been, however,
demonstrated that the viral genes behave differently in plasmid-based assays as compared to a
viral infection (Manohar, Kratochvil et al. 1990, Rajan, Dhamankar et al. 1991). This reduction
in E1A protein levels in the context of viral replication suggests that there might be a hitherto
unknown mechanism of interaction between the E1A enhancer region and E2-early region
mediated by E2F protein binding. Upon compensating for the lack of E1A protein, and thus
reduced transactivation of all viral genes, it was observed that the viral genes could achieve
similar expression levels in HEK-293 cells despite the mutations in E2-early promoter region.
This strongly hints at an alternate mechanism of adenoviral E2-regulation which is independent

of E2F-binding sites at E2-region.

We intended to investigate the role of E2F-binding at E1A-enhancer region by using
the novel adenovirus construct ADWT-2xE2Fm. Interestingly, the mutations in E1A enhancer
did not have an effect on E1 A expression which raised questions about the role of E2F proteins
at E1 A-enhancer region. We hypothesised that E2F proteins bind excessively at E1A enhancer
region upon mutations in E2-early region, and thus potentially act as a repressor. This would
also explain the enhanced replication with CDK4/61 since E2F1 protein levels are decreased
upon treatment with CDK4/61. In the virus ADWT/2XxE2Fm, the mutation at E1A enhancer
thus inhibits E2F protein binding and allows for normal transcription from E1A region.
Increased binding of E2F proteins at E1A region in ADWT/E2Fm as detected by chromatin
immunoprecipitation assay also supports this hypothesis (Koch et al 2022, manuscript under
review). It has been reported that adenoviral replication is suppressed by IFNy depending on a
conserved E2F-binding site in the ElA-enhancer region, and additionally, adenovirus E2
expression possibly through enrichment of RB-pocket protein-E2F complexes at the E1A

enhancer (Zheng, Stamminger et al. 2016). However, more studies need to be performed to
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isolate complexes at both regions and study the transcription factor binding in detail to

understand the transcription regulation from these regions.

The most interesting dataset for elucidating the role of E2F proteins comes from the
trap mutant constructs. The trap plasmid and the trap adenovirus used do not specifically
sequester a single E2F protein. They are designed to capture all the available E2F proteins
within a cell (He, Cook et al. 2000). Upon luciferase reporter assay, it indeed confirms the role
of E2F proteins in activating E2-early promoter, since we observe a reduction in promoter
activity. This is complemented by an increase in viral replication. Since the plasmid-based
assays differ compared to viral construct, the same E2F-trapping sequences were also
incorporated into the viral genome to generate the adenovirus ADWT/Trap. Consolidating the
trap-plasmid results, an increase in replication was observed upon ADWT/Trap infection. This
is surprising, since so far, E2F proteins have only been shown to have activating roles on
adenoviral promoters. Adenoviral promoter activation is tightly regulated by complex
interactions between viral and cellular proteins. It has been published earlier that E2F-binding
requires an interaction of E2F proteins with both E1A and E4Orf6/7 proteins(O'Connor and
Hearing 1994). It is plausible that E2F activity is tightly controlled by these viral proteins to
ensure the E2F proteins are only active for a brief window in adenoviral life cycle. Upon closely
examining the time kinetics, it is evident that the ADWT/Trap virus replicates much faster than
ADWT/TrapM as seen by much higher viral DNA produced in earlier time points. However,
at later time points, both the viruses acquire same levels of viral DNA. This suggests that E2F
proteins might have a repressive role in the initial time points of replication but are required in
later time points as is supported by recovery of E2F1 protein at late phases of infection in
multiple approaches. This hypothesis would then explain the enhancement in viral replication
observed upon CDK4/61. Since we also observe an earlier and much more rapid gene
expression and replication of adenoviruses upon CDK4/61, it could be hypothesised that the
lack of E2F1 mediated by CDK4/61 can facilitate an earlier replication of the adenoviruses, as
is also evidenced by ADWT/Trap data. The increase in E1A protein level upon E2F1
knockdown at early phases is in accordance with the other findings, and strongly supports that
E2F proteins play a negative regulatory role in adenoviral life cycle. E2F proteins have been
demonstrated to have a dual activator-repressor role in different phases of organogenesis and
myeloid development (Chong, Wenzel et al. 2009, Trikha, Sharma et al. 2011). Hence, it is

quite plausible that E2F proteins have dual role in viral life cycle.
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As shown in results, all the tested viral constructs in this study respond strongly to
CDK4/61, irrespective of their mutation status. We also observe an increase in El-deleted
viruses upon CDK4/61 (data not shown). This strongly suggests that there might be additional
mechanisms involved in the regulation of adenoviral replication apart from RB-E2F pathway.
To understand the molecular alterations upon CDK4/61 in detail, transcriptomics was
performed. It was unanticipated to see E2F protein targets among the dysregulated genes in
GO and KEGG analysis as early as 8 hours after treatment. This strengthened our hypothesis
that E2F proteins act as a repressor in early time points of viral replication. Viral replication
and early gene expression initiates within the first 6-8 hrs of infection (Crisostomo, Soriano et
al. 2019). As seen by viral gene expression time kinetics, a drastic increase is seen in viral gene
expression levels well within the first 8hrs of infection. Since we also observe an enhancement
in viral replication upon concurrent treatment with CDK4/61 with viral infection, it is
presumably because of the early effects of CDK4/61 that we see an enhancement in viral
activity. Adenoviral E2 region is mainly regulated by three components: E2Fs, ATF, and TBP
(as explained in the Introduction)(Swaminathan and Thimmapaya 1996). Upon examining the
dysregulated genes upon CDK4/61, we do observe an increase in ATFs at 8hrs post infection
(data not shown). This suggests that the mechanism is not solely driven by E2F proteins.
Another possible mechanism might be related to DNA conformational change caused by E2F-
binding. Cress et al have reported the DNA-bending capacity of the E2F transcription factor
family (Cress and Nevins 1996). Three members of the E2F family, along with the DP1 protein,
bend the DNA towards the minor groove, suggesting that DNA bending might be a
characteristic of the entire E2F family. Upon introducing mutations at E2F-binding sites at
adenoviral promoters, it is possible that other transcriptional factors binding sites would be
exposed, which would otherwise be hidden due to E2F binding. One way to resolve this issue
would be to perform EMSA assays at both the E2F binding sites and compare the protein
complexes at these sites in mutated and wildtype viruses. It would reveal whether any new
transcription factors bind at these sites in the absence of E2F-binding. Since the enhancement
upon CDK4/61 is also seen in E1-deleted viruses, and E4orf6/7 protein is reported to substitute
for the transactivation activity of E1A in its absence (O'Connor and Hearing 2000), it is
possible that the synergy-causing factors are associated with E4 region rather than E1A or E2
region. More studies need to be performed to understand the role of E4orf6/7 protein in the
context of combination therapy. However, the data presented in this thesis so far, hints at a
strong repressive activity of E2F proteins in early time points of adenoviral replication, and a

possible hitherto unknown mechanism regulating the E1 and E2 regions of adenoviral genome.
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Figure 4.1. Proposed model of regulation of viral replication in the combination therapy with
oncolytic adenovirus and CDK4/6 inhibitors.

The top panel (A, B) shows the current model of the activation of adenoviral gene transcription.
When E2F is released upon phosphorylation of RB, active E2F proteins bind at E2F binding sites of
adenoviral promoters and, transcription initiation occurs. In the bottom panel (C-D), we propose a
new model based on our data which suggested that the E2F binding sites at E1A and E2 region might
show competitive binding of RB/E2F complexes (C). Transcription is suppressed in the presence of
the excess RB/E2F complexes. Upon disruption of these complexes by CDK4/6 inhibition, E2F
proteins are either completely diminished or the amounts of free active E2F proteins is limited, which
then drift the balance in favour of adenoviral transcription, thus leading to earlier activation of
replication (D).

In conclusion, we propose a model of adenoviral replication which suggests that RB/E2F

complex acts as negative regulators in early phases of viral gene expression by occupying the
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adenoviral E1A enhancer and E2 promoter. Upon CDK4/6 inhibition, RB and E2F protein
levels are decreased which might cause a shift towards low level of active E2F1, facilitating a
quicker start of viral gene expression and replication. Consequently, E2F proteins are crucial

in later time points for the successful completion of adenoviral lifecycle.

4.2. Targeting JAK-STAT pathway for therapy in Bladder cancer

In the second part of this thesis, JAK-STAT pathway components have been explored for
their potential as therapeutic targets in bladder cancer. Several studies have demonstrated that
STAT3 protein shows prognostic potential, and serves as a marker for invasion, which was
contradicted by some other groups (Chan, Espinosa et al. 2009, Mitra, Pagliarulo et al. 2009,
Ho, Lay et al. 2012, Degoricija, Situm et al. 2014, Gatta, Melocchi et al. 2019). In this study,
we studied the specimen dataset from TCGA including 412 patient specimens of muscle
invasive bladder cancer which revealed that JAK-STAT pathway components are frequently
altered in bladder cancer, but they showed no prognostic significance. In a tissue micro array
analysis, high levels of STAT3 were observed in MIBC patients but did not show any
prognostic relevance either. From the data presented here, it could be concluded that STAT3

does not serve as a good prognostic marker for MIBC despite its frequent dysregulation.

Therapeutic targeting of JAK-STAT pathway was performed at two levels- targeting JAKs
and targeting STATSs. Targeting of JAK by a specific inhibitor Ruxolitinib revealed that it has
no effect on the cell survival in bladder cancer cell lines in the concentrations used in this thesis.
In a previous study, JAK inhibitor AG490 has shown success in vitro in bladder cancer, which
is contradicting to the data presented here (Joung, Na et al. 2014). This could be explained by
the target specificity of both the drugs. Ruxolitinib is a specific JAK1/2 inhibitor, whereas
AG490 is nonspecific and also affects EGFR, HER2 or STAT5a/b besides JAK2. The observed
effect on cell survival by AG490 could possibly be because of its additional effects rather than
JAK inhibition (Baffert, Régnier et al. 2010, Quintas-Cardama, Vaddi et al. 2010). These data

summarise that JAK proteins are not suitable targets for monotherapy in bladder cancer.

At STAT level, STAT3 was targeted as it was the most frequently dysregulated. We
demonstrated in our group that STAT3 inhibitors Stattic, SH-4-54 and Nifuroxazide can inhibit
cell growth in bladder cancer cell lines and in a 3D-xenograft model. These results are in-line

with previously published data regarding STAT3 (Chen, Cen et al. 2008, Tsujita, Horiguchi et
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al. 2017, Zhang, Ye et al. 2017). In this study, this observation was extended to a novel STAT3
inhibitor Napabucasin which is a cancer stemness inhibitor which acts via STAT3. It could be
confirmed that Napabucasin effectively inhibits cell growth in bladder cancer cell lines,

consistent with the results from other STAT3 inhibitors.

In the final step, we explored the possibility of combining JAK and STAT inhibitors
with the oncolytic adenovirus XVir-N-31. It has been shown earlier that Ruxolitinib enhances
replication of VSV oncolytic vesicular stomatitis virus therapy resulted in enhanced oncolysis
and viral replication in non-small cell lung cancer (Patel, Dash et al. 2019). Adenovirus
infection and replication are closely related to interferon signalling pathway, which is regulated
by JAK-STAT pathway. Cytokines released upon infection, such as IFNs and IL-6, stimulate
the expression of genes involved in anti-viral response via complex mechanisms. Interferon
signalling has been shown to inhibit adenoviral DNA replication by inhibiting viral early gene
expression in normal cells, but not in cancer cells (Zheng, Stamminger et al. 2016). It has been
reported that adenoviruses can replicate much better in a STAT2 knockout Syrian hamster
model which had disrupted interferon signalling (Toth, Lee et al. 2015). Priming the cells with
Ruxolitinib enhanced the viral replication of oncolytic Herpes Simplex Virus (oHSV) in
malignant peripheral nerve sheath tumours (Ghonime and Cassady 2018). Mice treated with
Ruxolitinib showed reduced Interferon stimulated genes expression, thus rendering the

tumours susceptible to oHSV infection.

Based on these data, we attempted to combine XVir-N-31 with Ruxolitinib, despite
Ruxolitinib showing no effect on bladder cancer cells as monotherapy. We observed that
Ruxolitinib could successfully enhance virus-induced cell death and also increase viral genome
replication in bladder cancer cells, which came as a surprise. This suggests that JAK inhibitors
may have an alternative functioning mechanism that regulate the adenoviral replication, and
thus enhance their activity. STAT3 inhibitor Stattic also showed enhanced oncolysis, viral
genome replication, and particle formation upon combination with XVir-N-31 in bladder
cancer cells. As showed by our group previously, treatment with Stattic leads to G2 arrest
(Hindupur, Schmid et al. 2020) and there are studies demonstrating enhanced adenoviral
replication upon G2 arrest (Steinwaerder, Carlson et al. 2000). While it is exciting to see the
enhanced oncolytic activity upon JAK and STAT inhibition, more studies are required to

elucidate the mechanisms that drive this phenomenon.
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5. Outlook

Based on the results in this study, the major conclusion is that E2F family of transcription
factors are negative regulators of early adenoviral replication. While individually, they do not
have any effect on adenoviral replication, when using the ‘E2F trap’ plasmids and viruses, an
enhancement in viral replication is seen. This provides an encouraging aspect to investigate the
exact roles of E2F proteins and their partners, RB proteins, in the context of combination

therapy with CDK4/6 inhibitors.

To further understand the role of E2F-binding sites, pulldown assays, electrophoretic
mobility shift assays (EMSA) and chromatin immunoprecipitation assays (ChIP) need to be
performed to study the difference in the protein complexes binding at adenoviral E2-promoter
and E1A enhancer regions. Performing these analyses in the presence of CDK4/6 inhibitors
would give an insight into transcription factor complex changes that occur upon CDK4/6
inhibition. Proteomics analysis on the isolated complexes would give a complete overview of

all the transcription factors and co-factors that interact with these regions.

Furthermore, transcriptomics and whole cell proteomics analysis would provide insights
into the changes that occur in the molecular landscape upon combination therapy. Identifying
the ‘synergy-associated genes and proteins’ which drive the synergy of XVir-N-31 and
CDK4/6 inhibitors will help in better understanding the mechanism of action of the therapy
strategy.

Findings from these above studies could be collectively used to produce new generation of
oncolytic adenoviruses with improved efficacy at low concentrations. It would also give
insights to develop novel combination therapy approaches to treat cancers with minimal side

effects.
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