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Summary

Summary

Current treatments against cancer are lacking efficacy due to development of resistance towards
cancer therapies. The cellular protein YB-1 is involved in resistance formation and maintenance.
YB-1-dependent oncolytic adenoviruses thus present a promising approach to target resistant
tumor cells. YB-1-dependent oncolytic adenoviruses, which are rendered YB-1- and tumor-
specific by manipulation of the essential viral E1A region, have proven efficacy in vitro and in
immunocompromised xenograft tumor models in vivo. However, a fully functional immune
system can have an ambivalent impact on the efficacy of virotherapy in vivo. On the one hand, the
immune system can hamper virus efficacy by clearance of viruses. On the other hand, it has been
shown that immune cell recruitment and activity can support viral anti-tumor activity. To
investigate whether the contribution of the immune system is beneficial or detrimental in the
context of YB-1-dependent oncolysis, non-human cells were required, which could later be used
in a syngeneic immunocompetent animal model. Murine KLN205 lung cancer cells were chosen
after investigation of several non-human cells for general infectability by adenoviruses,
adenovirus propagation, and YB-1 expression. YB-1-specific oncolytic adenoviruses, despite
various manipulations in their genomes, were able to replicate in KLN205 cells, to produce viral
progeny, and most importantly to lyse the tumor cells. Particularly viral E1 and E3 genes are
involved in manipulation of host cell apoptosis and anti-viral immune functions. Since most of the
E1A or E3 genes are manipulated or deleted in the used oncolytic adenoviruses, it was
investigated how cell death elicited by oncolytic adenoviral treatment differs from wild type
adenovirus-mediated cell death in vitro, and how oncolytic viruses and immune system interact in
an immunocompetent setting in vivo. Despite reduced capability of YB-1-dependent oncolytic
adenoviruses to lyse tumor cells as compared to wild type adenovirus, oncolytic adenoviruses
enhanced induction of apoptosis in vitro. Furthermore, the oncolytic viruses were able to trigger
marked cell surface exposure or release of most of the danger molecules typically associated with
an immunogenic cell death in vitro and in vivo. Oncolytic adenoviruses did not suppress tumor
immunogenicity in terms of MHCI antigen presentation in vitro in contrast to wild type
adenoviruses. Tumor growth was reduced upon administration of YB-1-specific oncolytic viruses
as compared to PBS or wild type virus treatment. All replicating adenoviruses triggered
inflammatory immune cell infiltration into tumors, an important prerequisite for attenuation of
tumor-mediated immunosuppression. Moreover, adenoviral therapy led to recruitment of
immune cells into blood and spleen. Particularly dendritic cell and T cell populations, which are
known to be crucial for the in vivo success of adenoviral therapy, were enriched in the blood. The
cellular and humoral immune reactivity was mainly directed towards the applied viruses.

However, adenoviral treatment, particularly treatment with oncolytic adenoviruses, triggered

5



Summary

tumor-specific cytotoxic immune reactions, as assessed by measurement of splenocyte IFNy
release, degranulation, and cytotoxicity against tumor cells. In contrast to previous reports,
insertion of the immunostimulatory FIt3L transgene into one of the YB-1-dependent oncolytic
adenoviruses did not improve immune cell recruitment into the blood. Surprisingly, treatment of
tumors with this virus even decreased anti-viral immunity, while triggering efficient anti-tumor
reactivity, as demonstrated by splenocyte IFNy release and splenocyte-mediated tumor cell lysis.
These findings suggest that the presence of FIt3L caused a shift from anti-viral to anti-tumor
immunity. In conclusion, treatment with EI1A-deficient YB-1-specific adenoviruses was not
sufficient for tumor elimination in the poorly immunogenic KLN205 cell model probably due
to limited virus propagation. However, in a model that better resembles the natural human
host environment for adenoviruses, or in combination with immunotherapeutic approaches,
YB-1-dependent virotherapy could present a promising tool to target tumors by combined

adenoviral oncolysis and adenovirus-mediated immune stimulation.
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1. Introduction

1.1. The cancer problem and limitations of conventional cancer therapy

About 13% of all human deaths worldwide are accounted to cancer (Jemal et al. 2011). In western
countries like in the USA 23% of deaths are cancer-related, which makes invasive cancer, next to
heart diseases one of the leading causes of death in the western world (Heron 2012). Despite
intensive research on the molecular mechanisms of tumor development, progression, and
metastasis, as well as the development of new therapeutic options, cancer rates are still
increasing (Hoyert 2012, Jemal et al. 2011). The worldwide increase is partly attributed to growth
and aging of the world population, and a change of lifestyles in the economically developing
countries (Jemal et al. 2011). However, the lack of decrease of cancer numbers despite intensive
research also demonstrates the lack of major success in the development of new regimens.
Conventional cancer therapies like surgery, radiation, and chemotherapy are still widely used
despite their massive side effects, high overall toxicity, and a high frequency of recurrence due to
insufficient clearing of tumor cells (Chabner and Roberts 2005). New treatment regimens such as
targeted therapies like trastuzumab for breast cancer or erlotinib for non-small cell lung cancer
are limited by lack of efficacy and low response rates (Chabner and Roberts 2005, McCormick
2011, Thirukkumaran and Morris 2009). Also resistances can develop against many of these
therapies, as they largely do against traditional chemotherapy (Gottesman et al. 2002). Dose
escalation and combination therapies designed to overcome resistance and metastasis formation
and to increase efficacy are limited by a narrow therapeutic index (McCormick 2011). Targeting of
either signal transduction networks or key oncogenes or even of metabolic enzymes that are
commonly dysregulated in cancer can be effective. However, targeting of signal transduction
networks often results in compensation through other closely related pathways (Butler et al.
2013, McCormick 2011). The ability of cancers to evade immune destruction has newly been
defined as one important hallmark of cancer, which hampers therapeutic success and is not
addressed by conventional and targeted therapy (Hanahan and Weinberg 2011). This ability
includes the cancers’ ability to survive and expand in a chronically inflamed microenvironment,
their ability to evade immune recognition and their ability to actively suppress immune reactivity
(Cavallo et al. 2011). Oncolytic viruses present a promising option to address existing limitations.
They are highly specific to cancer cells, can reproduce and spread inside all target cells, even
metastatic cells, and lyse them. Often, oncolytic viruses are even more effective in drug-resistant
cells in comparison to sensitive cells due to molecular changes in resistant cells, such as

elevated expression of the oncogenic Y-box binding protein 1 (YB-1), that favor viral replication.
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Side effects of especially adenoviral therapy are lower than in most other therapeutic regimens,
which are highly toxic to the whole organism (Parato et al. 2005, Thirukkumaran and Morris

2009).

1.2. Current state of research in oncolytic virotherapy

The concept of oncolytic virotherapy is especially in the focus lately, because of the first success
in a clinical phase Il trial, which is opening the field prominent new possibilities. Amgen’s
Talimogene laherparepvec?, also called T-VEC, is an oncolytic attenuated herpes simplex virus 1
(HSV-1) encoding the immunostimulatory molecule granulocyte macrophage colony-stimulating
factor (GM-CSF). T-VEC is being tested for intratumoral injection into accessible melanoma lesions
in patients with unresectable Stage Illb, ¢ and Stage IV melanoma (Kaufman and Bines 2010).
Amgen announced the success of its study on 19th March 2013, when the study met its primary
endpoint, the durable response rate, defined as “the rate of complete or partial response lasting
continuously for at least six months”. This goal was achieved in 16% of patients receiving T-VEC,
compared to 2% in the control group given only GM-CSF. The second study criterion, which is said
to demonstrate improved overall survival as compared to GM-CSF is expected in late 2013
(Amgen 2013). Besides the success in melanoma, T-VEC has also been successfully tested in
combination with radiotherapy and cisplatin in head and neck squamous cell carcinoma (HNSCC)
in clinical phase Il trials (Harrington et al. 2010, Senzer et al. 2009) and is currently being tested in
Phase | studies in pancreatic cancer, breast, and gastrointestinal cancers (Hu et al. 2006). T-VEC
has been generally well tolerated, with most of the adverse events being mild to moderate.
Side effects are mostly injection site reactions or mild flu-like symptoms (Harrington et al. 2010,
Senzer et al. 2009). A selection of promising virotherapeutics that are currently tested in clinical

trials is given in table 1-1.

Table 1-1: Overview of selected currently tested virotherapeutics.

Oncolytic virus Application Progress Reference

T-VEC: modified HSV-1 Melanoma Phase llI Kaufman and Bines
with GM-CSF ongoing 2010

T-VEC: modified HSV-1 HNSCC in combination with | Phase Il Harrington et al. 2010,
with GM-CSF radiotherapy and cisplatin | completed | Senzer et al. 2009
T-VEC: modified HSV-1 Breast cancer, Phase | Hu et al. 2006

with GM-CSF gastrointestinal cancers completed

GM-CSF

! acquired as OncoVEX from BioVex Inc. in 2011
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JX-594: modified vaccinia | Hepatocellular carcinoma Phase Il Heo et al. 2013, Park

virus with GM-CSF completed | etal. 2008

JX-594: modified vaccinia | Melanoma Phase | Hwang et al. 2011

virus with GM-CSF completed

Reolysin: unmodified Melanoma Phase Il Galanis et al. 2012

reovirus ongoing

Modified measles viruses | Ovarian cancer, Phase | Msaouel et al. 2012

with imaging genes glioblastoma, myeloma ongoing

Unmodified newcastle Glioblastoma, solid tumors | Phase I/II Freeman et al. 2006,

disease virus completed | Lorence et al. 2007

ONYX-015: modified HNSCC with and without Phase Il Hamid et al. 2003,

adenovirus * combination with completed | Khuri et al. 2000,
conventional therapy, Nemunaitis et al. 2001
colorectal cancer

Ad-D24: modified Ovarian cancer Phase | Kimball et al. 2010,

adenovirus completed | Pesonen et al. 2012a

Modified adenovirus Solid tumors Phase | Nemunaitis et al. 2010

under control of a human completed

telomerase reverse

transcriptase (hTert)

promoter

*The identical vector, termed Oncorine (H101) has been approved for the therapy of head and neck cancer
in China in 2005 (Frew et al. 2008, Garber 2006).

1.3. Adenovirus biology

1.3.1. Adenoviruses

Human adenoviruses were first isolated from adenoids in 1953 (Rowe et al. 1953). They belong to
the family of Adenoviridae and the genus of Mastadenoviruses. So far, about 60 human serotypes
have been described, which are classified into seven species (A-G) (Robinson et al. 2013).
Adenoviruses mainly cause respiratory infections, but depending on the serotype can also cause
ocular, gastrointestinal, kidney, and urinary tract infections. Respiratory infections are mostly mild
and self-limited due to an intact host defense in healthy patients, but can range up to severe
acute respiratory disease with life-threatening viral dissemination mostly in immunologically or
nutritionally compromised patients (Hierholzer 1992, Robinson et al. 2011, Robinson et al. 2013,

Walsh et al. 2010).

Adenoviruses have a diameter of approximately 900 A without their spikes and a mass of

150 MDa. They bear a linear, double-stranded (ds) DNA genome of about 36 kb (Harrison 2010,
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Nemerow et al. 2012, Smith et al. 2010). In 2010, adenoviruses were visualized at nearly atomic
resolution, at 3.5 A by X-ray crystallography (Reddy et al. 2010), as well as at 3.6 A by cryo-
electron microscopy (Liu et al. 2010), establishing profound insights into adenoviral structure. The
non-enveloped adenoviral particles are composed of two major structural elements, the outer
capsid and the core (figure 1-1). The icosahedral shell of the virus is composed of 240 hexagon-
shaped hexon homotrimers on the faces and edges of the capsid, as well as of 12 pentons on the
12 apices, each consisting of a pentagon-shaped penton base and a penton base-associated fiber
trimer. Four minor capsid components (llla, VI, VIII, and IX) stabilize the virion capsid (Burnett
1985, Liu et al. 2010, Vellinga et al. 2005). Five out of six viral core proteins are associated with
the viral genome (V, VII, y, the terminal protein, and IVa2). The sixth core protein, the 23K cystein

protease, is associated with virion assembly (Russell 2009, Smith et al. 2010).

Major capsid proteins  Minor capsid proteins Core proteins

W Hexon = llla eV
() Penton base EERY| e V|
—e Fiber * Vi ®
@ X 0 Terminal protein
= |Va2
® Protease

Figure 1-1: Adenovirus assembly. Adenoviral structural proteins are classified as capsid proteins and core
proteins. The capsid proteins are two different major proteins hexon and penton (composed of penton base
and fiber), and four minor capsid proteins llla, VI, VI, and IX. The core proteins V, VII, W, the terminal
protein, and IVa2 are associated with the viral DNA. The viral protease is also classified as a viral core
protein (image modified from Russell 2009).

1.3.2. Adenoviral life cycle

Adenoviruses enter the target cells via contact of the viral fiber protein with the coxsackie virus
and adenovirus receptor (CAR). However, depending on their species, adenoviruses can also
interact with other receptors on the target cell surfaces like CD80, CD86, sialic acid receptors,
or heparin sulfate glycosaminoglycans (Bergelson et al. 1997, Russell 2009). Accompanying the

fiber-host receptor binding, an arginine-glycine-aspartic acid (RGD) peptide on the viral penton
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base binds to cellular avp3/avp5 integrins (Wickham et al. 1993). This interaction initiates the
transport of bound viral particles towards clathrin-coated pits, where they get internalized by
clathrin-mediated endocytosis (Meier and Greber 2004). Post endosomal acidification, the
destabilized virions escape the endosome and are transported to the nuclear membrane (Leopold
et al. 2000). After binding to the nuclear pore complex, the virions become disassembled and the

DNA is transported into the nucleus, where DNA transcription is initiated (Russell 2009).

1.3.3. Adenoviral gene regulation

The viral DNA comprises inverted terminal repeats at both genome ends and the packaging signal
Y. The genome is built up of early and late transcription sequences, which are named after
the time point of their transcription within the viral life cycle (Hay et al. 1995, Russell 2000)
(figure 1-2). The early sequences (E1-4) are transcribed beginning 7 h after infection and code
mostly for regulatory proteins. The early region 1 A (E1A) proteins are the first proteins of the
virus that are produced. They initiate the viral replication cycle. On the one hand, they promote
host cell proliferation, thus providing the appropriate cellular environment for viral replication.
E1A proteins bind to host cell retinoblastoma proteins (pRb) and thereby disrupt pRb-E2F
complexes. Consequently, the transcription factor E2F is released and mediates the host cell cycle
entry from GO/G1 into the S phase (Fattaey et al. 1993, Frisch and Mymryk 2002). E1A proteins
can also promote S phase entry via direct targeting of the phosphatase cell division cycle 25
homolog a (cdc25a) (Spitkovsky et al. 1996). On the other hand, E1A proteins transactivate the
transcription of the following delayed early genes E2-4, as well as of cellular genes. The EIA
transcript comprises different mRNAs generated by alternative splicing. Important for the major
E1A functions are the 289 amino acid (aa) and 243 aa proteins, encoded by 13S and 12S mRNAs,
respectively. Four conserved regions (CR1-4) exist in the E1A gene. The CR3 is only encoded by
the 13S mRNA. The 46 aa, which are therefore only present in the 289 aa protein, contain a C-4
zinc finger motif that is crucial for the transactivation activity of E1A (Berk et al. 1979, Frisch and
Mymryk 2002, Jones and Shenk 1979, Pelka et al. 2008). The E1B proteins prevent host cell death
by apoptosis. The E1B55K protein, together with E4orf6, builds up an ubiquitin ligase complex
that binds to p53 and inhibits p53-mediated cell cycle arrest and apoptosis (Querido et al. 2001).
E1B55K and E4dorf6 also cause the favored export of viral mRNA into the cytoplasm for
biosynthesis of viral proteins and competitive inhibition of host protein synthesis (Flint and
Gonzalez 2003). The second E1B protein, E1B19K, a B cell lymphoma-2 (Bcl-2) homologue protein,
has anti-apoptotic effects, too (Han et al. 1996). The E2 gene products have prominent functions

in DNA replication. E2A encodes the multifunctional DNA binding protein (DBP), which is involved

11



Introduction

in replication initiation and DNA elongation. E2B encodes the viral DNA polymerase and the DNA
5’-sessible terminal protein, which enables initiation of viral replication, protein priming,
protection of viral DNA against degradation, and prevents DNA integration into the host cell
genome (de Jong et al. 2003, Hay et al. 1995, Rekosh et al. 1977). E3 proteins are important for
modaulation of the host immune response in favor of the viral life cycle as described in chapter
1.9.2. Final host cell lysis and release of virions is mediated by the adenovirus death protein (ADP),
which is also encoded in the E3 region (E3 11.6K) (Tollefson et al. 1996). E4 proteins have diverse
roles involving viral DNA replication, transcription, RNA splicing, DNA repair, and cell signaling
(Weitzman 2005). 10 h after infection, the late adenoviral proteins encoded by the late regions
L1-4 are expressed, consisting of the above described structural proteins that build up the virions.
The late region 3 (L3) 23K protease, besides its function in capsid maturation, destabilizes the host
cell cytoskeleton and is thus responsible for the typical rounding of the cells, the cytopathic effect
(CPE), just before release of the newly assembled viral particles. First host cell lysis and particle

release can occur one to two days after infection (Russell 2000).

E1A '\

E1A: E2: E4:
*Transactivation *DNA replication *Multifunctional:
of transcription Transcription,
«Cell cycl.e E1B- E3. DNA rel?li.cation/
progression «Inhibition of Immune RNA.spllcmg/ DNT’\
apoptosis modulation repair, cell signaling
*mRNA export *Final virion
release

Figure 1-2: Adenoviral gene functions. Genome positions of the early region (E) and late region (L) genes
and important viral gene functions. Late genes mostly code for structural proteins.

1.4. Nature and application of oncolytic adenoviruses

1.4.1. Oncolytic adenoviruses

The basic principle of oncolytic virotherapy is the use of viruses as therapeutic agents that
selectively kill tumor cells without harming normal tissue. The viruses reproduce within the tumor
in order to spread into all existing tumor cells and ideally eradiate the complete primary tumor, as
well as potentially spread tumor metastatic foci. This, at least in theory, enhances the efficacy of

the rather inefficient use of replication-deficient viral vectors in gene therapy (Alemany et al.
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2000, Parato et al. 2005, Russell et al. 2012). Naturally occurring tumor selective viruses include
dsRNA reoviruses (Hirasawa et al. 2003, Lal et al. 2009), as well as the single-stranded RNA viruses
newcastle disease virus (Altomonte et al. 2010, Krishnamurthy et al. 2006, Zamarin and Palese
2012) and vesicular stomatitis virus (Balachandran and Barber 2004, Ebert et al. 2003, StojdI et al.
2000, Wollmann et al. 2013). In contrast, human DNA viruses, including adenovirus, vaccinia virus,
and herpes simplex virus need to be genetically modified in order to provide tumor selectivity.
Especially adenoviruses have been under intensive investigation as anti-tumor virotherapeutics
(Alemany et al. 2000, Curiel 2000, Pesonen et al. 2011). Adenoviruses have a natural lytic cycle,
and a favorable safety profile due to their non-integrating genome, their genetic stability and low
pathogenicity. They can be furthermore produced in high titers with high stability of viral particles
(Nettelbeck 2003). The profound knowledge about the adenoviral genome, structure and
infection cycle provides the basis for the possibility to imply changes into the virus, rendering it
tumor-specific. Additionally, the experience from the relatively long history of use of adenoviruses
as viral gene transfer vectors is beneficial. Two ways of rendering adenoviruses tumor-specific can
be distinguished. One way is the partial or complete deletion of crucial viral functions, e.g. the
E1 genes, thereby eliminating the viral ability to replicate in healthy cells. In tumor cells however,
the cell lysis ability is maintained due to the aberrant gene expression of oncogenes or mutated
tumor suppressor genes, such as p53, pRb, or YB-1. The second strategy by which adenoviruses
are rendered tumor-specific is the replacement of wild type viral promoters of genes involved in
replication, such as the E2 genes, with tumor-specific promoters, like for example the hTert
promoter (Curiel 2000, de Gruijl and van de Ven 2012, Nettelbeck 2003). The majority of testing is
performed with intratumoral virus administration, due to the high immunogenicity of
adenoviruses and resultant delivery problems. Toxicity and safety profiles of oncolytic adenoviral
therapy are favorable, the overall anti-tumor efficacy of single therapies has been limited though
(Aghi and Martuza 2005, Pesonen et al. 2011). Limiting for successful oncolytic adenoviral delivery
is, besides the high immunogenicity of the vectors (Haase et al. 1972), mostly the natural tropism
of adenoviruses (Nettelbeck 2003, Vaha-Koskela et al. 2007). CAR receptors are often expressed in
only low concentrations on tumor cell surfaces, limiting viral tumor cell targeting (Kim et al. 2002).
Natural virus tropism can be altered by insertion of an additional integrin binding RGD motif into
the viral fiber (Dmitriev et al. 1998, Kimball et al. 2010, Pesonen et al. 2012a) or by exchange of
fiber proteins with fibers of other adenoviral serotypes binding to different cellular receptors
(Douglas et al. 1996, Kim et al. 2011b, Koski et al. 2010, Stevenson et al. 1997). Anti-tumor
efficacy of oncolytic viruses can be enhanced by addition of transgenes like the HSV-1 thymidine
kinase gene, which has been shown to enhance cell killing by tumor-specific activation of the

prodrug ganciclovir (Ahn et al. 2009, Wildner et al. 1999).
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1.4.2. Arming of oncolytic viruses with immunostimulatory transgenes

The inherent immunogenicity of adenoviruses can be exploited in favor of oncolytic virotherapy.
The anti-tumor immune reaction elicited by oncolytic viruses can be further augmented by arming
of oncolytic adenoviruses with molecules that stimulate the immune system in diverse ways
in order to support the virus in destroying the tumor cells (Cerullo et al. 2012). GM-CSF is an
immunostimulatory cytokine secreted by macrophages, T cells, natural killer (NK) cells, and mast
cells, as well as endothelial cells and fibroblasts. It promotes the differentiation of hematopoietic
myeloid progenitor cells into granulocytes, dendritic cells (DCs) and macrophages (Hamilton and
Anderson 2004). This leads to enhanced tumor antigen presentation by DCs with subsequently
recruitment of cytotoxic T lymphocytes (CTLs). GM-CSF can thus mediate a protective immune
environment against tumors (Dranoff et al. 1993, Lee et al. 1997). The relevance of virus-
mediated immune stimulation in virotherapy, as well as particularly the benefit of GM-CSF as a
virotherapy-supporting cytokine is demonstrated by the fact that the above mentioned most
advanced oncolytic viruses in clinical trials, T-VEC and JX-594, both carry the GM-CSF gene.
Accordingly, in adenoviral therapy, GM-CSF is used to support anti-tumor immunity. Treatment
with Ad5-D24-GM-CSF elicits induction of virus-specific and tumor-specific immunity (Cerullo
et al. 2010, Kanerva et al. 2013). Besides GM-CSF expression by oncolytic adenoviruses, also
expression of other immunostimulatory factors like heat shock protein (Hsp) 70 (Li et al. 2009),
tumor necrosis factors-related apoptosis-inducing ligand (TRAIL) (Bernt et al. 2005), CD40 ligand
(Diaconu et al. 2012, Pesonen et al. 2012b), regulated on activation normal T cell expressed and
secreted (RANTES) (Lapteva et al. 2009), interferon y (IFNy) (Sarkar et al. 2005), and interleukin-12
(IL-12) (Bortolanza et al. 2009) has been shown to improve oncolytic viral performance via
stimulation of the immune system. Along these lines, the hematopoietic cytokine FMS-like
tyrosine kinase-3 ligand (FIt3L) affects the development of multiple hematopoietic lineages and
causes mobilization of progenitor cells. It thus triggers the in vivo expansion of B cells, T cells,
NK cells and DCs (Maraskovsky et al. 1996, Matsumura et al. 2008, McKenna et al. 2000).
Therefore, FIt3L has been shown to stimulate anti-tumor immune responses in hepatocellular
carcinoma (Wang et al. 2005) and breast cancer (Braun et al. 1999) amongst others and to
promote tumor regression (Lynch et al. 1997). An oncolytic adenovirus expressing macrophage
inflammatory protein 1 o (MIP-1a) and FIt3L triggered DC and T cell infiltration. Besides anti-viral
immunity, also the anti-tumoral immune response was enhanced by this approach (Edukulla et al.

2009).
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1.5. The multifunctional cellular protein YB-1

YB-1 is a multifunctional oncogenic transcription- and translation factor. It is a highly conserved
nucleic acid binding protein, belonging to the family of cold-shock proteins (Kohno et al. 2003,
Wu et al. 2007). YB-1 is a crucial factor in early embryonic development, being involved in neural
tube formation and cell proliferation (Uchiumi et al. 2006). Whereas YB-1 is overexpressed in
many sorts of cancer, mostly in the cell nucleus, it is not present in healthy tissue or only in small
amounts in the cytoplasm (Bargou et al. 1997, Holm et al. 2002). However, upon cell entry into
the G1/S phase (Jurchott et al. 2003), or when the cell is exposed to extrinsic stress like
chemotherapy (Bargou et al. 1997), UV irradiation (Koike et al. 1997), or hyperthermia (Stein et al.
2001), YB-1 is translocated to the nucleus and accumulates there. Nuclear transfer of YB-1 is also
elicited by adenoviruses, via a protein complex involving the adenoviral proteins E1B55K and
Edorfé (Holm et al. 2002, Mantwill et al. 2006). Localization of YB-1 either in the cytoplasm or in
the nucleus of cells determines the multiple functions of YB-1. In the cytoplasm, YB-1 acts as a
translation factor that regulates gene expression by association with mRNA and by regulation of
mRNA transport (Evdokimova et al. 2006, Soop et al. 2003). In the nucleus, by binding to the so
called Y-box, an inverted CCAAT element in the promoter region of multiple genes involved
in tumor growth and drug resistance, YB-1 acts as a transcription factor (Goldsmith et al. 1993,
Jurchott et al. 2003). Important nuclear roles of YB-1 in cell proliferation, drug resistance, and
tumor relapse, amongst others, as well as the particular genes that are regulated by YB-1 in these
contexts are summarized in table 1-2. Because of these multiple oncogenic roles of YB-1, elevated
levels of preferentially nuclear localized YB-1 are an indicator for tumor aggressiveness and are
often associated with bad response to certain chemotherapeutics, high rates of metastases and
relapse, and therefore bad clinical prognosis. Correlations between high nuclear YB-1 expression
and unfavorable clinical outcome have so far been shown for many cancers including amongst
others breast cancer (Maciejczyk et al. 2012), HNSCC (Kolk et al. 2011), ovarian cancer (Oda et al.
2007), B cell lymphomas (Xu et al. 2009), and non-small cell lung cancer (Hyogotani et al. 2012,
Shibahara et al. 2001). The central role of YB-1 can be utilized by stratification of patients by the
degree of YB-1 expression and in consequence by the choice of adequate therapeutic regimen

(Gluz et al. 2009, Kolk et al. 2011).
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Table 1-2: Summary of important oncogenic roles of nuclear YB-1 as a transcription factor.

Effect of YB-1

Genes regulated by YB-1 in
this context

Reference

Cell cycle progression, DNA
replication, cell proliferation

Cyclin A and B1,
topoisomerase-lla,
DNA polymerase a

En-Nia et al. 2005, Jurchott
et al. 2003, Oda et al. 2003

Cell adhesion, motility,
invasion, epithelial-
mesenchymal transition,
formation of metastases

Matrix metalloproteinases 2
and 13, collagen a1,
E-cadherin

Evdokimova et al. 2009,
Mertens et al. 1997, Norman
et al. 2001, Samuel et al. 2007

Tumorigenesis

Epidermal growth factor

Wu et al. 2006

receptor, human epidermal
growth factor receptor 2

Genome instability and Human endonuclease lll Marenstein et al. 2001

mutation

Bargou et al. 1997, Goldsmith
et al. 1993, Stein et al. 2001

Multidrug resistance related
protein 1 (MRP1), multidrug
resistance gene 1 (MDR1)
CD44, CD49b

Drug resistance

Fotovati et al. 2011,
To et al. 2010

Tumor growth and relapse

Activation of YB-1 itself is a complex process involving different interconnected pathways. YB-1
has been shown to be phosphorylated by Akt (Basaki et al. 2007, Sutherland et al. 2005), a
serine/threonine kinase in the phosphoinositide 3-kinase (P13K)/Akt signaling pathway and by the
extracellular signal-regulated kinase (ERK) 2 (Coles et al. 2005) and ribosomal S6 kinases (RSK) 1
and 2 (Stratford et al. 2008) of the mitogen-activated protein kinases (MAPK)/ERK pathway.
Phosphorylation of YB-1 thereby promotes nuclear translocation (Basaki et al. 2007). Mainly in
cisplatin-resistant cells, a possible activation of YB-1 by other transcription factors involved in
tumorigenesis, e.g. Twist (Shiota et al. 2008) and c-Myc (Uramoto et al. 2002) has been observed.
The histone acteyltransferase p300/CBP-associated factor acetylates Twist, and by this possibly
activates YB-1 transcription (Shiota et al. 2010). So besides YB-1 phosphorylation, acetylation
might also play a role in YB-1 activation and nuclear translocation. Moreover, YB-1 interacts with
other transcription factors like for example p53 (Lasham et al. 2003, Okamoto et al. 2000), the
activator proteins (AP) AP1 and AP2 (Mertens et al. 1998, Samuel et al. 2005), SMA/mothers
against decapentaplegic homology 3 (Smad3) (Higashi et al. 2003), and signal transducer and
activator of transcription 3 (Stat3) (Lee et al. 2008). It can thus also indirectly regulate gene
expression. This short summary illustrates the central role of YB-1 in many signaling pathways
associated with tumorigenesis, growth regulation, metastasis formation, and survival of malignant

cells, rendering it an ideal target for cancer therapy (Wu et al. 2007).
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1.6. YB-1-dependent oncolytic adenoviruses

Adenoviral replication depends mainly on proteins encoded by the adenoviral E2 region, namely,
as mentioned above, DBP, DNA polymerase, and terminal protein. The expression of these
proteins is controlled by the E2-early and E2-late promoters (Swaminathan and Thimmapaya
1995). The CR1 and CR2 encoded regions of E1A proteins activate the E2-early promoter,
following E1A-dependent release and promoter binding of the host cell factor E2F (Frisch and
Mymryk 2002, Kovesdi et al. 1987) (figure 1-3). For full adenoviral replication though, activation of
the E2-late promoter is necessary, which is independent of cellular E2F (Mantwill et al. 2006). The
YB-1 protein is able to activate the E2-late promoter by binding to Y-boxes within the promoter. In
wild type adenovirus infected cells, the adenoviral E1B55K and E4orf6 proteins, which are
expressed following transactivation by E1A 289 aa, cause translocation of YB-1 into the nucleus
leading to adenoviral replication (Frisch and Mymryk 2002, Holm et al. 2002, Mantwill et al. 2006).
YB-1 is present in the cell nucleus in many types of cancer (Bargou et al. 1997). Thus, YB-1 is able
to initiate viral replication and subsequent host cell lysis independently of E1B55K and E4orf6-
mediated YB-1 transfer into the nucleus in tumor cells infected with adenoviruses lacking the
CR3-mediated E1A transactivation function (Holm et al. 2002, Mantwill et al. 2006). In healthy
cells, though, YB-1 is rarely expressed at all and is not present in the nucleus (Bargou et al. 1997).
The E2-late promoter is therefore not initially activated in healthy cells infected with viruses that
are not able to express E1A 289 aa with the CR3 region. Consequently, YB-1-dependent oncolytic
adenoviruses can only replicate in tumor cells with nuclear YB-1 expression, and are not able to
destroy healthy cells. In stressed cells, for example after chemotherapeutic treatment, YB-1
localization towards the nucleus is even enhanced (Bargou et al. 1997), making YB-1-dependent
oncolytic adenovirus treatment a potent weapon to target drug-resistant cells (Holm et al. 2004,
Mantwill et al. 2006) and possibly even stem-like cells (Fotovati et al. 2011, To et al. 2010).
Furthermore, treatment of drug-resistant cells with a YB-1-dependent oncolytic adenovirus
has led to downregulation of MRP1 and MDR1 (Mantwill et al. 2006), known mediators of
drug resistance (Gottesman et al. 2002). In consequence, YB-1-dependent virotherapy restored
the sensitivity of cancer cells towards chemotherapy, pointing out the potential benefit of
combination therapies involving YB-1-based viruses and conventional therapies (Bieler et al. 2008,

Mantwill et al. 2006, Rognoni et al. 2009).
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Figure 1-3: Concept of tumor specificity of YB-1-dependent adenoviruses. Adenoviral E1A proteins activate
the E2-early promoter by causing separation of the pRb-E2F complex and subsequent promoter binding of
E2F. E2-early promoter activity however is not sufficient for activation of full adenoviral replication in
contrast to the YB-1-dependent E2-late promoter. In healthy cells (left), YB-1 is rarely expressed at all and
not expressed within the nucleus. Adenoviruses lacking E1A 289 aa and thus the E1A CR3-dependent
transactivation of E1B55K and E4orf6, and in consequence transport of cytoplasmatic YB-1 transport into
the nucleus, can not activate E2-late promoter-induced E2 gene transcription and the following DNA
replication. In tumor cells (right), YB-1 is expressed in the nucleus of the cells. It can activate the E2-late
promoter and subsequent E2 protein-dependent DNA replication (image modified from Mantwill et al.
2006).

One realization of this concept is the YB-1-dependent oncolytic adenovirus Ad-Delo3-RGD
(Mantwill et al. 2006, Rognoni et al. 2009). It has an 11 bp deletion in CR3 of E1A, a mutation
which has already been described in 1984 by Haley et al. (Haley et al. 1984). An adenovirus
that carries this mutation can only express the 243 aa E1A 12S protein product and not the
289 aa E1A 13S protein containing the CR3, which is the major factor for transactivation. This
deletion provides the above mentioned YB-1-specificity (Holm 02). Besides the EIA mutation,
Ad-Delo3-RGD also comprises a partial deletion of the E1B19K gene (Mantwill et al. 2006, Rognoni
et al. 2009). Deletion of the anti-apoptotic Bcl-2 homologue protein E1B19K has been shown to
induce faster and more efficient cell lysis, and to enhance viral spread (Liu et al. 2004, Sauthoff et
al. 2000). Ad-Delo3-RGD also comprises a deletion of most of the £3 region in order to improve
immune detection. An additional RGD motif has been inserted into the viral fiber region in order
to improve tumor cell infection (Mantwill et al. 2006, Rognoni et al. 2009). Ad-Delo3-RGD has
already proven to be YB-1-specific and to be able to selectively kill cancer cells in vitro and
in vivo in a xenograft pancreatic cancer model, especially in combination with paclitaxel (Rognoni
et al. 2009) and in a xenograft glioma model, particularly in combination with temozolomide

(Holzmuller et al. 2011).
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1.7. Need for immunocompetent tumor models to test YB-1-dependent oncolysis

Ad-Delo3-RGD has thus far only been tested in xenograft models (Holzmuller et al. 2011, Rognoni
et al. 2009). Also in general, most of the currently used models to test oncolytic adenoviruses are
xenograft systems (Russell et al. 2012). Although xenograft models are well established and allow
the use of many of the common cancer cell lines, the mice need to have a compromised immune
system in order to not reject the transplanted human tumor cells (Rygaard and Povlsen 1969). The
gained xenograft tolerance allows relatively easy generation of xenograft tumor models and has
therefore been the standard for use in testing of drug- or virus-mediated anti-tumor toxicity
(Russell et al. 2012). However, adenoviral vectors are naturally detected and eradicated by their
host’s immune system (Haase et al. 1972). Contrariwise, there is increasing evidence that the
effect of oncolytic viruses can be dramatically reinforced by synergistic interactions of virus-
mediated cell lysis on the one hand, and immune recognition of viruses and immune cell-
mediated tumor cell destruction on the other hand (Boozari et al. 2010, Diaconu et al. 2012,
Edukulla et al. 2009). To include these factors in the evaluation of the anti-tumor effect of an
oncolytic virus, it is necessary to find an adequate immunocompetent tumor model. The inherent
difficulty in finding an immunocompetent model to test adenoviral oncolysis is the strict species
specificity of the human adenoviruses. Apart from liver cells, CAR is not expressed in high levels in
most murine cells (Tomko et al. 2000) and moreover, adenoviral infection allows no or only minor
assembly of functional viral particles in other than human hosts (Younghusband et al. 1979). Still,
there are some models of, amongst others, Syrian hamsters (Thomas et al. 2006, Wold and Toth
2012), cotton rats (Steel et al. 2007), dogs (Ternovoi et al. 2005), and mice (Boozari et al. 2010,

Hallden et al. 2003, Wang et al. 2012) available that permit adenovirus replication.
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1.8. Immunogenicity of therapy-induced tumor cell death

Cancer cell death has always been classified into different modes of cell death ranging from
apoptosis, over necrosis, to autophagy-related cell death, and mitotic catastrophe. These modes
of cell death are grouped according to morphological and molecular events after cell death
induction (Galluzzi et al. 2012, Okada and Mak 2004). During the past few years though, it became
evident that apparently similar cell death morphotypes are still highly heterogeneous concerning
distinct functional, biochemical, and mostly immunological characteristics (Galluzzi et al. 2012,
Green et al. 2009). Hence, the focus in research on therapy-mediated cell death has largely
changed towards including the immunogenicity of the dying cells into the assessment,
distinguishing between tolerogenic or non-immunogenic and immunogenic cell death (ICD)
(Green et al. 2009, Kroemer et al. 2013, Krysko et al. 2012). The immunogenic characteristics of
ICD are mediated mainly by molecules called damage-associated molecular patterns (DAMPs) that
function as danger signals or adjuvants for the innate immune system (Krysko et al. 2012). The
spatio-temporal interplay of these molecules (Green et al. 2009, Kroemer et al. 2013), which are
described in more detail in the next paragraphs, together with the presence of adequate
interaction partners on the immune side (DeNardo et al. 2011, Denkert et al. 2010, Halama et al.
2011), allows an effective anti-tumor immune response (Kroemer et al. 2013, Zitvogel et al. 2011)
(figure 1-4). Tumor-specific immune responses elicited by cells dying an ICD after a certain
treatment have been found to be highly correlated with efficacy and even long-term success of
the therapeutic agent (Kroemer et al. 2013, Zitvogel et al. 2011). Apart from chemotherapy with
distinct agents like anthracyclines (Apetoh et al. 2007, Casares et al. 2005, Fucikova et al. 2011) or
oxaliplatin (Ghiringhelli et al. 2009, Michaud et al. 2011, Tesniere et al. 2010), the concept of ICD
has also been proven for other therapeutic approaches, such as proteasome inhibition by
bortezomib (Spisek et al. 2007), ultraviolet C light (Panaretakis et al. 2009), y-irradiation (Obeid
et al. 2007a), and hypericin-based photodynamic therapy (PDT) (Garg et al. 2012c). In some cases,
like in PDT, involved signaling pathways are slightly different from those, discovered for
anthracyclines, which are described in the following (Krysko et al. 2012). In the context of
virotherapy, the virus-mediated triggering of ICD has been only rarely examined so far, for
example for measles virus (Donnelly et al. 2013), coxsackievirus B3 (Miyamoto et al. 2012), and
adenovirus (Diaconu et al. 2012, Liikanen et al. 2013, Schierer et al. 2012). Therefore, little is
known about the connections between viral lytic potency, elicited classical cell death modes, and

the immunogenicity of the virus-mediated cell death.
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Early molecular changes typical for ICD involve the cell surface exposure of Hsps (Hsp70 or Hsp90)
(Fucikova et al. 2011, Spisek et al. 2007) and calreticulin (CRT) (Obeid et al. 2007b, Panaretakis
et al. 2009). Hsps are intracellular proteins that participate in protein folding and stabilization
during non-stress conditions (De Maio 1999). The stress-inducible chaperone Hsp70 can be
translocated to the surface of tumor cells, but is not found on healthy cell surfaces (Multhoff et al.
1995). Hsps can increase immunogenicity of dying tumor cells by capturing of cellular antigens,
including tumor antigens, and facilitation of their cell surface presentation (Binder et al. 2001).
Also the crosspresentation of Hsp-chaperoned exogenous tumor peptides on antigen-presenting
cells (APCs) enhances the immunogenicity of the peptides and attracts antigen-specific
CTLs (Binder et al. 2001, Binder and Srivastava 2005). Moreover, Hsps contribute to the
immunogenicity of dying cells by participation in the interaction between the membrane of dying
cells and that of DCs over interaction of Hsp70 and the DC surface receptor CD91 (Basu et al.
2001). Cell surface exposed Hsp70 has also shown to enhance NK cell-mediated tumor cell lysis
(Gross et al. 2003). Especially following PDT, in the course of which Hsp70 and Hsp90 are
prominent markers of ICD (Garg et al. 2012a), Hsps have been found to be secreted and act as
danger signals in the extracellular space (Krysko et al. 2012). The second protein, which is exposed
on the cell surface of dying cells in the course of ICD, is CRT, a soluble protein normally localized in
the lumen of the endoplasmic reticulum (ER). Its primary functions are regulation of calcium
homeostasis and ER chaperone functions (Gelebart et al. 2005). CRT exposure in the context of
ICD and anti-cancer activity is often a pre-apoptotic process (Obeid et al. 2007b, Panaretakis et al.
2009). Cell surface exposure of CRT is dependent on the ER stress response and associated with
reactive oxygen species (ROS) production (Garg et al. 2012b, Panaretakis et al. 2009). PDT actively
induces ER stress as a prerequisite for CRT exposure (Garg et al. 2012a, Garg et al. 2012c). But also
during the process of ICD induction by other agents, ER stress is induced as a secondary or
collateral effect (Martins et al. 2011, Panaretakis et al. 2009). Protein kinase RNA-like endoplasmic
reticulum kinase (PERK), an ER-sessible kinase, gets activated and phosphorylates eukaryotic
translation initiation factor 2 subunit o (elF2a) that activates the ER stress response and leads to
translational arrest, as well as autophagy. Activation of the ER stress-mediated apoptotic pathway
via caspase 8, Bcl-2 homologous antagonist killer (Bak), and Bcl-2-associated X protein (Bax) is
required for CRT exposure. Upon activation of the ER stress response, CRT is transported from the
ER to the Golgi apparatus and exposed on the cell surface (Martins et al. 2010, Martins et al.
2011, Panaretakis et al. 2009). Cell surface exposed CRT acts as a potent “eat me” signal. Cell
surface CRT has been shown to dictate the immunogenicity of cancer cell death (Obeid et al.
2007b). Like Hsp70, CRT binds to CD91 on DC surfaces and enables the engulfment of dying cells
by DCs (Basu et al. 2001, Gardai et al. 2005, Obeid et al. 2007b).
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Later in the process of ICD, the DAMPs adenosine-5’-triphosphate (ATP) (Elliott et al. 2009,
Martins et al. 2011) and high mobility group box 1 protein (HMGB1) (Apetoh et al. 2007, Scaffidi
et al. 2002) are released from dying cells. Extracellular localization of the cellular coenzyme ATP
serves as an important danger signal and as a chemoattractant, a so called “find me” signal. As a
response to stress, ATP can be released passively or through active exocytosis (Krysko et al. 2012).
Usually, ATP release, such as CRT exposure is a pre-apoptotic process (Chekeni et al. 2010, Elliott
et al. 2009, Martins et al. 2009). Autophagy is required but not sufficient for the optimal release
of ATP from dying cells following anthracyline therapy (Martins et al. 2012, Michaud et al. 2011).
In addition, phosphatases and ectonucleotidases determine the equilibrium of extracellular
immunostimulatory ATP and immunosuppressive adenosine (Stagg and Smyth 2010). Extracellular
ATP regulates DC migration (Elliott et al. 2009), binds to purinergic P2RX; receptors on DCs, and
triggers inflammasome activation. Subsequent IL-1[ secretion from DCs activates CTL-mediated
anti-tumor immune reactions (Ghiringhelli et al. 2009). The alarmin HMGB1 represents the most
abundant non-histone chromatin protein with roles in genome stabilization and the promotion of
transcription in the nucleus. It can be actively secreted as a cytokine by immune cells or stressed
tumor cells, and can also be released by injured cells following loss of plasma membrane integrity
(Guo et al. 2013, Krysko et al. 2012, Scaffidi et al. 2002). HMGB1 has been reported to be released
by cells undergoing necrosis (Rovere-Querini et al. 2004, Scaffidi et al. 2002), secondary necrosis
(Apetoh et al. 2007), apoptosis (Bell et al. 2006), and even autophagy (Thorburn et al. 2009).
Extracellular HMGB1 acts as a potent ICD signal operating as a pro-inflammatory stimulus
(Guo et al. 2013, Scaffidi et al. 2002). Recent findings implicate the relevance of the redox state of
HMGB1 in determining its role in chemoattractance or in pro-inflammatory cytokine induction
(Venereau et al. 2012). HMGB1 binds to various immune cell receptors including Toll-like receptor
4 (TLR4) (Apetoh et al. 2007), or TLR2 (Curtin et al. 2009) on DCs and in consequence promotes
antigen processing and presentation (Apetoh et al. 2007). Following ICD-mediated activation of
antigen-presenting DCs, these DCs promote CTL activation, IFNy release, and cytotoxicity directed

against the residual tumor cells (Kroemer et al. 2013).
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Figure 1-4: Therapy-induced induction of ICD elicits potent anti-tumor immune responses. Following
therapy-induced ICD, Hsp70 and CRT are exposed on the cell surface of the dying cells. They bind to
CD91 receptors on DCs. Cells dying an ICD release ATP and HMGB1, which bind to P2RX7 and TLR4
receptors, respectively. The ICD parameters trigger DC recruitment, maturation, antigen presentation, and
IL-1P secretion. CTLs are activated, release IFNy and destroy remaining tumor cells (image modified from
Kroemer et al. 2013).

1.9. Adenoviruses-host interactions

1.9.1. Immune defense against adenoviruses

The high immunogenicity of adenoviruses and the high percentage of preexisting immunity
against adenoviruses, leading to rapid virus clearance and tissue damage by inflammation
(Haase et al. 1972, Zaiss et al. 2009), present significant obstacles in the application of adenoviral
vectors in gene therapy and for oncolytic virus delivery, especially when viruses are administered
intravenously (de Gruijl and van de Ven 2012, Parato et al. 2005). Moreover, also complement
factors in the blood stream in the presence or absence of preexisting anti-viral immunity
recognize the viruses and trigger an inflammatory response (Cichon et al. 2001, Kiang et al. 2006).
Innate immune recognition of capsid proteins (Borgland et al. 2000, Bowen et al. 2002, Molinier-

Frenkel et al. 2003) and cellular recognition of fiber binding to CAR (Tamanini et al. 2006), or RGD-
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integrin interaction (Liu et al. 2005a) lead to DC activation, neutrophil recruitment and triggering
of inflammatory immune pathways. Pro-inflammatory cytokines, in the first line IL-1, but also for
example tumor necrosis factor o (TNFa), IL-6, IL-18, or RANTES are released in a nuclear factor
'k-light-chain-enhancer' of activated B cells (NFkB)-dependent way by macrophages and DCs.
These effectors in consequence cause a wide range of inflammatory immune responses like
attraction and activation of various immune cells, including NK cells and T cells that mediate
target cell death (Di Paolo et al. 2009, Muruve et al. 1999, Thaci et al. 2011). Moreover,
adenovirus infected macrophages release ROS following mitochondrial membrane destabilization,
leading to additional innate immune activation (McGuire et al. 2011). Nucleic acids of internalized
adenoviruses are recognized in a cell type-dependent manner (Zhu et al. 2007). In plasmacytoid
DCs, the foreign DNA is recognized by TLR9 in endosomes, also resulting in an inflammatory
response or in the secretion of type 1 IFN (Barlan et al. 2011, Cerullo et al. 2007, Muruve et al.
2008). In conventional DCs, macrophages, and fibroblasts, in contrast, viral DNA is sensed
independently of TLRs in the cytoplasm of infected cells, followed by activation of type 1 IFN and
inflammation responses (Nociari et al. 2007). Type 1 IFN secretion elicits recruitment and
phosphorylation of Statl and Stat2. Phosphorylated Stats together with interferon regulatory
factor 9 (IRF9) form the IFN-stimulated gene factor 3 (ISGF3) complex, which activates a wide
range of IFN-stimulated genes (Garcia-Sastre and Biron 2006, Stark and Kerr 1992). IFN-stimulated
anti-viral genes include protein kinase RNA-activated (PKR) and IFN-induced guanosine
triphosphate-binding protein myxovirus resistance A (MxA). PKR promotes phosphorylation of
elF2a. and regulation of protein synthesis, whereas MxA blocks viral replication (Sadler and
Williams 2008, Thaci et al. 2011). Type 1 IFN expression is critical for innate, as well as for
adaptive immune responses (Zhu et al. 2007). It promotes NK cell recruitment and activation
(Biron et al. 1999, Zhu et al. 2008) and DC maturation (Hensley et al. 2005). Mature APCs,
primarily DCs, presenting adenoviral peptides, elicit potent adaptive immune responses including
IFNy-mediated CTL killing of virus infected cells (Schagen et al. 2004, Yang et al. 1995). Anti-viral
antibodies, targeted mainly against the viral capsid proteins hexon and fiber, strengthen both

inflammatory and IFN-mediated innate immune responses (Bradley et al. 2012).
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1.9.2. Immune evasion strategies of adenoviruses

Adenoviruses are able to modulate the immune system in multiple ways in order to support their
own replication and spread. Mainly the adenoviral E1 and E3 encoded proteins are involved in
adenovirus-mediated immune escape. E1A proteins, as mentioned above, play major roles in the
adenoviral life cycle being the first molecules that are activated and that transactivate all other
adenoviral genes in succession (chapter 1.3.3). Besides their roles in cell cycle progression and
transactivation, E1A proteins have been shown to play critical roles in the interplay between
adenoviruses and the host immune system (Berhane et al. 2011, Leonard and Sen 1996). As
mentioned above, the E3 region encodes several proteins involved in immune modulation
(Han et al. 1997, Schagen et al. 2004, Thaci et al. 2011). Adenoviral genes involved in immune

modulation and regulation of cell death (chapter 1.9.3) are depicted in figure 1-5.

Adenoviral E1 and E3 proteins for example interfere with IFN signaling and major histo-
compatibility complex class | (MHCI) presentation of viral antigens in multiple ways. The E1A
proteins 289 aa and 243 aa are able to downregulate IFNa (Kalvakolanu et al. 1991) and IFNy
signaling (Leonard and Sen 1996). In both pathways, E1A reduces Statl expression and thus
Statl phosphorylation, which is needed for functional complex formation of ISGF3 and
gamma-interferon activation factor (GAF). Thus, E1A promotes downregulation of IFN-stimulated
genes (Kalvakolanu et al. 1991, Leonard and Sen 1996), including multiples genes involved
in antigen processing and MHCI-mediated antigen presentation. Effective presentation of
intracellular antigens on MHCl is an important prerequisite for the immunogenicity of cells and for
CTL-mediated cell killing (Zhou 2009). Proteasomes are the major non-lysosomal way to degrade
proteins and are responsible for MHCI-specific peptide processing (Coux et al. 1996, Glickman and
Maytal 2002). In cells of hematopoietic origin, or during an immune response in the context of for
example IFNy stimulation, the constitutive catalytic S26 proteasome components 1, 5, and B2
are replaced by the immunoproteasome components low molecular mass polypeptide 2 (LMP2),
LMP7, and multicatalytic endopeptidase complex-like 1 (MECL1), respectively (Basler et al. 2013,
Hisamatsu et al. 1996). Due to structural changes in the proteasome substrate binding pockets
and an altered cleavage pattern of the multicatalytic complex, the immunoproteasome improves
quality and quantity of generated peptides for presentation on MHCI molecules (Basler et al.
2013). Immunoproteaseome formation is inhibited by viral E1A proteins by interference with IFNy
signaling. Immunoproteasome formation however is not completely abrogated by adenoviral
infections. For that reason, viral E1A proteins can also interfere with immunoproteasome
activity directly. E1A binds to and specifically downregulates the expression of the exclusive

immunoproteasome component MECL1 (Berhane et al. 2011) and inhibits Statl-dependent LMP2
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transcription over binding to Statl (Chatterjee-Kishore et al. 2000). Hence, by inhibition of
immunoproteasome-mediated protein degradation in multiple ways, E1A interferes with
processing and presentation of adenoviral antigens by MHCI. Importantly, the E3 glycoprotein 19K
(E3gp19K) inhibits peptide presentation of MHCI directly by retargeting of MHCI to the ER
(Sester et al. 2013). Infection of the cell is thus not recognized by cytotoxic immune cells and is
left alive for the virus to be able to persist (Andersson et al. 1985, McSharry et al. 2008). Besides
the functions of E1A proteins in regulation of IFN signaling, also adenoviral non-coding virus-
associated RNA molecule | (VA RNAI) has been shown to inhibit IFN-induced PKR activity amongst
others and thus elF2a-mediated ICD (Galluzzi et al. 2010, Kitajewski et al. 1986). Phosphorylation
of elF2a is also limited by the viral E1B55K and E4orf6 protein complex during the late phase of

adenoviral infection (Spurgeon and Ornelles 2009).

An alternative way of viral interference with innate anti-viral immune responses and of enabling
of viral persistence is the inhibition of production of the anti-viral innate immune effector nitric
oxide (NO). The viral E1A proteins have been shown to decrease expression of inducible NO

synthase (iNOS), the enzyme that is responsible for anti-viral NO production (Cao et al. 2003).

Several E3 proteins further protect virus infected cells from immune effects. E3 14.7K blocks
NFxB function and thus NFkB-mediated anti-viral inflammation and immune response (Carmody
et al. 2006), whereas a complex of E3 10.4K and 14.5K inhibits TNF, TRAIL and Fas ligand (FasL)-
induced cell death by internalization and degradation of Fas and TRAIL receptors (Lichtenstein

et al. 2002, Tollefson et al. 1998).
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Figure 1-5: Interference of adenoviral proteins with anti-viral immune response and cell death. Genome
positions of the early region (E) and late region (L) genes and important viral gene functions in manipulation
of host immune responses and apoptosis.
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1.9.3. Cell death modulation by adenoviruses

Adenoviral proteins are capable of regulating apoptosis induction to their favor depending on the
status of virus life cycle (figure 1-5). E1A proteins generally sensitize cells to apoptosis, while
E1A-mediated apoptosis is prevented by E1B proteins. As mentioned in chapter 1.3.3 E1A
stimulates entry into the S phase to create the appropriate host cell environment for productive
DNA replication. The cellular factors involved in cell cycle deregulation, namely pRb and the
transcriptional coactivator p300 simultaneously promote apoptosis as a cellular defense
mechanism to antagonize major cell growth deregulation (Berk 2005, White 2001). E1A thus
sensitizes tumor cells to apoptosis in response to injuries by for example macrophages via TNFa
(Cook et al. 2002) or NO (Radke et al. 2008). E1A moreover stabilizes p53 and sensitizes cells to
p53-mediated apoptosis (Hong et al. 2008, Lowe and Ruley 1993). Since early cell death is not
favorable for virus production, E1A is coexpressed during cellular infection with the E1B proteins
E1B55K and E1B19K, which counteract the pro-apoptotic effects of E1A and prevent early host cell
death with limited viral production (Berk 2005, White 2001). The Bcl-2 homologue protein E1B19K
binds to and inhibits the pro-apoptotic Bcl-2 family members Bax and Bak that promote apoptosis
(Han et al. 1996). E1B19K also binds to and inhibits p53 directly, and indirectly via association with
Bak (Lomonosova et al. 2005). Of note, Bax and Bak are also involved in the late apoptotic module
of ICD, which is therefore inhibited by E1B19K (Galluzzi et al. 2010). As mentioned in chapter
1.3.3, also the E1B encoded protein E1B55K has anti-apoptotic functions. E1B55K sequesters p53
into aggrosomes and promotes its proteasome degradation following ubiquitination by an ubigitin
ligase complex involving E1B55K and E4orfé (Liu et al. 2005c). As mentioned in chapter 1.3.3,
towards the end of the infectious cycle, the E3 encoded ADP protein directly promotes cell lysis
(Tollefson et al. 1996), demonstrating that multiple viral proteins are involved in the regulation of
cell death at multiple time points during infection. In addition, adenoviruses have also been
shown to mediate cell death via involvement in the damage response pathway leading to cell

death due to overreplication and accumulation of genomic DNA damage (Connell et al. 2011).
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1.10.0Objective

Oncolytic viruses present a promising way to target the currently existing limitations of anti-
cancer therapy. Oncolytic viruses that selectively replicate in tumor cells that express the
oncogenic protein YB-1 have already proven efficacy in vitro and in xenograft tumor models
in vivo (Holzmuller et al. 2011, Rognoni et al. 2009) However, a fully functional immune system
can on the one hand compromise viral efficacy in vivo by clearance of viruses (de Gruijl and
van de Ven 2012, Haase et al. 1972) and on the other hand support the viral anti-tumor activity
(Boozari et al. 2010, Edukulla et al. 2009, Melcher et al. 2011). It was thus one of the objectives
within this work to find appropriate non-human cells that allow adenoviral infection, propagation,
and virus-mediated cell lysis. These cells should then be used in an immunocompetent tumor

model.

Viral proteins, especially the E1A proteins, have multiple functions that modulate host cell cycle,
cell death, and also anti-viral immune defense mechanisms (Frisch and Mymryk 2002, Schagen
et al. 2004). It was thus of great interest to investigate whether YB-1-dependent viruses that can
not or only in part express the E1A proteins are still able to replicate in tumor cells, lyse infected
cells, and how cell death elicited by them differs from wild type adenovirus-mediated cell death.
The aim of the present study was to investigate whether changes in the genomes of the oncolytic
viruses are able to trigger a cell death that is more immunogenic as compared to wild type
adenovirus-caused cell death and whether this has an impact on, not only anti-viral, but rather
anti-tumor immune responses in an immunocompetent model in vivo. Since attraction of DCs and
T cells has shown to be crucial for the success of adenoviral therapy in vivo (Diaconu et al. 2012,

Woller et al. 2011), the attraction of these immune cell populations should also be investigated.

Immune activity directed against the viruses was tried to be further capitalized on by insertion of
a murine FIt3L transgene into one of the oncolytic vectors to investigate an improvement of the
anti-tumor effect by possible Flt3L-mediated recruitment and activation of APCs (Edukulla et al.
2009). Moreover, it should be investigated whether anti-viral immune responses triggered by viral
infections can be used to break the immunotolerance evolved in tumors and to redirect elicited

anti-viral immune responses towards the tumor cells.
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2. Materials and Methods

2.1. Materials

2.1.1. Laboratory equipment

Table 2-1: Laboratory equipment.

Laboratory equipment

Manufacturer

Balances:
PCE-LSM 2000
Research RC210P

PCE Deutschland GmbH, Meschede, GER
Sartorius AG, Gottingen, GER

Caliper, digital, 0-100 mm

Hoffmann GmbH Qualitatswerkzeuge,
Munich, GER

Centrifuges:

Mini centrifuge MCF-2360

Table centrifuge 5417R

Megafuge 2.0R

Ultracentrifuge Optima LE-80K, rotor SW32 Ti

LMS Consult GmbH & Co. KG, Brigachtal, GER
Eppendorf AG, Hamburg, GER

Heraeus Instruments GmbH, Hanau, GER
Beckman Coulter GmbH, Krefeld, GER

CO, incubator HERAcell 150i

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Counting chamber, Neubauer

Brand GmbH & Co. KG, Wertheim, GER

Dynamic light scattering device:
Zetasizer Nano

Malvern Instruments GmbH, Herrenberg, GER

Ear punch

Bioscape EBECO, Castrop-Rauxel, GER

Enzyme linked immunosorbent assay (ELISA)
washer ImmuWash Model 1575

Bio-Rad Laboratories, Munich, GER

Enzyme linked immuno spot assay (ELISpot)
reader Bioreader 3000

BIO-SYS GmbH, Karben, GER

Flow cytometer FACS Canto |l
(FACS: fluorescence-activated cell sorting)

BD Biosciences, Heidelberg, GER

Freezing container Mr. Frosty

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Incubator shaker TH15

Edmund Blihler GmbH, Hechingen, GER

Multilabel counter for fluorescence,
luminescence, photometry:
Wallac Victor® 1420

PerkinElmer LAS GmbH, Rodgau, GER

Microscopes:

Axiovert 25 and 135 with AxioCam MRc
AxiolmagerZ1 with ApoTome (Fluorescence)
Microscope Eclipse te2000-5 (Fluorescence)
Microscope Leica DMR (Immunohistology)

Carl Zeiss Jena GmbH, Jena, GER
Carl Zeiss Jena GmbH, Jena, GER
Nikon GmbH, Dusseldorf, GER
Leica Camera AG, Solms, GER

Microtome Microm HM 355

Thermo Fisher Scientific Inc., Waltham, MA,
USA
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Polymerase chain reaction (PCR) gel
electrophoresis unit Mini horizontal
submarine unit HE33

Hoefer, Inc, Holliston, MA, USA

Photometer for cuvettes: Biophotometer

Eppendorf AG, Hamburg, GER

Pipettes:

Eppendorf Research: 10, 20, 200, 1000 uL
Multichannel pipette Eppendorf Research
Repetitive pipette Multipette plus

Eppendorf AG, Hamburg, GER
Eppendorf AG, Hamburg, GER
Eppendorf AG, Hamburg, GER

Pipette controler Accu-jet® pro

Brand GmbH & Co. KG, Wertheim, GER

Power supply for PCR and Western blot (WB)
systems PowerPac 300

Bio-Rad Laboratories, Munich, GER

Sequence detection system ABI PRISM®
7900HT

Applied Biosystems, Life Technologies GmbH,
Darmstadt, GER

Shakers:

Microtiter shaker MTS 2/4
Mini rocker MR-1

Vortex shaker Minishaker MS2

IKA Werke GmbH & Co. KG, Staufen, GER
G.Kisker GbR, Steinfurt, GER
IKA Werke GmbH & Co. KG, Staufen, GER

Sterile bench HERAsafe

Thermo Electron Corporation, Waltham, MA,
USA

Thermal cycler for PCR Robocycler Gradient 40

Agilent Technologies Deutschland GmbH,
Boblingen

Thermomixer® compact

Eppendorf AG, Hamburg, GER

Tissue embedding molds

Medite Medizintechnik, Burgdorf, GER

Tissue embedding system TBS 88

Medite Medizintechnik, Burgdorf, GER

Tissue floating bath TFB 35

Medite Medizintechnik, Burgdorf, GER

Tissue processor Shandon Excelsior ES

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Tissue stretching table OTS 40

Medite Medizintechnik, Burgdorf, GER

Ultraviolet (UV) image station for PCR analysis

LTF-Labortechnik GmbH & Co. KG,
Wasserburg, GER

Water bath

Memmert GmbH & Co. KG, Schwabach, GER

Western blot electrophoretic transfer cell
Criterion™ Blotter

Bio-Rad Laboratories, Munich, GER

WB gel casting chamber Multiple Gel Caster

Bio-Rad Laboratories, Munich, GER

WB gel electrophoresis system Mini PROTEAN
Tetra System

Bio-Rad Laboratories, Munich, GER

WB imager ChemiDoc™ MP System

Bio-Rad Laboratories, Munich, GER
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2.1.2. Software and web portals

Table 2-2: Software and web portals.

Software Application URL or company

EndNote Literature management Thomson Reuters, New York City, NY, USA

FACSDiva Flow cytometry BD Biosciences, Heidelberg, GER

FlowJo Flow cytometry Tree Star, Inc., Ashland, OR, USA

Image Lab™ WB software Bio-Rad Laboratories, Munich, GER

Image) Image processing National Institutes of Health, Bethesda, MD,
USA (http://rsbweb.nih.gov/ij/)

MS Office Calculations, figures, text | Microsoft Deutschland GmbH,
UnterschleiBheim, GER

PubMed Literature research http://www.ncbi.nlm.nih.gov/pubmed

ReaderFit Curve fitting, ELISA http://www.readerfit.com

SDS2.2 Real time PCR Life Technologies GmbH, Darmstadt, GER

Universal Protein
Resource
Knowledgebase
(Uniprot)

Protein database

http://www.uniprot.org

VectorNTI

Gene analysis

Life Technologies GmbH, Darmstadt, GER

2.1.3. Consumables

Table 2-3: Consumables.

Consumable

Manufacturer

Cell culture dishes: 10x 2 cm, 15x 2 cm

TPP AG, Trasadingen, Switzerland

Cell culture flasks: 25 cm?, 75 cm?, 150 cm”

TPP AG, Trasadingen, Switzerland

Cell culture test plates: 6-well, 12-well,
24-well, 96-well flat and round bottom

TPP AG, Trasadingen, Switzerland

Cell scraper, 30 cm

TPP AG, Trasadingen, Switzerland

Cell strainer, 40 um, nylon

BD Biosciences, Heidelberg, GER

Cover slips, 24 x 50 mm

Gerhard Menzel GmbH, Braunschweig, GER

Cuvettes:
UVette® 50-2000 pL

Cuvettes, disposable, for dynamic light
scattering, semi-micro, 1.5 mL

Eppendorf AG, Hamburg, GER
Brand GmbH, Wertheim, GER

Desalting columns PD-10 Columns, sephadex

GE Healthcare GmbH, Munich, GER

Filters:

Sterile filter, 0.2 um

Steritop filter units, 0.22 um

Millipore, Merck KGaA, Darmstadt, GER
Josef Peske GmbH & Co. KG, Aindling, GER

Forceps, polystyrene

J. S6liner GmbH, Deggendorf, GER

Microscope slides Menzel Superfrost Plus

Gerhard Menzel GmbH, Braunschweig, GER
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Pasteur pipettes: 150, 230 mm

Hirschmann Laborgerate GmbH & Co.KG,
Eberstadt, GER

Pipette tips:

0.5-10, 2-200, 100-1000 pL

Filter tips Multi Guard Barrier Tips: 10, 10-200,
100-1000 pL

Multipipette tips Combitips plus: 1, 2.5, 5,

10 mL

Josef Peske GmbH & Co. KG, Aindling, GER
Sorenson BioScience, Inc., Salt Lake City, UT,
USA

Eppendorf AG, Hamburg, GER

Reaction plates:

ELISA plates Nunc Immuno™ Plates,
polystyrene, MaxiSorp

ELISA plate sealers

ELISpot plates MultiScreen HTS-IP Filter Plate,
hydrophobic, polyvinyldenfluorid (PVDF)

Real time PCR plates Reaction Plate Micro
Amp®, optical, 96-well and Optical Adhesive
Film

Thermo Fisher Scientific Inc., Waltham, MA,
USA

R&D Systems GmbH, Wiesbaden-Nordenstadt,
GER

Millipore, Merck KGaA, Darmstadt, GER

Life Technologies GmbH, Darmstadt, GER

Scalpel, disposable

Pfm medical Ag, KéIn, GER

Serological pipettes, sterile: 1, 2, 5, 10, 25,
50 mL

BD Biosciences, Heidelberg, GER

Syringes and needles:

Inject® Luer Solo: 5, 10 mL

Omnifix-F Solo, 1 mL

Omnican 40 U-40 Insulin, 30G x 2"
Hypodermic injection needles Sterican®: 27G x
%'7,24Gx1"”,20G x 1%”

B.Braun Melsungen AG, Melsungen, GER
B.Braun Melsungen AG, Melsungen, GER
B.Braun Melsungen AG, Melsungen, GER
B.Braun Melsungen AG, Melsungen, GER

Tissue embedding cassettes

Medite Medizintechnik, Burgdorf, GER

Tubes:

Centrifuge tubes, conical, 15, 50 mL

FACS tubes, 5 mL, round bottom, polystyrol
Reaction tubes: 0.5, 1.5, 2 mL

Trucount Tubes BD Trucount Tubes
Ultracentrifuge tubes Ultra-Clear 25 x 89 mm

TPP AG, Trasadingen, Switzerland

BD Biosciences, Heidelberg, GER

Josef Peske GmbH & Co. KG, Aindling, GER
BD Biosciences, Heidelberg, GER

Beckman Coulter GmbH, Krefeld, GER

WB membranes:
nitrocellulose: Amersham Hybond™ ECL™ and
PVDF: Amersham Hybond™-P

GE Healthcare GmbH, Munich, GER

Whatman paper

Schleicher & Schuell Bioscience GmbH, Dassel,
GER
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2.1.4. Chemicals

Table 2-4: Chemicals.

Chemical Manufacturer
Acetic acid Merck KGaA, Darmstadt, GER
Acetone Merck KGaA, Darmstadt, GER

Agarose, peqGold universal

PEQLAB Biotechnologie GMBH, Erlangen, GER

Ammonium acetate (NH,C,H;0,)

Merck KGaA, Darmstadt, GER

Ammonium chloride (NH,CI)

Merck KGaA, Darmstadt, GER

Ammonium persulfate (APS)

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Bromophenol blue

Feinbiochemica GmbH, Heidelberg, GER

Cesium chloride (CsCl)

MP Biomedicals Europe, lllkirch, FRA

Chloroform

Merck KGaA, Darmstadt, GER

Cresol red

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Dimethyl sulfoxide (DMSQ)

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Dithiothreitol (DTT)

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Ethanol

Merck KGaA, Darmstadt, GER

Ethidium bromide (EtBr)

Boehringer Mannheim, GER

Ethylenediaminetetraacetic acid (EDTA)

Merck KGaA, Darmstadt, GER

Formalin 10%, neutral buffered

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Glycerin Merck KGaA, Darmstadt, GER
Glycin Merck KGaA, Darmstadt
Glycogen Sigma-Aldrich Chemie GmbH, Steinheim, GER

Hydrochloric acid (HCI)

Merck KGaA, Darmstadt, GER

Hydrogen peroxide (H,0,) solution, 30%

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Isopropyl alcohol

Merck KGaA, Darmstadt, GER

Magnesium chloride (MgCl,)

Merck KGaA, Darmstadt, GER

Methanol

Merck KGaA, Darmstadt, GER

Nonidet P 40

Fluka Chemie AG, Buchs, Switzerland

Phenol:chloroform:isoamyl alcohol 25:24:1

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Polyacrylamide(PAA): Rotiphorese® Gel 40:
40% Acrylamide-, bisacrylamide solution
(19:1)

Carl Roth GmbH & Co. KG, Karlsruhe, GER

Ponceau S solution

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Potassium chloride (KCI)

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Potassium dihydrogen phosphate (KH,PQ,)

Merck KGaA, Darmstadt, GER

Potassium hydrogen carbonate (KHCO;)

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Sodium carbonate (Na,CO;)

Fluka Chemika AG, Buchs, Switzerland

Sodium chloride (NaCl )

Sigma-Aldrich Chemie GmbH, Steinheim, GER

Sodium citrate

Merck KGaA, Darmstadt, GER

Sodium dodecyl sulfate (SDS)

SERVA Electrophoresis GmbH, Heidelberg,
GER

Sodium hydrogen carbonate (NaHCO53)

Fluka Biochemika, Buchs, Switzerland
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Sodium hydroxide (NaOH) Merck KGaA, Darmstadt, GER

Sodium phosphate dibasic (Na,HPQO,) Sigma-Aldrich Chemie GmbH, Steinheim, GER
Sulforhodamine B (SRB), sodium salt Sigma-Aldrich Chemie GmbH, Steinheim, GER
Tetramethylethylenediamine (TEMED) Carl Roth GmbH & Co. KG, Karlsruhe, GER
Trichloroacetic acid (TCA) Sigma-Aldrich Chemie GmbH, Steinheim, GER
Tris HCl and tris base Roche Diagnostics GmbH, Mannheim, GER
Triton X-100 Sigma-Aldrich Chemie GmbH, Steinheim, GER
Tween 20 Sigma-Aldrich Chemie GmbH, Steinheim, GER
Xylene Sigma-Aldrich Chemie GmbH, Steinheim, GER

2.1.5. Commercially available buffers, standards, and other biochemical substances

Table 2-5: Commercially available buffers, standards, and other biochemical substances.

Substance Manufacturer

Albumin bovine Fraction V (BSA) SERVA Electrophoresis GmbH, Heidelberg, GER
Antibody diluent Dako Deutschland GmbH, Hamburg, GER
Antibody diluent with background Dako Deutschland GmbH, Hamburg, GER
reducing components

Calcein-acetoxymethyl (AM) ester Sigma-Aldrich Chemie GmbH, Steinheim, GER
Caspase substrate Acetyl-Asp-Glu-Val- Bachem AG, Bubendorf, Switzerland
Asp-7-amino-4-methylcoumarin

(Ac-DEVD-amc)

3,3'-diaminobenzidine (DAB) substrate: Dako Deutschland GmbH, Hamburg, GER
Liquid DAB+ Substrate Chromogen

System

Deoxyribonucleotide 4dNTP mix (10mM) | Fermentas GmbH, St. Leon Rot, GER

DNA ladder mix Gene ruler™ Fermentas GmbH, St. Leon Rot, GER

DNA loading buffer (6x) PEQLAB Biotechnologie GMBH, Erlangen, GER
Eosin solution Sigma-Aldrich Chemie GmbH, Steinheim, GER
FACS lysing solution BD Biosciences, San Jose, CA, USA

FcR blocking reagent Miltenyi Biotec GmbH, Bergisch Gladbach, GER
Fixation buffer Cytofix BD Biosciences, Heidelberg, GER

Hemalum solution acid acc. to Mayer Carl Roth GmbH & Co.KG, Karlsruhe, GER
Hoechst 33342 trichloride, trihydrate Life Technologies GmbH, Darmstadt, GER
Lumi-Light Western Blotting Substrate Roche Diagnostics GmbH, Mannheim, GER
Mammalian cell lysis reagent ProteoJET Fermentas GmbH, St. Leon Rot, GER

Milk powder, nonfat, dried AppliChem GmbH, Darmstadt, GER

Mounting medium for fluorescence Vector laboratories Burlingame, CA, USA
Vectashield

Mounting medium Permount Thermo Fisher Scientific Inc., Waltham, MA, USA
Phosphatase inhibitor cocktail tablets Roche Diagnostics GmbH, Mannheim, GER
PhosSTOP
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Protease inhibitor cocktail Complete Mini

Roche Diagnostics GmbH, Mannheim, GER

Protein ladder : Spectra™ Multicolor
Broad Range Protein Ladder

Fermentas GmbH, St. Leon Rot, GER

Plus for SYBR® Assay

Real time PCR master mix MESA GREEN

Eurogentec Deutschland GmbH, Kéln, GER

Serum, rabbit

Santa Cruz Biotechnology, Inc., Heidelberg, GER

Serum, swine

Santa Cruz Biotechnology, Inc., Heidelberg, GER

Streptavidin- horseradish peroxidase
(HRP) for ELISpot

BD Biosciences, Heidelberg, GER

Taq buffer with ammonium sulfate (10x)

Fermentas GmbH, St. Leon Rot, GER

Tissue embedding medium Surgipath
Paraplast Regular

Leica Microsystems, Wetzlar, GER

3,3’,5,5’-Tetramethylbenzidine (TMB)
substrate reagent set BD OptEIAT"’I

BD Biosciences, Heidelberg, GER

WB incubation buffer for microtuble-
associated protein light chain 3 (LC3)

detection: Blot Incubation Buffer CPPT

Nanotools GmbH, Munich, GER

2.1.6. Prepared buffers and solutions

Table 2-6: Prepared buffers and solutions.

Buffer or solution

Composition

Cell freezing medium

90% fetal bovine serum (FBS), 10% DMSO

Citrate buffer

10 mM sodium citrate, pH 6.0

CsCl light solution p = 1.33 g/cm?

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

CsCl heavy solution p = 1.45 g/cm®

609.0 g/L CsClin 10 mM Tris (pH 7.8)

Digestion buffer for DNA isolation

100 mM NaCl, 25m M EDTA (pH 8.0), 10mM Tris
(pH 8.0), 0.5% SDS

FACS Puffer

1% FBS in Phosphate Buffered Saline (PBS)

ELISA coating buffer

200 mM NaHCOs3, 80 mM Na,COs3, pH 9.5

Erythrocyte lysis buffer

150 mM NH,4CI, 10 mM KHCOs, 0.1 mM EDTA

Lysis buffer for caspase assay

50 mM Tris (pH 8.0), 130 mM NaCl, 0.5% Nonidet P 40,
5 mM EDTA (pH 8.0)

20x PBS

200 mM Na,HPO,, 2.8 M NaCl, 36 mM KH,PO,,
54 mMKCl, pH 7.4

PCR master mix

1x Taq buffer, 10% glycerin, 1.5 mM MgCl,,
0.5 mM dNTPs, 0.1 mM cresol red

Precipitation buffer for DNA isolation

588 mM NH,C,H;0, in 94% ethanol

SDS-PAGE collection gel 5% (PAGE:
polyacrylamide gel electrophoresis)

125 mM Tris (pH 6.8), 5% PAA, 0.1% SDS, 0.1% TEMED,
0.1% APS

SDS-PAGE separation gel 10-14%

375 mM Tris (pH 8.6), 10-14% PAA, 0.1% SDS,
0.1% TEMED, 0.1% APS
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SDS-PAGE 10x electrophoresis buffer

250 M Tris, (pH 8.6), 1.92 M glycin, 1% SDS

SDS-PAGE 10x sample buffer

62.5 mM Tris (pH 6.8), 0.5 M DTT, 10% glycerin, 2% SDS,
0.01% bromophenol blue

SRB staining solution

0.5% SRB solution in 1% acetic acid

SRB solubilization solution

10 mM Tris, pH 10.0

Tris acetate EDTA buffer (TAE) for
PCR

40 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0), 0.1% acetic
acid

10x Tris Buffered Saline (TBS)

200 mM Tris (pH 7.6), 1.5 M NaCl

Virus sample buffer

20 mM Tris, 25 mM NaCl, pH 7.8

Virus storage buffer

20 mM Tris, 25 mM NacCl, 2.5% Glycerin, pH 7.8

WB blotting buffer

5 mM Tris (pH 6.8), 192 mM glycin, 0.05% SDS,
20% methanol

WB washing solution TBS-T

0.1% Tween 20 in 1x TBS

2.1.7. Kits

Table 2-7: Kits.

Kit

Manufacturer

ATP determination kit

Life Technologies GmbH, Darmstadt, GER

Gel extraction kit QIAquick

Qiagen GmbH, Hilden, GER

HMGB1 ELISA

IBL International GmbH, Hamburg, GER

Mycoplasma PCR detection kit MycoTrace

PAA Laboratories GmbH, Colbe, GER

Mouse Flt3L Quantikine Immunoassay

R&D Systems GmbH, Wiesbaden-Nordenstadt,
GER

Protein assay kit Bicinchoninic acid (BCA)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

2.1.8. Enzymes

Table 2-8: Enzymes.

Enzyme

Manufacturer

Endonuclease Benzonase Nuclease

Merck KGaA, Darmstadt, GER

Proteinase K

QIAGEN GmbH, Hilden, GER

Taq polymerase

Fermentas GmbH, St. Leon Rot, GER
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2.1.9. Antibiotics and cytostatic drugs

Cycloheximide (CHX) was used as a positive control for apoptosis in combination with FasL. It acts
as an antibiotic inhibitor of protein biosynthesis by blockage of translational elongation at the
ribosomes (Martin et al. 1990). CHX was kindly provided by PD Dr. Ulrike Naumann, Hertie-

Institute for Clinical Brain Research, Tlibingen, GER.

Daunorubicin or daunomycin belongs to the group of anthracyclines. It inhibits nucleic acid
biosynthesis as a result of its DNA intercalation (Mizuno et al. 1975). Within this thesis,
daunorubicin was used to maintain the drug-resistant phenotype of the HelaRDB cells.

Daunorubicin was purchased from Sigma-Aldrich Chemie GmbH, Steinheim, GER.

Mitoxantrone (MTX) is an anthracenedione, but not an anthracycline antineoplastic agent. It acts
as a topoisomerase Il inhibitor and intercalates into the DNA. It disrupts DNA synthesis and DNA
repair in both healthy cells and cancer cells (Mazerski et al. 1998). MTX was used as a positive
control for induction of ICD within this work. MTX was purchased from Baxter Oncology GmbH,

Unterschleiheim, GER.

Monensin is polyether antibiotic that acts as an ionophore. It blocks intracellular protein transport
(Mollenhauer et al. 1990) and was therefore used within this thesis to detect CD107a on cell

surfaces by flow cytometry. 1000x monensin was purchased from eBioscience, Frankfurt, GER.

Mitomycin C is an aziridine-containing cytotoxic antibiotic. It is a potent DNA crosslinker,
inhibiting DNA replication and transcription. It is used to inhibit cell growth in tumor cells in
cocultures with splenocytes (Kuroda and Furuyama 1963). Mitomycin C was purchased from

SERVA Electrophoresis GmbH, Heidelberg, GER.

Penicillin and streptomycin (PS) were used to avoid bacterial infections in the freshly isolated
splenocytes. Penicillin antibiotics are B-lactam antibiotics that are used in the treatment of
bacterial infections caused by susceptible, usually Gram positive, organisms (Garrod 1960). They
inhibit the formation of peptidoglycan cross-links in the bacterial cell wall by binding to a bacterial
enzyme that catalyzes formation of these cross-links. Streptomycin is an antibiotic aminoglycoside
(Singh and Mitchison 1954). It acts as a protein synthesis inhibitor by binding to the 16S rRNA of
the bacterial ribosome leading to codon misreading. Penicillin and streptomycin were purchased

from Merck KGaA, Darmstadt, GER.
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Phorbol 12-myristate 13-acetate (PMA) and ionomycin were used within this thesis as a positive
control for T cell activation in the ELISpot assay. PMA activates the signal transduction enzyme
protein kinase C (Niedel et al. 1983). lonomycin is an ionophore that raises the intracellular level

of calcium (Ca®*) (Liu and Hermann 1978).

PMA and ionomycin act together to stimulate T cell activation, proliferation, and cytokine
production like IFNy. PMA was purchased from Sigma-Aldrich Chemie GmbH, Steinheim, GER and

ionomycin from Calbiochem, Merck KGaA, Darmstadt, GER.

2.1.10. Cytokines

Table 2-9: Cytokines.

Cytokine Manufacturer

FasL FasL was kindly provided by PD Dr. Ulrike Naumann, Hertie-Institute
for Clinical Brain Research, Tibingen, GER

IL-2 Peprotech GmbH, Hamburg, GER

IFNy, human, murine Peprotech GmbH, Hamburg, GER

2.1.11. Primers

All primers were purchased from Eurofins MWG Operon, Ebersberg, GER and dissolved in 10 mM

Tris (pH 7.8) to a final stock concentration of 100 uM.

Table 2-10: Primer sequences.

Target gene Sequence Application
Adenovirus E1A Fw: 5’-AATGGCCGCCAGTCTTTT-3¢ PCR
Rev: 5'-GCCATGCAAGTTAAACATTATC-3’
Adenovirus E1A CR3 Fw : 5-GGCATGTTTGTCTACAGTAAG-3' PCR
Rev : 5°-GCCATGCAAGTTAAACATTATC-3'
Adenovirus E1B19K Fw: 5-CGTGAGAGTTGGTGGGCGT-3' PCR
Rev: 5-CTTCGCTCCATTTATCCT-3'
Adenovirus E3 Fw: 5'-GAACAATTCAAGCAACTCTAC-3’ PCR
Rev: 5’-CTCGAGGAATCATGTCTC-3’
RGD peptide in Fw: 5-CTGCCGCGGAGACTGTTTC-3* PCR
adenovirus fiber Rev: 5-CTGCAATTGAAAAATAAACACG-3’
Adenovirus hexon Fw: 5-GGCCATTACCTTTGACTCTTC-3' Real time PCR
Rev: 5-GCATTTGTACCAGGAACCAGTC-3'
[B-Actin Fw: 5 TAAGTAGGTGCACAGTAGGTCTGA-3/, Real time PCR
Rev: 5-AAAGTGCAAAGAACACGGCTAAG-3'
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2.1.12. Antibodies

Table 2-11: Antibodies.

Target protein | Isotype (clone) Conjugate |Company Application

Actin Rabbit polyclonal Sigma-Aldrich Chemie GmbH, |WB
Steinheim, GER

CRT Rabbit polyclonal Abcam plc, Cambridge, UK FACS

CD3 Rat 1gG2bk (17A2) eF450 eBioscience, Frankfurt, GER FACS

CD8a Rat IgG2bA (5H10) FITC Caltag, Life Technologies FACS
GmbH, Darmstadt, GER

CD11c Armenian hamster FITC BioLegend, Fell, GER FACS

IgG (N418)
CD19 Rat IgG2ax (eBio1D3) |APC-eF780 |eBioscience, Frankfurt, GER FACS
CD45 Rat IgG2bk (30-F11) |PerCP- eBioscience, Frankfurt, GER FACS
Cy5.5

CD49b Rat IgMxk (DX5) APC eBioscience, Frankfurt, GER FACS

CD49b Rat IgMxk (DX5) PE BioLegend, Fell, GER FACS

CD107a Rat IgG2ak (1D4B) APC BioLegend, Fell, GER FACS

F4/80 Rat IgG2ak (BM8) eBioscience, Frankfurt, GER IHC

Hexon Mouse IgG Applied Biological Materials ICC
Inc., Richmond, BC, CAN

Hsp70 Mouse IgG1 FITC * FACS

(cmHsp70.1)

IFNy Rat IgG1lk (AN-18) eBioscience, Frankfurt, GER ELISpot

IFNy Rat IgG1lk (R4-6A2) Biotin eBioscience, Frankfurt, GER ELISpot

LC3 Mouse IgG1 (5F10) nanoTools Antikérpertechnik WB
GmbH & Co. KG, Teningen, GER

MHC Class | Mouse IgG2b (2G5) AbDSerotec, Dusseldorf, GER FACS

Poly ADP- Rabbit polyclonal Cell Signaling Technology, Inc., |WB

ribose Danvers, MA, USA

polymerase 1

(PARP1)

Phospho (P)- |Rabbit polyclonal Cell Signaling Technology, Inc., |WB

elF2a (Ser51) Danvers, MA, USA

P-Statl Rabbit polyclonal Cell Signaling Technology, Inc., |WB

(Tyr701) Danvers, MA, USA

YB-1 ** Rabbit polyclonal IF, WB

Isotype Rabbit polyclonal BD Biosciences, Heidelberg, FACS

antibody GER

Isotype Mouse IgG2bxk BD Biosciences, Heidelberg, FACS

antibody GER

Isotype Mouse IgG1 FITC Southern Biotech, Birmingham, | FACS

antibody AL, USA
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Mouse Goat polyclonal HRP Dako Deutschland GmbH, ICC, ELISA,
Hamburg, GER WB

Mouse Rabbit polyclonal PE Dako Deutschland GmbH, FACS
Hamburg, GER

Rabbit Swine polyclonal FITC Dako Deutschland GmbH, IF, FACS
Hamburg, GER

Rabbit Goat polyclonal HRP Dako Deutschland GmbH, WB
Hamburg, GER

Rat Rabbit polyclonal HRP eBioscience, Frankfurt, GER IHC

So far undefined abbreviations within this table: Allophycocyanin (APC), Cyanine (Cy), eFluor (eF),
Fluorescein isothiocyanate (FITC) Peridinin chlorophyll protein (PerCP), Phycoerythrin (PE).
Immunocytochemistry (ICC), immunohistochemistry (IHC), immunofluorescence (IF). Abbreviation FACS
stands for flow cytometric analysis here.

* The cmHsp70.1 antibody (Stangl et al. 2011) was kindly provided by Prof. Gabriele Multhoff, Klinikum
rechts der Isar, Munich, GER.

** The polyclonal anti-YB-1 antibody used within this thesis was custom produced by Eurogentec
Deutschland GmbH, Koln, GER with their 28 d program. The sequence used for immunization is depicted
in appendix A.

2.1.13. Cell culture media and supplements

Table 2-12: Cell culture media and supplements.

Cell culture medium, supplement Manufacturer

Eagle’s Minimum Essential Medium (MEM) | CLS Cell Lines Service GmbH, Eppelheim, GER
containing 2 mM L-glutamine, 1 mM

sodium pyruvate, 1% MEM non-essential

amino acids (NEAA) and 10% FBS

PBS, Dulbecco Biochrom AG, Berlin, GER

MEM NEAA Gibco, Life Technologies GmbH, Darmstadt, GER
Dulbecco's Modified Eagle’s Medium Biochrom AG, Berlin, GER

(DMEM)

Roswell Park Memorial Institute RPMI 1640 | Biochrom AG, Berlin, GER

FBS Sera Plus PAN-Biotech GmbH, Aidenbach, GER
Glutamine, L-glutamine Biochrom AG, Berlin, GER

Sodium pyruvate Gibco, Life Technologies GmbH, Darmstadt, GER
Trypsin/EDTA solution Biochrom AG, Berlin, GER

TrypLE™ Express Gibco, Life Technologies GmbH, Darmstadt, GER
OptiMEM® | + GlutaMAX™ | Gibco, Life Technologies GmbH, Darmstadt, GER
Trypan blue solution (0.4%) Sigma-Aldrich Chemie GmbH, Steinheim, GER
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KLN205 cells were cultured in readily supplemented MEM from CLS GmbH. CT26 cells were
cultured in RPMI medium containing 5% FBS, 2 mM L-glutamine, 2 mM sodium pyruvate,
1% MEM NEAA. All other cell lines were cultured in DMEM supplemented with 10% FBS and

2 mM L-glutamine.

2.1.14. Cell lines

Human cell lines cell lines include HEK293 (American Type Culture Collection (ATCC) number
CRL-1573) cells. HEK293 cells are human embryonic kidney cells that are frequently used for
adenovirus titration and production. They are permissive for adenovirus serotype 5 infection and
are able to transcomplement the E1 region because 4.5 kb of the left end of the adenovirus 5
genome including the E1 region have been stably integrated into their genome (Graham et al.
1977). Therefore, all viruses, including replication-deficient viruses can be produced and viral titer
can be determined in this cell line. HEK293 cells were kindly provided by Dr. Martina Anton,
Klinikum rechts der Isar, Munich, GER. A549 (ATCC CCL-185) is an adenocarcinomic alveolar basal
epithelial cell line (Giard et al. 1973). The lung carcinoma cells were used as a human control cell
line. The other human control cells used were Hela cells (ATCC CCL-2). They are named after
Henrietta Lacks, from whose cervical adenocarcinoma the malignant epithelial cells were isolated
1951. It was the first permanent human cell line ever established (Scherer et al. 1953). HeLaRDB
(resistant to daunoblastin) entitles the drug-resistant sub-cell line, which was rendered resistant
by multiple passages in daunorubicin supplemented culture medium. To maintain the drug-
resistant status that is characterized by overexpression of P-glycoprotein, 0.25 pg/mL
daunorubicin were added to the culture medium at each passaging. A549 and Hela cells were
provided by Prof. Hermann Lage, Charité, Berlin, GER. Human foreskin fibroblast cells HS68
(ATCC CRL-1635) were used as a non-tumor control for YB-1 expression (Dawes et al. 1993). HS68

cells were kindly provided by Dr. Martina Anton, Klinikum rechts der Isar, Munich, GER.

Murine cell lines used within this thesis were KLN205, SCCVII, CMS-5, CT26, and SMA560. KLN205
(ATCC CRL-1453), are murine squamous cell carcinoma cells of the lung that spontaneously
developed in DBA/2 (H2-d) mice (Kaneko and LePage 1978). DBA/2 or BDF1 mice injected with
this low immunogenic cell line develop tumors and lung metastases. The cells were purchased
from CLS Cell Lines Service GmbH, Eppelheim, GER. SCCVII is a poorly immunogenic murine
squamous cell carcinoma cell line that spontaneously arose from the skin of a C3H/HeJ mouse
(Hirst et al. 1982, Khurana et al. 2001). SCCVII cells were kindly provided by Jan Alsner,

Aarhus University Hospital, Aarhus, Denmark. CMS-5, a fibrosarcoma cell line originating from
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a methylcholanthrene-induced tumor in BALB/c mice, is also weakly immunogenic (Deleo et al.
1977). CMS-5 cells were provided by Prof. Bernd Gansbacher, Klinikum rechts der Isar, Munich,
GER. CT26 (ATCC CRL-2638) is a murine N-nitroso-N-methylurethane-induced, undifferentiated
colon carcinoma cell line of BALB/c origin (Wang et al. 1995). CT26 cells were kindly provided by
Prof. Gabriele Multhoff, Klinikum rechts der Isar, Munich, GER. SMA560 are non-immunogenic to
low immunogenic spontaneous VM/Dk murine astrocytoma cells (Serano et al. 1980). The cell line
was kindly provided by PD Dr. Ulrike Naumann, Hertie-Institute for Clinical Brain Research,

Tiibingen, GER.

HaK (ATCC CCL-15) are Syrian golden hamster epithelial cells. Although HaK cells were originally
derived from normal kidneys, these cells injected subcutaneously into the flanks of Syrian
hamsters have been shown to develop tumors in the animals (Thomas et al. 2006). HaK tumors
metastasize to multiple sites and are histologically characterized as adenocarcinomas. HaK cells

were provided by Prof. Hermann Lage, Charité, Berlin, GER.

2.1.15. Viruses

The wild type adenovirus Ad-wt is a human serotype 5 adenovirus of the species C. The well
characterized virus is replication-competent and holds no genomic alterations. It therefore served
as a positive control for replication, particle formation, and cell lysis. All other oncolytic viruses
used in this thesis are derived from this virus. Ad-dI703 has a 3.2 kb deletion in the E1 region
(Bett et al. 1994). It is replication-deficient at low to medium multiplicity of infection (MOI), and
thus serves as a negative control for replication in the experiments within this thesis. Ad-eGFP is a
replication-deficient adenovirus with an enhanced green fluorescent protein (eGFP) gene
insertion under the control of a cytomegalovirus (CMV) promoter in the E1 region. It was used

within this thesis to monitor the infectability of cells.

The oncolytic adenovirus Ad-Delo3-RGD (figure 2-1 A) has an 11 bp deletion in CR3 region of the
E1A gene resulting in the lack of expression of the transactivating 289 aa E1A protein by this virus
(Mantwill et al. 2006, Rognoni et al. 2009). E1B19K protein expression is disabled by a partial
deletion of the E1B19K gene, but without influence on the open reading frame of E1B55K. The
E3 region is largely deleted in Ad-Delo3-RGD and an additional RGD motif has been inserted into

the viral fiber knob.
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The following oncolytic virus vectors were constructed and kindly provided for this work by

Klaus Mantwill, Klinikum rechts der Isar, Munich, GER. In Ad-Delo3-RGD-FIt3L (figure 2-1 B), an

additional murine FIt3L (mFIt3L) gene is inserted into the E3 region of Ad-Delo3-RGD replacing the
wild type E3gp19K gene under the control of the natural major late promoter. In the oncolytic
adenovirus Ad-PSJL-K (figure 2-1 C), most of the E1 region, including E1A and the anti-apoptotic
gene E1B19K is deleted and replaced by E1B55K under the control of a CMV promoter to enhance
cytoplasmatic YB-1 transport into the nucleus. A part of the E3 region, including the
immunosuppressive glycoprotein gene E3gp19K is deleted and the E4 promoter is replaced by a
YB-1 promoter to further enhance tumor cell specificity and to render besides E1B55K also E4orf6
independent of adenoviral promoters and adenoviral replication. As in the other oncolytic viruses,

an additional RGD motif is inserted into the fiber knob domain of the protein fiber.

B Ad-Delo3-RGD-FIt3L: D

A
Ad-Delo3-RGD:

M . | RGD
C ) *
Ad-PSIL-K:

CMVE1B55K YB1

promoter

Figure 2-1: Mutations in YB-1-dependent oncolytic adenoviruses. Mutations are described in the text
in chapter 2.1.15. A. Ad-Delo3-RGD. B. Ad-Delo-3-RGD-FIt3L: Ad-Delo3-RGD-FIt3L is constructed like
Ad-Delo3-RGD with exception for the E3 region which is separately depicted here. C. Ad-PSJL-K.

2.1.16. Mice

DBA/2 mice (haplotype H—Zd) were used for the in vivo experiments. The DBA inbred mouse strain
was established as the first inbred mouse strain in 1909 from C.C. Little (Carter 1952). DBA/2 mice
are syngeneic for the tumor cell line KLN205 used within this thesis. Eight week old DBA/2 mice

were purchased from Janvier, Le Genest Saint Isle, Saint Berthevin Cedex, France.
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2.2. Methods

2.2.1. Cell culture

Shortly after arrival in the laboratory, all cell lines were routinely tested for mycoplasma
infections with the mycoplasma PCR detection kit according to the manufacturer’s instructions.
All cells were incubated at 37 °C in a humidified atmosphere containing 5% CO,. Cells were
maintained as subconfluent monolayers in their particular culture medium (chapter 2.1.13) by
passaging them twice a week at appropriated dilutions. For this purpose, cells were washed with
PBS and detached with trypsin. For KLN205 cells, TryLE™ Express was used instead of trypsin. The
cell pellet was collected by centrifugation at 1200 rpm for 5 min at room temperature (RT), cells
were resuspended in fresh medium, and adequate amounts of cells were applied to new culture
flasks or dishes. For freezing of cells, they were collected as described above and the pellet was
resuspended in cell freezing medium. Cells were cooled down in a freezing container with
isopropyl alcohol at -80 °C and after 24 h transferred to liquid nitrogen for long time storage.
Cryo-conserved cells were thawed in a 37 °C water bath and immediately but carefully
supplemented with fresh medium to prevent cell damage by DMSO, a component of the freezing
medium. Cell pellets were collected as described above, resuspended in appropriate volumes of
fresh medium, and further cultivated as described above. For plating of cells, they were collected
as described above and counted in cell counting chambers. The number of cells per volume was
calculated as average number of cells per big square x 10* x dilution factor, resulting in the
number of cells per mL. To control the viability of the cells, the cell suspension was mixed with
trypan blue solution before counting. If cells appear blue, their cell membrane is leaky and the
anionic diazo dye can accumulate within the cell. Only non-colored cells account for the actual cell
number. Cells were plated in dishes or multi-well plates according to the assay and incubated at

37 °Cin 5% CO, for 24 h to adhere.

KLN205 cell lysate for immune cell stimulation in immunological assays was prepared by three
steps of thawing and freezing of 4x10’ cells in 3 mL PBS and subsequent centrifugation at

3000 rpm for 15 min at 4 °C. The sterile filtered supernatant was used to stimulate the cells.

2.2.2. Virus amplification and purification

All experiments involving viruses were conducted in a S2 facility according to the present

guidelines of the German Act on Genetic Engineering. All contaminated materials and solutions
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were collected, inactivated, and disposed following the official guidelines. Genetic engineering

was approved by the local authorities (Regierung von Oberbayern, Munich, GER).

Viruses were produced in large scale in, depending on the virus, 20-45 15 cm culture dishes in
HEK293 cells. When difficulties arose during virus production, the amplification was performed in
smaller steps, starting with for example one 15 cm culture dish. Either seed viral lysate of readily
purified virus were used as starting points for the production. The amount of virus to be used for
the amplification was determined by infection of smaller plate formats with various volumes of
lysate or infectious units (IFU)/cell of purified virus. After 48 h, the first well with almost complete
lysis was assessed and from that, the amount of virus needed to infect a 15 cm dish was
calculated by scaling up the plate area. At a confluency of 90-100%, the cells in the 15 cm dishes
were infected with the determined amount of virus in 4 mL OptiMEM including 2% FBS. During
1 h of incubation at 37 °C and 5% CO,, medium and virus have to be evenly distributed, so the dish
was tilted every 15 min. After 1 h, 14 mL of complete culture medium containing 10% FBS were
added to the infection dish and the infected cells were further incubated at 37 °C and 5% CO,.
After 48 h of incubation, the cells have to show signs of advanced CPE, ideally shortly before
budding off of the viral particles. The cells can then be easily detached from the dish surface by
gently tapping on the rim of the plate. Cells were rinsed off the plate, collected and centrifuged at
1500 rpm for 10 min at RT. The cell pellet was resuspended in 10 mL sample buffer per 20 plates
and repeatedly frozen and thawed three times to release the virions from the cells. The virions
were separated from the cell debris by centrifugation at 3000 rpm for 15 min at 4 °C. 12.5 U/mL
Benzonase Nuclease was added to the supernatant in the presence of 1 mM MgCl,. The
endonuclease was activated for 5 min at 37 °C and degraded the remaining cellular nucleic acids
during 1 h at RT with shaking steps every 15 min. The debris was separated from the virus solution
by another 3000 rpm centrifugation step for 15 min at 4 °C. The virus solution was purified by a
CsCl density gradient. The gradient was built in ultracentrifuge tubes with one layer (17 mL) of
light and one layer (9 mL) of heavy CsCl solution. The adenovirus solution was carefully added on
top of the gradient and the tubes were centrifuged in an ultracentrifuge at 20,000 rpm for 3 h at
10 °C. The viral band was taken by a syringe without touching the above band with the
fragmentary particles and cell remains. For further purification, a second centrifugation step was
performed like the previous one but for 18 h. The purified virus band was carefully taken from the
gradient and the remaining salts were removed from the solution by sephadex PD-10 columns
according to manufacturer’s instructions. Storage buffer containing glycerin was used to
equilibrate the columns. 2.5 mL of virus solution was applied onto each column. The virus solution

was stored at -80 °C in aliquots until use.
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2.2.3. Determination of viral titer, particle count, purity, size, and homogeneity

Within this thesis, viral titers are all indicated as IFU/mL. They were determined with an ICC assay
directed towards the essential adenoviral capsid protein hexon in HEK293 cells. The assay was
conducted according to Agilent Technology’s titer protocol AdEasy Viral Titer Kit. 10-fold serial
dilutions in duplicates were prepared in fully supplemented DMEM medium and 50 pL per well
were applied to 24-well plates together with 2.2x10° HEK293 cells in 500 L per well. 48 h after
infection, cells were fixed with cold methanol and washed twice with PBS containing 1% BSA. The
hexon protein was detected by staining with a primary anti-hexon antibody 1:500 and a
secondary HRP-conjugated antibody 1:1000, each diluted in 150 pL PBS with 1% BSA, for 1 h each
with two washes with PBS with 1% BSA after each antibody incubation. Hexon positive spots were
visualized by the colorimetric conversion of DAB substrate by HRP. Brownish spots per
microscope field were counted using a 20x microscope objective and the titer was calculated as
IFU/mL = (average number of positive cells per field x 314 fields per well)/(volume of diluted virus

used in each field (mL) x dilution factor).

The amount and purity of viral particles (VP) were determined via the optical density of the
solution. The virus solution was diluted 1:20 and 1:10 in equal amounts of storage and sample
buffer. Dilutions and blank buffer were incubated at 100 °C for 10 min in a heating block. After
heating, the samples were chilled on ice for 1 min and the optical density (OD) was measured. The
amount of VP/mL was calculated as OD,s x 1.1x10™ VP/mL (Maizel et al. 1968). The

OD60nm/OD1sonm ratio was monitored for assessment of virus purity.

Aggregate formation in the adenovirus preparation can be excluded by particle size measurement
using dynamic light scattering. Dynamic light scattering is an optical method to study Brownian
motion of sub-micron sized particles in solution. Brownian motion is dependent on temperature,
viscosity, and ionic strength of the solvent, and also on the size of the particles. By recording the
scattering pattern of the light from a sample, conclusions can be drawn concerning the size and
dispersity of the particles within the sample. 4x10'° VP in a total of 800 uL of freshly prepared
10 mM NaCl solution were applied to the Zetasizer under constant solvent, temperature and
measurement conditions (attenuator 8). The Cumulants analysis-determined hydrodynamic
diameter (Z-average) and the polydispersity index (Pdl) depict the average diameter of the viral
molecules in the solution and the grade of dispersity, respectively. Both values were monitored
for each virus sample. Absence of virus aggregation is determined by acquisition of a single peak
with an average diameter of 110420 nm representing the adenovirus particles and a Pdl smaller

than 0.1 indicates that the virus is homogeneous. Count rates per second higher than 250 are
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necessary in order to obtain valid results (Malvern_Instruments 2011, Dr. P.S. Holm personal

communication).

2.2.4. DNA isolation and PCR analysis of viral genes

To analyze the viral genome and verify the vector mutations, DNA was isolated from the viruses
by phenol chloroform extraction. 200 uL digestion buffer was added to 200 uL of purified virus
solution. 100 pg proteinase K was added to degrade proteins within the cell digest. After
incubation overnight at 50 °C, an equal volume of phenol chloroform isoamyl alcohol was added
to the cell digest. The mixture was shaken and phases were separated by centrifugation at
13,000 rpm for 5 min at 4 °C. The upper aqueous phase containing the DNA was added to another
equal volume of chloroform for disposal of the remaining phenol. Phases were mixed again and
separated by another equal centrifugation step. The DNA in the upper phase was gained by
ethanol precipitation by addition of 425 uL precipitation buffer per 100 uL of DNA solution. By
mixing, the polar DNA is precipitated with positive ions in the solution. 35 pg/mL glycogen was
added as a carrier that helps to maximize DNA recovery. The pellet that results from
centrifugation for 40 min at 13,000 rpm at 4°C was resuspended in 70% ethanol to wash out
remaining salts, centrifuged 7 min at 9000 rpm at RT and air dried. The pellet was resuspended in
10 mM Tris (pH 7.8) and the DNA concentration was determined using a photometer. Following
the Beer Lambert law, the absorbance value at 260 nm equals the product of the extinction
coefficient, which is 0.020 (ug/ml)™ cm™ for dsDNA, the concentration of the substance in pg/mL,
and the length of the light path in cm that equals 1 for a usual spectrophotometer. So the dsDNA
concentration was calculated as 50 pg/mL x ODygo,m x dilution factor. Purity of the DNA was
controlled via the ODg0nm/OD28onm and ODagonm/OD23onm ratios (Barbas et al. 2007). Viral genes of
interest were amplified via PCR using PCR master mix, 0.5 uM of each forward and reverse primer
(table 2-10), 0.1 U/uL Taqg polymerase and 1-10 ng/uL template DNA in a total volume of 25 pL.
DNA was amplified on a thermal cycler as follows: after a 1 min activation step at 95 °C, the DNA
products were amplified in 30 cycles of each 40 sec denaturation at 95 °C, annealing at 52 °C and
DNA synthesis at 72 °C. PCR was terminated by a 5 min step at 72 °C. PCR products were
supplemented 1:6 with 6x DNA loading dye and run at 80-100 V on gels of 1% agarose in
TAE buffer containing 2 uL EtBr per 50 mL gel. DNA bands were visualized with UV light.
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2.2.5. Virus infection

For virus infection of cells in vitro, cells were plated the day before the assay in appropriate cell
numbers and plate or dish formats, depending on the specific assay. Usually cells should have a
confluency of 70-90% at the time of the infection. For infection, the cultivation medium was
removed and replaced by a thin layer of infection medium, just covering the cell layer. OptiMEM
without FBS was used as infection medium. It contained the particular adenovirus with a MOI
given as IFU/cell in this work. During the incubation period of 1 h at 37 °C and 5% CO,, the plate
was tilted every 15 min for equal distribution of the virus and to prevent drying of the cell layer
with this low infection medium volume. After the hour of infection, the infection medium was
replaced by fresh complete medium. Control wells were “mock” infected, meaning they were
treated exactly like the infected cells (OptiMEM for 1 h and then exchange of medium) but
without addition of virus. The infected cells were incubated at 37 °C 5% CO, for the desired time
depending on the experiment. Dying adenovirus infected cells undergo typical morphological
changes called CPE, characterized by rounding of the cells and subsequent detachment. This

process was monitored under a light microscope and pictures were taken for documentation.

2.2.6. FIt3LELISA

To verify the expression of murine Flt3L protein in Ad-Delo3-RGD-FIt3L infected cells, an ELISA
specific for this protein was performed according to the manufacturer’s instructions. Supernatant
of virus infected cells in 6-well plates was analyzed 48 h after infection. 50 uL of the supernatant
was applied per well. Samples were analyzed in duplicates, background values were subtracted,
and the mFIt3L concentration was determined according to a standard curve resulting from a

4-parameter analysis using the software ReaderFit.
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2.2.7. Immunofluorescence staining of YB-1 expression

To stain the cells for YB-1 expression, cells were grown on microscope slides in 10 cm dishes.
24 h after infection, cells were fixed with 1:1 aceton and methanol for 20 min at -20 °C. Cells were
rinsed with PBS and blocked with 150 pL 5% swine serum (the secondary antibody was raised in
swine) in PBS for 30 min at RT. After another wash with PBS, the YB-1 antibody was added 1:100
in 150 pL antibody diluent with background reducing components at 4 °C overnight. After another
wash with PBS, cells were incubated with the secondary FITC-conjugated antibody 1:20 in
1% swine serum in PBS for 45 min at RT. After another wash with PBS, cells were counterstained
with 2 pg/mL Hoechst 33342 in 200 pL water for 5 min. Finally, slides were rinsed with PBS, let dry
and mounted with mounting medium. Stained cells were observed on an Axiolmager microscope

with ApoTome and analyzed with ImageJ software.

2.2.8. Cytotoxicity assay in vitro by SRB staining of infected cells

Virus-mediated cytotoxicity was determined by staining of the adherent cells with SRB solution
6 d after virus infection of cells in 96-well plates (Skehan et al. 1990). Before the staining
performed in triplicates of each viral concentration, cells were carefully washed with PBS.
Subsequently, cells were fixed with cold 10% TCA solution overnight at 4 °C. Cells were thereafter
washed five times with distilled water before they were stained with the pink fluorescent
aminoxanthene dye SRB staining solution for 10 min at RT. Under the mild acetic conditions, the
anionic fluorescent dye binds to basic amino acids of the cellular proteins. After the staining, cells
were rinsed five times with 1% acetic acid for excess dye to be washed away and let dry. Plates
can then be scanned in a commercial scanner for storage of images. For quantitative analysis, the
protein bound dye was solved under basic conditions with 100 uL of SRB solubilization solution for
1 h and its optical density at 590 nm was measured on a photometer with subtraction of
background values. Since SRB binding is stoichiometric, the amount of dye extracted from the
stained cells is directly proportional to cell density. Cell survival, here in the form of remaining

adherent cells, was calculated as percentage of mock infected cells: 100% X ODsampie/ ODmock infection-

2.2.9. Monitoring of virus infection with quantitative real time PCR

To monitor the replication of particular adenoviruses in particular cells, the cells were infected in

6-well plates and DNA was extracted at desired time points by phenol chloroform extraction as
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described in chapter 2.2.4. Cells were washed with PBS first and 400 pL digestion buffer was
added to the cells. Virus replication was obtained by quantitative real time PCR with adenoviral
hexon gene-specific primers. The cellular gene -actin was used for normalization (table 2-10). To
quantify the hexon and B-actin copies, standards were produced by running a PCR (chapter 2.2.4)
with the above mentioned primers and extracting the amplified gene products from the agarose
gel with the QIAquick gel extraction kit according to the manufacturer’s instructions. Standard
dilutions in DNA copies per puL were prepared according to the DNA concentration and molecular
weight of the products. The real time PCR was performed with a SYBR green-based system
(Bengtsson et al. 2003). The fluorescent cyanine dye SYBR green binds to the minor groove of
dsDNA. The bound SYBR green has a 1000 fold stronger fluorescent signal at 520nm after
excitation with 497 nm than the unbound dye which makes it suitable to detect accumulation of
ds PCR products. 0.5 uM of each forward and reverse primer and 12.5 pl real time PCR master
mix, containing the hotstart enzyme Meteor Taq, a passive reference dye and a specific buffer,
were added to 100 ng DNA in a total reaction volume of 25 uL. The PCR was performed on a
sequence detection system, where, after a 15 min polymerase activation step at 95 °C, the DNA
product was amplified in 40 cycles of each 15 sec denaturation at 95 °C, annealing at 60 °C and
DNA synthesis at 72 °C. A melting curve was generated to monitor product specificity and purity
at 0.5 °C steps at temperatures from 60 °C to 95 °C. After each cycle, the amount of dsDNA was
measured in real time via the bound SYBR green at an acquisition step at a temperature of 80 °C
for 30 sec. By analysis with the SDS2.2 software, initial hexon and B-actin copies in the samples
can be quantified according to the standard curve that correlated initial copy numbers with the
cycle threshold (ct) values measured. The ct value is defined as the cycle in which the measured
fluorescence signal of the sample exceeds a threshold fluorescence level during the exponential
phase of the reaction. It is inversely proportional to the logarithm of the initial copy number in the
sample (Heid et al. 1996). Results were indicated as copy numbers of hexon normalized to copy

umbers of B-actin.

2.2.10. Analysis of formation of new infectious virus particles

For measurement of formation of new infectious particles, cells and supernatants from infected
cells in 6-well plates were collected by scraping off the cell layer from the well bottom surface
after 72 h. The suspension was frozen and thawed three times in a row to release the virions from

the cells and centrifuged at 3000 rpm for 15 min at 4 °C. The virus titer in the supernatant was
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determined according to the protocol of the hexon protein-based titer test (chapter 2.2.3). The

formed infectious particles were indicated as IFU/mL.

2.2.11. Cellular protein isolation and WB analysis

For protein analysis, cells were grown in 6-well plates or 10 cm dishes. At indicated time points,
cells were washed in PBS and scrapped off the plates in PBS. If cells were already detached from
the plates, they were collected in centrifuge tubes first and washed afterwards. Ten times the
estimated cell volume of mammalian cell lysis reagent supplemented with protease inhibitors, as
well as phosphatase inhibitors if necessary, was added to the cell pellet. The suspension was
incubated 10 min at RT on a shaker (1100 rpm) and subsequently centrifuged at 13,000 rpm for
15 min at 4 °C. Protein containing supernatants were stored at -80 °C or used for WB analysis
directly. Protein concentrations were determined by a BCA-based assay, which is based on the
reduction of copper ions by proteins in an alkaline medium (biuret reaction) (Smith et al. 1985).
Reduced ions are then complexed with the purple colored salt of BCA. The absorbance at 562 nm
is nearly linear with increasing protein concentration and can therefore be used for photometric
determination of protein concentrations. 10 plL of prepared BSA standards or samples were mixed
with 200 pL of the working reagent. The plate was read on a photometer at 590 nm after 30 min
of incubation at 37 °C. The blank well value was subtracted from all sample values and the protein

concentration was calculated according to the standard curve.

Protein samples (40 pg) were supplemented 1:10 with 10x sample buffer containing anionic SDS
to create a negative loading of the samples and DTT to destroy disulfide bonds by reduction and
heated to 95 °C for 5 min to break protein hydrogen bonds and secondary and tertiary structures.
The denatured samples were separated according to their size on a PAA gel containing SDS in an
electric field of 20 mA for 3 h (Laemmli 1970). The separation gel had an acrylamide content
according to the size of the expected band, ranging from 10% for almost all samples within this
thesis, to 14%, resulting in narrower PAA net pores for the relatively small LC3 proteins. Protein
transfer onto a nitrocellulose membrane or a PVDF membrane for LC3 antibody staining, was
conducted electrophoretically for 1 h at 100 V (Burnette 1981). To verify a successful blotting
procedure, nitrocellulose membranes can be stained with Ponceau S for 10 min (Salinovich and
Montelaro 1986). Through rinsing the blot with TBS-T, the dye was removed again. Unspecific
binding sites on the membrane were blocked with 5% BSA in TBS-T for 1.5 h. For the LC3 blot,
commercial blot incubation buffer was used instead of TBS-T, and milk powder instead of BSA.

The following washing steps, as well as all subsequent washing steps, were conducted by
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three times 10 min washing with TBS-T. The primary antibody was incubated in 2.5% BSA in TBS-T
for 1.5 h at RT or depending on the antibody overnight at 4 °C. Antibodies were diluted as follows:
actin 1:250, LC3 1:200, YB-1 1:400, others 1:1000. After washing away the excess antibody, the
secondary HRP-conjugated antibody was added 1:1000 in 2.5% BSA in TBS-T for 1.5 h at RT. Bound
antibodies were visualized with Lumi-Light substrate. The oxidation of the luminol in this enzyme
substrate solution is catalyzed by the HRP and the emitted chemiluminescence of the bands
positive for the protein of interest can be detected by an image station. The intensity of the

signals was quantified with Imagel software.

2.2.12. Flow cytometric analysis of in vitro samples

To determine cellular surface protein expression by flow cytometric analysis, infected cells from
6-well plates were collected in FACS tubes at indicated time points after treatment by scraping off
the cell layer. During the immunofluorescent staining process up to the point of analysis, the cells
were kept at 4 °C and stained cells were protected from light. All washing steps were conducted
with FACS buffer. Cells were washed before primary antibody and corresponding isotype controls
diluted in 10 uL FACS buffer, were added to the cells. Antibodies were diluted as follows:
CRT 1:10, MHCI 1:50, Hsp70 1:2 and isotype controls correspondingly. After 35 min incubation,
the cells were washed again, and if necessary, the secondary fluorophore-conjugated antibody
was applied diluted 1:20 in FACS buffer for 35 min. After washing, the cells were fixed by addition
of 250 pL fixation buffer, containing 2% paraformaldehyde (PFA). The original fixation buffer,
which contains 4% PFA, was diluted 1:2 with FACS buffer because some of the used cells,
e.g. KLN205 cells were very sensitive regarding the fixation buffer. Cells were washed after
incubation with fixation buffer for 20 min, resuspended in FACS buffer and analyzed on a flow
cytometer with FACSDiva software. Results were analyzed with FlowJo software. The fluorescence
was indicated as the median of the fluorescence intensity with subtraction of isotype fluorescence
values. When cells were infected with Ad-eGFP, the cells only had to be washed and subsequently
fixed to be ready for flow cytometric analysis. Fluorescence emitted by the eGFP protein can be
measured in the same channel as FITC stained cells due to the fact that the excitation and
emission spectra of both fluorescent molecules overlap significantly. The percentage of eGFP
positive cells was indicated. For analysis of MHCI exposure, cells of indicated samples were
incubated with IFNy overnight before staining. Flow cytometric analysis was performed as

described above.
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2.2.13. Apoptosis monitoring by caspase activity assay

Apoptosis occurring in cells can be measured with a caspase activity assay. The assay is based on
the cleavage of the Ac-DEVD-amc substrate by several caspases including caspases 3 and 7. The
amino acid sequence Ac-DEVD corresponds to the upstream sequence of the caspase cleavage
site Asp?'® within PARP1, a DNA repair enzyme also involved in the apoptotic caspase cascade
(Nicholson et al. 1995). During apoptotic cell death, the sequence Ac-DEVD is cleaved off the
Ac-DEVD-amc molecule by the caspases according to the natural target and the fluorogenic amc
moiety is released, leading to fluorescence signals corresponding to the caspase cleavage activity.
1x10* cells in 96-well plates were infected with virus or treated with control agents in triplicates.
Stimulation with 100 ng/mL FasL and 1 pug/mL CHX 3 h before cell lysis served as positive control.
50 pL 1x lysis buffer per well was given to the carefully washed cells at indicated time points after
virus infection and incubated for 10 min at 37 °C for the cells to lyse. Ac-DEVD-amc in 50 pL PBS
per well was added to the lysed cells to a final concentration of 12.5 uM. The samples were
excited at 355 nm and the emitted fluorescence was measured at 460 nm after 20 min incubation
at 37 °C. Caspase activity depicts the resulting optical density as percentages of the optical density

in mock treated cells.

2.2.14. Analysis of HMGB1 release into cell supernatants

HMGB1 release into the cell culture supernatant of infected cells was assayed with a sandwich
ELISA kit according to the manufacturer’s instructions of the normal range ELISA. In brief, 10 uL
liquid nitrogen shock frozen samples from the supernatants of virus infected cells in 6-wells plates
were applied to the assay plates in triplicates. The wells of the provided microtiter strips are
precoated with purified anti-HMGB1 antibody. HMGBL1 in the samples was allowed to bind to the
immobilized antibody during a 24 h incubation. A peroxidase-conjugated secondary anti-HMGB1
antibody was applied and after substrate reaction the optical density was determined 45 min
after stop of the color reaction with a photometer at 450 nm. The measurement at a reference
wave length of 630 nm was subtracted. After subtraction of the blank value, HMGB1

concentrations were calculated from the standard curve.
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2.2.15. Analysis of ATP release into cell supernatants

ATP release into the cell culture supernatant of infected cells was determined with the help of a
recombinant firefly luciferase-based bioluminescence assay. The luciferase enzyme needs energy
in the form of ATP and oxygen to convert D-luciferin into oxyluciferin. The electronically excited
oxyluciferin releases a photon of light while returning to its ground state. This luminescence can
be monitored on a luminometer. When ATP is the limiting component in the luciferase reaction,
the intensity of the luminescence is proportional to the ATP concentration (Lundin and Thore
1975). An ATP determination kit was used according to the manufacturer’s instructions. In brief,
90 L of the reaction mixture containing 0.5 mM D-luciferin, 1.25 pg/mL firefly luciferase, 25 mM
tricine buffer, pH 7.8, 5 mM MgSQ,, 100 uM EDTA and 1 mM DTT was measured as background
luminescence and subtracted from the luminescence of reaction mixture containing 10 pL of
supernatant samples or ATP standards in duplicates. As for the HMGB1 assay, samples from the
supernatant of virus infected cells in 6-well plates had been shock frozen in nitrogen before.
Luminescence was measured after sample addition and ATP concentrations were calculated from

the standard curve or given as percentage of mock infected controls like in the HMGB1 assay.

2.2.16. KLN205 in vivo model

DBA/2 mice were kept at the animal facility of the Technical University of Munich, the Zentrum
fiir praklinische Forschung at the Klinikum rechts der Isar, Munich, GER in individually ventilated
cages in groups of five animals per cage in a pathogen-free environment. Mice were left to adjust
to their new environment for 7-10 d so that they were 9-9.5 weeks old at the start of the
experiments. All in vivo experiments were approved by the local authorities (Regierung von
Oberbayern, Munich, GER) and conducted according to the German legal animal welfare
requirements (Tierschutzgesetz TierSchG). Well-being of mice and tumor sizes were monitored
every day. Animals were excluded from the experiment and sacrificed, accordingly to the
guidelines of the German society of laboratory animal science (Gesellschaft fiir Versuchstierkunde
GV-SOLAS), when tumors grew bigger than 1.5 cm in diameter or grew invasive, after
exulcerations or automutilations, when mice lost weight, or when they had abnormal clinical or

behavioral symptoms.
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KLN205 cells were tested for mycoplasma as described in chapter 2.2.1 before each animal
experiment. KLN205 cells were washed with PBS and detached by a 10 min incubation with TrypLE
Express. 15 mL fresh medium were added per 15 cm plate or 150 cm? flask, the cell pellet was
collected by centrifugation according to normal cell culture and resuspended in 5 mL fresh
medium including FBS to recover the cells from the detachment agent. The cells were washed two
times with 5 mL PBS each, to wash away the animal FBS. Cells in PBS were counted with trypan
blue to verify the viability of the cells. Cells injected into mice had to have a viability of at least
90%. Cells were adjusted to 10 cells/mL. 2x10° cells were injected subcutaneously into the right
flank of the animals in 200uL PBS. Tumor growth and mouse well-being was controlled thereafter
as described above. When tumors reached an average diameter of 0.5 cm, 10° IFU adenoviruses
per mouse were injected in 50uL PBS intratumorally. Only virus that passed through two CsCl
gradient centrifugations and a desalting process was used for in vivo experiments. But since also
the virus for the in vitro experiments was purified like this, the same viruses were used for in vitro
and in vivo experiments. Mice received Ad-wt, Ad-Delo3-RGD, Ad-Delo3-RGD-FIt3L, Ad-PSIL-K, or
Ad-dI703, and control mice received injections of PBS only. Group sizes were 4-8 mice per group
depending on the experiment. For monitoring of anti-viral responses and treatment efficacy,
two mice per group were given a second dose of virus 7 d after the first injection. To analyze the
impact of the different oncolytic viruses on the immune response towards virus and tumor, mice
were sacrificed by CO, inhalation 3 and 7 d after virus injection and blood, tumor, and spleen
were isolated. To assess tumor growth curves, the diameter of the tumors was measured in two
directions by a digital caliper every third day over a time course of 28 d. The volume was
calculated as 0.52 x (width)? x length. The tumor growth experiment was terminated after 28 d

and mice were sacrificed as described above.

2.2.17. Serum collection

Blood was taken from the mice 14 d after treatment from the tail veins. On day 3 and 7, when
mice were sacrificed, blood was taken from the posterior vena cava. To get serum, the blood was
allowed to clot at RT for up to 2 h. Serum was then separated from the clotted blood by

centrifugation at 2000 g for 15 min at 15 °C.
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2.2.18. Splenocyte isolation

After weighing of the spleens, the splenocytes were isolated from the mouse spleens
mechanically. Therefore, freshly isolated spleens were placed onto a cell strainer that was located
upon a centrifugation tube. 5 mL of RPMI medium were added onto the spleens and the spleens
were crushed through the cell strainer with the stamp of a syringe. Additional 5 mL of medium
were added and the crushing step was repeated. Cells and spleen remains were vortexed shortly
and centrifuged at 1200 rpm for 10 min at 4 °C. The supernatant was discarded thereafter and the
pellet was vortexed again. 12 mL of erythrocyte lysis buffer was added per mL of pellet. After
shaking the suspension it was left at RT no more than 5 min for the erythrocytes to be lysed and
the immune cells not to be impaired. After a subsequent centrifugation at 1200 rpm for 7 min at
4 °C, the pellet was resuspended in 15 mL of RPMI supplemented with 2% FBS and PS. After
shaking, the cell suspension was purified by another passage through a new cell strainer and
collected in a new centrifugation tube. Splenocytes were counted with trypan blue as described in

chapter 2.2.1.

2.2.19. Flow cytometric analysis of immune cell surface markers on blood cells and splenocytes

Blood cell surface marker expression was analyzed in Trucount tubes for assessment of absolute
cell numbers (Schnizlein-Bick et al. 2000). Blood was taken from the killed mice as described for
serum (chapter 2.2.17). EDTA was added 1:6 to prevent clotting of the blood. 20 uL of antibody
mix containing all fluorophore-conjugated antibodies used within the particular panel in the
particular dilutions (as stated at the bottom of this paragraph) was added to 50 L of EDTA blood
and vortexed carefully (Baumgarth and Roederer 2000). After the staining for 15 min at RT in the
dark, 450 pL of 1x FACS lysing solution was added to the cells, vortexed, and incubated in the dark
for 30 min for erythrocytes to be lysed. The stained cells were diluted 1:10 with FACS buffer
10 min before flow cytometric analysis. Blood cell staining was analyzed by FlowJo software. The
absolute blood cell count of a distinct population per volume was calculated as (humber of events
of the population/number of events in the absolute count bead region) x (humber of beads per

test/test volume).
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Degranulation of splenocytes was measured by flow cytometric analysis of CD107a surface
exposure and subsequent staining of immune cell surface markers. Therefore, 2x10° splenocytes
in RPMI medium with 2% FBS were incubated with 20 pL of tumor cell lysate, 5 plL of anti-CD107a
antibody (1:20) and 0.12 pL 1000x monensin for 4 h at 37 °C. Monensin thereby prevents
reinternalization and degradation of cell surface CD107a (Alter et al. 2004). After centrifugation,
cells were resuspended in 100 pL FACS buffer and stained by addition of 20 pL of antibody mix
containing fluorophore-conjugated antibodies in the particular dilutions, as stated at the bottom
of this paragraph, as well as 1 pL FcR block to block unspecific binding. After vortexing, the
staining procedure was conducted for 15 min at RT in the dark. The cells were fixed by addition of
200 pL Cytofix for 15 min at RT in the dark. After addition of 3 mL of FACS buffer, the cells were
centrifuged and resuspend in 300 uL of fresh FACS buffer. The readily stained cells were measured

on a flow cytometer and analyzed by FlowJo software.

Blood: CD45 PerCP-Cy5.5 (1:200), CD3-eF450 (1:100), CD11c-FITC (1:167), CD49b-APC (1:40),
CD19-APC-eF780 (1:200)

CD107a splenocyte staining: CD45-PerCP-Cy5.5 (1:200), CD3-eF450 (1:100), CD8-FITC (1:100),
CD49b-PE (1:80)

2.2.20. Immunohistological analysis of murine tumors

For histological analysis of tumors, the tumor samples were fixed in 10% neutral buffered formalin
for 24 h. They were then dehydrated in a tissue processor and embedded into paraffin blocks with
the help of a paraffin embedding system. Paraffin blocks were cut with a microtome into sections
of 2 um, mounted onto microscope slides, and left to adhere to the glass surface overnight at
60 °C. Before IHC staining, the sections were deparaffinized and rehydrated. They were therefore
put in xylene three times for 10 min each, followed by two steps in isopropanol for 5 min each,
and subsequently 96% and 70% ethanol for 5 min each. Sections were subsequently rinsed
in distilled water three times. For antigen retrieval, slides were cooked in citrate buffer in a
commercial pressure cooker for 7 min. This process serves to break the methylene bridges formed
during fixation and exposes the antigenic sites in order to allow the antibodies to bind. After the
sections were cooled to RT in the buffer, they were washed. This washing process, as well as the
subsequent ones, was performed by three washes with TBS buffer. Sections were thereafter
incubated with 3% H,0, for 15 min at RT to suppress endogenous peroxidase activity and

thus reduce background staining. Open binding sites were blocked with 5% rabbit serum (the
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secondary antibody was raised in rabbit) in antibody diluent in a moisture chamber for 30 min at
RT. The F4/80 macrophage-specific antibody diluted 1:500 in antibody diluent was added and the
slides were incubated at 4 °C in a moisture chamber overnight. After washing, sections were
incubated with the secondary HRP-conjugated antibody diluted 1:100 in antibody diluent for
30 min in a moisture chamber at RT. After another washing step, DAB substrate was added and
incubated until optimal color development. After washing with water, cells were counterstained
with Mayer’s hemalum solution for 3 min and blued with tap water until the process was stopped
with distilled water. After dehydration with an ascending alcohol series and xylene, the sections
were mounted with cover slips and mounting medium and dried before microscopic investigation.
Tumor morphology was analyzed by staining of the section with hematoxylin and eosin (H&E).
Therefore, sections were deparaffinzed and rehydrated as described above. Sections were then
rinsed with tap water, stained with Mayer’s hemalum solution for 3 min and rinsed with tap
water. Sections were then dipped into 0.1% HCI three times, followed by rinsing with tap water
again. Sections were stained with 0.5% eosin solution for 3 min and then rinsed in tap water

before performance of the ascending alcohol series and mounting as mentioned above.

2.2.21. Anti-viral antibody detection by ELISA

Anti-virus antibodies in the serum of virus injected mice were measured by ELISA. Therefore,
10° adenoviral particles in 100 pL ELISA coating buffer per well were incubated in MaxiSorp
96-well plates overnight at 4 °C. Unbound viral particles were washed away with PBS the next day
and open binding sites were blocked with 300 uL 4% milk powder in PBS per well for 2 h at RT.
Wells were washed with PBS two times. Serum samples were diluted in 2-fold steps from 1:250
up to 1:32000 in 2% milk powder and 100 uL per well in triplicates were incubated for 2 h at RT.
After four washing steps with PBS, bound anti-virus antibodies were detected by addition of
100 pL per well of HRP-conjugated anti-mouse antibody reacting with all classes of mouse
immunoglobulins (lgs) in 2% milk powder in PBS (1:2000) and incubated for 1.5 h at RT. After a
final wash, 150uL TMB substrate was added and the color reaction was stopped by addition of
50 pL of 0.8 M H,SO, per well after 20 min. The optical density was measured with a photometer
at 450 nm with subtraction of background measurement at 590nm. Results were indicated as

OD450nm - ODSQOnm-
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2.2.22. Determination of HMGB1 and ATP in mouse serum

HMGB1 and ATP were determined from the serum samples according to the corresponding
protocols in the in vitro section with the exception that HMGB1 from in vivo serum samples was

determined with the sensitive range protocol after addition of 50 uL sample.

2.2.23. IFNy ELISpot analysis

The ability of the splenocytes to recognize viral or tumor antigens and in consequence release
IFNy was tested by an IFNy ELISpot (Janetzki et al. 2005). The Immobilon-P PVDF membranes of
the ELISpot plates were activated with 15 puL 35% ethanol per well for no longer than 1 min. Wells
were washed shortly after three times with 200 uL PBS. The plate was coated with 0.5 pg of the
IFNy capture antibody in 100 pL ELISA coating buffer per well at 4 °C overnight. The next day, the
plates were washed three times with 200 pL PBS and unspecific binding sites were blocked with
300 pL of 10% FBS in RPMI medium per well for at least 2 h at RT. After another washing step, the
freshly isolated splenocytes were stimulated by addition of 2 ug peptide or 200 uL KLN205 cell
lysate to 5x10° cells in 1 mL RPMI containing 2% FBS and PS. As a positive control, 5x10° cells in
1 mL were stimulated with 50 ng PMA and 1 pg ionomycin. After mixing, 5x10° cells were applied
to the plates in triplicates. IFNy was released from the stimulated cells during the 18 h incubation
at 37 °C 5% CO, and was detected after six washings with PBS including 0.01% Tween 20, with the
100 pL of sterile filtered biotin-conjugated IFNy-specific detection antibody diluted 1:1000 in PBS
with 1% FBS per well. After incubation for 1.5 h, plates were washed six times with PBS including
0.01% Tween 20 and streptavidin-HRP diluted 1:100 in PBS with 10% FBS was applied for 45 min.
Plates were washed extensively three times with PBS including 0.01% Tween 20 and three times
with only PBS, and 100 pL DAB substrate were applied per well. Developing spots were monitored
closely in order to receive an optimal background to noise ratio. The color reaction was stopped
by washing with ice cold tap water for 10 min. Spots of the dried plate, each correlating to one

IFNy secreting, and thus antigen recognizing immune cell were counted on an ELISpot reader.
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2.2.24. Calcein release and retention assay

Lymphocyte-mediated anti-tumor cytotoxicity was measured by a fluorometric assay. Target
tumor cells were loaded with calcein-AM, a non-fluorescent vital dye that passively enters the cell
membrane of viable cells (Lichtenfels et al. 1994). Inside the cell, the dye is converted by AM ester
hydrolysis by intracellular esterases into the green fluorescent calcein, which is retained inside
cells with intact membranes. Analogous to the classical >'Cr release assay, the calcein release
assay is based on the release of the marker into the supernatant following membrane
permealization, which can here be measured by a fluorescence reader. It correlates with the
number of lysed cells. Alternatively, one can measure the retention of calcein within the cells
(Matza et al. 2009). KLN205 cells as target cells were washed with RPMI medium without FBS.
1x10° cells/mL in serum- and phenol red-free OptiMEM were incubated with 10 uM DMSO
dissolved calcein-AM for 30 min at 37 °C for the dye to enter the cells. Tumor cells were washed
carefully and resuspended in RPMI without FBS to 10° cells/mL. 10* stained target cells in 100 pL
were mixed with splenocytes in various concentrations resulting in different effector cell to target
cell (E:T) ratios of (100:1, 30:1, 10:1, 3:1, 1:1) in 100 pL OptiMEM with 10% FBS added in round
bottom 96-well plates in triplicates. Spontaneous release was determined in six wells by addition
of only medium to the tumor cells. After centrifugation at 200 g for 2 min, the assay was
incubated at 37 °C for 4 h. Maximal release was determined by addition of 1% Triton X-100 for
15 min before the end of the incubation time. After incubation, cells were centrifuged for 5 min at
500 g and the fluorescence of 100 uL supernatant excited at 485 nm was read at an emission
wavelength of 520 nm. Percentage of effector-mediated target cell lysis was calculated as
100% X (Fexperiment = Fspontaneous)/ Fmaximal = Fspontaneous). TO determine the remaining dye retained in the
cells, cells were washed and the fluorescence of the cells read. Percentage of effector-mediated

target cell Iysis was calculated as 100% x (Fspontaneous - Fexperiment)/(Fspontaneous - Fmaximal)'

The calcein assay was also conducted after coculture of splenocytes and growth arrested KLN205
cells. Growth arrest was induced by incubation of 2x10° cells/mL with 50 pg/mL mitomycin C for
30 min in OptiMEM at 37 °C. After washing two times with PBS, the cells were resuspended in
10% FBS in RPMI and PS to a concentration of 3.2x10° cells/mL. 1 mL of these tumor cells were
mixed with 1 mL splenocytes containing 8x10° cells also in 10% FBS RPMI with PS resulting in a
tumor cell to splenocyte ratio of 1:25. The cytokine IL-2 was added at a final concentration of
100 U/mL for general immune cell stimulation. Cocultures were incubated for 5 d at 37 °C 5% CO,
(Schirrmacher et al. 1979). Cells were thereafter collected and counted. The calcein assay after
the coculture was conducted as described above in 10% FBS OptiMEM with E:T ratios of 100:1 and

1:1in triplicates.
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3. Results

3.1. Production and validation of YB-1-dependent oncolytic adenoviruses

3.1.1. Adenovirus production yields good quality viruses for in vitro and in vivo experiments

In order to prevent variance in results due to batch to batch variations of virus preparations, the
same stock of each YB-1-dependent oncolytic adenovirus and control virus was used for all
experiments within this thesis work. Therefore, viruses were produced in large amounts in
4x10%-1x10° HEK293 cells. The amplified viruses were purified by two CsCl gradient
ultracentrifugation steps and desalted with sephadex columns because viruses purified this way
can also be used for in vivo animal experiments. Results for determination of virus titers and
quality of virus production are summarized in table 3-1. Virus production was very efficient,
reaching 19,000-38,000 viral particles per cell, as determined by optical density measurement at
260 nm and calculation of VP concentrations. Virus titers were determined by ICC staining of the
viral essential capsid protein hexon after infection of HEK293 cells. Hexon positive spots can be
counted after staining with a secondary HRP-conjugated antibody and subsequent DAB substrate
conversion. The spots were counted and the viral titers in IFU/cell were calculated. Viruses had
high titers (from 2x10™ IFU/mL) so that reasonable volumes could be applied in each experiment
and that viruses were suitable for application in all in vitro and in vivo experiments within this
thesis. Resulting VP to IFU ratios (4-25) were also within the required range even for the use in
clinical trials (Bauer 2000). Adenoviruses were obtained in high purity with OD¢onm/OD2gonm ratios
ranging from 1.36 to 1.40. Particle size measurement by dynamic light scattering resulted in clear
single peaks and ideal sizes of hydrodynamic diameters (indicated as Z-average) of the
adenoviruses of 110£20 nm. Pdl values, denoting the grade of dispersity, were equal to or smaller
than 0.1, which indicates a lack of aggregate formation and homogeneous sizes of virus particles.
Count rates for dynamic light scattering measurements ranged between 250 and 700 counts
per seconds, signifying that all dynamic light scattering measurements were valid
(Malvern_Instruments 2011, Dr. P.S. Holm personal communication). Viruses were thus all

suitable to be used for the following experiments after verification of the viral genome mutations.
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Table 3-1: Adenoviruses have ideal physical conditions to be used.

Production |Titer VP/IFU ODyeonm/ | Z-Average |PdI
[VP/cell] [IFU/mL] ODss0nm [nm]
Ad-dI703 27,500 2x 10" 11 1.36 111.3 0.048
Ad-wt 25,000 2x 10" 10 1.38 109.0 0.047
Ad-Delo3-RGD 27,778 2x 10" 25 1.38 133.5 0.119
Ad-Delo3-RGD-FIt3L [37,806 2x 10" 4 1.40 114.0 0.079
Ad-PSJL-K 19,267 2x 10" 17 1.39 106.9 0.049

3.1.2. Verification of viral mutations critical for tumor specificity, oncolytic efficacy, and

immune recognition

The modified genome structure of the used oncolytic adenoviruses (figure 2-1) and the
maintenance of mutations during virus production were verified at the beginning of this work. For
this purpose, DNA was isolated from the produced purified viruses and the most important viral
regions were analyzed by PCR analysis. All expected PCR signals are summarized in appendix B
and the observed PCR signals are shown in figure 3-1. Ad-dl703 is rendered replication-deficient
by deletion of most of the E1 region. Faint residual bands resulted from the E1A and the
CR3-specific E1A PCRs and the E1B19K PCR was completely negative (figure 3-1). Presence of the
E3 gene was verified by the E3 PCR. A small residual band was detected for the RGD PCR in the
viral fiber. As expected, Ad-wt comprised all signals except for the artificially integrated RGD
motif. However, like in Ad-dI703, a small residual band was visible in the RGD PCR, which was
fainter though as compared to the oncolytic viruses with integrated RGD motif. Ad-Delo3-RGD
and Ad-Delo3-RGD-FIt3L have an 11 bp deletion in CR3 of the E1A gene (Mantwill et al. 2006,
Rognoni et al. 2009), which is the basis for the YB-1-dependency of these viruses (Holm et al.
2002). Hence, as expected, the PCR for the E1A gene, which allows transcription of the 125 mRNA,
was positive for both viruses, whereas the PCR in which the forward primer binds within the
CR3 sequence was negative for both viruses. 209 bp of the anti-apoptotic E1B19K gene are
deleted in order to increase target cell lysis (Liu et al. 2004, Sauthoff et al. 2000). Indeed, the PCR
specific for this region gave a shorter signal for both viruses, which confirms the deletion (378 bp
instead of 587 bp). The fainter band for Ad-Delo3-RGD was just an artifact in the PCR shown here,
maybe due to addition of a smaller amount of DNA in this particular experiment. Following
experiments resulted in thick bands like the one seen here for Ad-Delo3-RGD-FIt3L (data not
shown). Deletion of E3gp19K is intended to enhance viral immune recognition, since E3gp19K
suppresses MHCI-mediated tumor antigen presentation (Sester et al. 2013). The E3 PCR forward

and reverse primers bind upstream of the E3gp19K and within the ADP gene, respectively. Thus
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Ad-Delo3-RGD, in which most of the E3 region (2.7 kb) including E3gp19K and ADP is deleted,
showed no signal for this region, and Ad-Delo3-RGD, in which E3gp19K is deleted and replaced by
an mFIt3L gene gave the expected signal of 1394 bp. Ad-Delo3-RGD and Ad-Delo3-RGD-FIt3L, as
mentioned above, both comprise the RGD motif in the fiber knob, as confirmed by the RGD PCR.
In Ad-PSJL-K, most of the E1 region, including EIA and E1B19K is deleted, as confirmed by E1A and
E1B19K PCRs. Only a small residual band resulted from the E1A PCR comparable to the residual
band in Ad-dl703, but with no signal for the CR3 PCR. In the E3 region, the E3gp19K gene is
deleted, leading to the shorter product of 646 bp instead of 1248 bp in the E3 PCR. Also
Ad-PSJL-K, as mentioned above, comprises the RGD peptide sequence in the viral fiber knob, as
confirmed by the RGD PCR. To sum up, all viral mutations that are essential for functionality of the
oncolytic viruses were verified and viruses were therefore suitable to be used for the following

experiments.

E1A CR3 B19K E3 RGD E1A CR3 B19K E3 RGD EIA CR3 B19K E3 RGD  E1A CR3 B19K E3 RGD EIA CR3 B19K E3 RGD
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==}
100(u Lo . - - - = - H —
= s =
500 ; - — - “a
100 - (=] = [&=)
Ad-dI703 Ad-wt Ad-Delo3-RGD Ad-Delo3-RGD-FIt3L Ad-PSJL-K

Figure 3-1: The amplified adenoviruses contain the expected mutations. DNA from purified indicated
viruses was isolated by phenol chloroform extraction. DNA was analyzed by PCR with primers specific for
the adenoviral E1A, E1A CR3 (indicated as CR3), E1B19K (indicated as B19K), and the E3 region, as well as a
primer pair for the artificial RGD insertation into the viral fiber knob. PCR products were separated on a
1% agarose gel. Sizes of important marker bands are indicated at the left side as size in bp.

3.1.3. Flt3L is efficiently released in the supernatant of Ad-Delo3-RGD-FIt3L infected cells

in vitro

In order to enhance DC attraction and thus the anti-tumor efficacy of the virus in vivo (Edukulla
et al. 2009), the transgene mFIt3L has been inserted into the E3 region of the Ad-Delo3-RGD viral
vector, resulting in the virus Ad-Delo3-RGD-FIt3L. The presence of the gene in the E3 region was
verified by PCR (figure 3-1). The correct orientation of the inserted gene and the transcription and
expression of the protein were verified by a mFlt3L-specific ELISA. mFIt3L release into the
supernatant of murine KLN205 cells (squamous cell carcinoma cells of the lung) and human A549
cells (adenocarcinomic alveolar basal epithelial cells) was determined 48 h after infection of the
cells with either Ad-Delo3-RGD-FIt3L or its transgene-free counterpart Ad-Delo3-RGD. mFIt3L

proteins were selectively released into the supernatant of Ad-Delo3-RGD-FIt3L virus infected cells
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(figure 3-2). In both KLN205 and A549 cells, 2000-4000 pg/mL mFIt3L was released into
the supernatant, compared to 10-30 pg/mL detected in Ad-Delo3-RGD and mock infected
supernatants. Infection of A549 cells with Ad-Delo3-RGD-FIt3L already reached 2000 pg/mL
mFIt3L after infection with 10 IFU/cell, whereas in KLN205 cells, 100 IFU/cell were needed. This
shows that Ad-Delo3-RGD-FIt3L was able to secrete sufficient amounts of its carried transgene
into the supernatant of infected cells thus allowing the use of this armed YB-1-dependent
oncolytic virus in the in vivo experiments. Of note, results for Ad-Delo3-RGD-FIt3L infection are
not show in all following in vitro experiments because results were similar to the results after

Ad-Delo3-RGD infection.
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Figure 3-2: Ad-Delo3-RGD-FIt3L effectively releases its transgene FIt3L into the supernatant of infected
cells. KLN205 cells (left) and A549 cells (right) were infected with 10 or 100 IFU/cell of either Ad-Delo3-RGD
or Ad-Delo3-RGD-FIt3L as indicated. An ELISA specific for the mFIt3L protein was performed 48 h after
infection. mFIt3L release is indicated as concentration of mFIt3L in pg/mL (n=1).

3.2. KLN205 lung cancer cells as a murine model for YB-1-dependent oncolysis

3.2.1. Murine KLN205 and CMS-5 cells, and Syrian hamster HaK cells are infectable by

adenoviruses

YB-1-dependent oncolytic adenoviruses have so far only been tested in human cell lines in vitro
and in immunocompromised xenograft models in vivo (Holzmuller et al. 2011, Rognoni et al.
2009). However, the immune system on the one hand interferes with the viral infection (Parato
et al. 2005) and is on the other hand said to augment oncolytic virus performance (Boozari et al.
2010, de Gruijl and van de Ven 2012). It is not possible to analyze these important influences on
viral efficacy in immunocompromised human tumor cell models in vivo. Therefore, in an attempt
to identify adequate non-human tumor cells for the use in immunocompetent animals in vivo, a
number of murine and Syrian hamster cell lines were analyzed regarding their infectability by
human adenoviruses and their capability of YB-1-specific oncolysis in vitro. Positive tested cells

could subsequently be used in a syngeneic immunocompetent host to study the influence of the
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immune system on YB-1-dependent oncolysis in vivo. Several weakly immunogenic mouse cell
lines, as well as one Syrian hamster cell line were tested for adenovirus infectability (figure 3-3),
adenoviral particle formation (figure 3-4) and YB-1 expression (figure 3-5). To analyze whether the
non-human cell lines can be infected by adenoviruses, they were infected with a replication-
deficient Ad-eGFP virus. Human cells with known virus propagation were included as positive
controls.
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Figure 3-3: Murine KLN205 and CMS-5 cell, as well as Syrian hamster HaK cells are infectable by human
adenoviruses. A. Indicated cell lines were infected with 100 IFU/cell Ad-eGFP. Immunofluorescent images
were taken 72 h after infection. From top to bottom: merge, brightfield, eGFP. Bars=200um. B. Indicated
cells were infected with indicated MOI of Ad-eGFP and the percentage of eGFP positive cells was assessed
by flow cytometric measurement in the FITC channel 72 h after infection (n=1-2).

Assessment of the rate of infection 72 h post viral infection by fluorescence microscopy (figure
3-3 A) and flow cytometric analysis (figure 3-3 B) of eGFP positive cells verified that human cell
lines were efficiently infected by adenoviruses. Human A549 cells showed the best infectability
with eGFP expression in 100% of the cells after infection with 50 IFU/cell Ad-eGFP (figure 3-3 B).
To reach similar results in human cervix carcinoma cells HeLa and HelLaRDB, about 200 IFU/cell
Ad-eGFP were needed. Murine cells SCCVII (squamous cell carcinoma), CT26 (colon carcinoma),
and SMA-560 (astrocytoma) were almost not infectable by Ad-eGFP, at 100 IFU/cell, less than 1%

of the cells expressed eGFP. Syrian hamster HaK cells (adenocarcinoma) and murine KLN205 cells
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were both infectable by Ad-eGFP. Infection was not very efficient and inferior to all human cell
lines tested, but still sufficient. Infection with 100 IFU/cell Ad-eGFP resulted in eGFP expression in
23% of both KLN205 and HaK cells and 1000 IFU/cell resulted in eGFP expression in 85% of HaK
cells and almost 100% of KLN205 cells after 3 d. CMS-5 cells could be infected very efficiently by
Ad-eGFP with infection rates even higher than in the human cell line A549. However, replication-
deficient Ad-eGFP lysed the cells at viral concentrations starting from less than 10 IFU/cell, an
effect that was not observed in any of the human cell lines, which were stable to Ad-eGFP
infection up to 1000 IFU/cell (for 100 IFU/cell see figure 3-3 A). In summary, HaK, KLN205, and
CMS-5 cells showed sufficient infectability and were therefore further analyzed for their

applicability as non-human target cells for YB-1-dependent oncolysis.

3.2.2. Non-human cell lines HaK, KLN205, and CMS-5 cells allow formation of viral particles

Non-human cell lines HaK, KLN205, and CMS-5 could be infected successfully by adenoviruses
(figure 3-3). However, an additional important criterion for the use in adenoviral oncolysis is
whether these cells allow formation of functional viral progeny. Younghusband et al. have
reported that only early and not late adenoviral proteins are expressed and that in consequence
assembly of functional viral particles is ineffective in non-human cells (Younghusband et al. 1979).
To test whether formation of new infectious particles is possible from Hak, KLN205, and CMS-5
cells, the cells were infected with 100 IFU/cell of Ad-wt. Viral particles were released from the
cells 72 h after infection and the amount of released particles able to infect HEK293 cells was
tested by ICC staining of the viral hexon protein. While 10™°-10"" IFU/mL Ad-wt were formed in
human control cell lines, 3x10° IFU/mL were formed in CMS-5 cells and about 10’ IFU/mL in HaK
and KLN205 cells (figure 3-4). The infectious viral particles present within replication-deficient
virus Ad-dI703 infected cells served as a negative control for new particle formation. About 1x10*
5x10° particles were present within Ad-dI703 infected cells. Only in CMS-5 cells, new particles
were formed from the usually replication-deficient virus at this MOI, resulting in 10° IFU/mL after
3 d, which are almost as many particles as after Ad-wt infection. Moreover, CMS-5 cells were
efficiently killed by the replication-deficient adenovirus Ad-dl703, as already seen for the
replication-deficient virus Ad-eGFP (figure 3-3 A). This sensitivity towards adenoviral infections
makes CMS-5 cells no confident model system to test the effects of virus replication- and particle
formation-dependent oncolysis. Adenoviral particle formation was similar in KLN205 and HaK
cells. In both cell lines about 400-500 times more particles were present after Ad-wt infection
than after Ad-dI703 infection, which was considered as a sufficient precondition for testing of

adenoviral oncolysis.
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Figure 3-4: HaK, KLN205, and CMS-5 cells are able to form infectious progeny. Indicated cells were
infected with 100 IFU/cell Ad-wt or Ad-dI703. 72 h after infection, cells were isolated, viruses were released
from the cells and the viral particles in the supernatant were tested for infectivity in a hexon-based
ICC assay in HEK293 cells. Infectious progeny is depicted as IFU/mL on a logarithmic scale (n=1).

3.2.3. Murine cell lines have sufficiently high expression of YB-1 to enable YB-1-dependent

oncolysis

In order to constitute an adequate model for YB-1-dependent virotherapy, suitable cells need to
have a sufficiently high expression level of YB-1, to allow YB-1-specific replication of viruses
lacking the E1A transactivating domain CR3. The oncogenic factor YB-1, when present in the
nucleus of the tumor cells, can activate the viral E2-late promoter and thus compensate for the
lack or mutation of E1A in the used oncolytic viruses (Holm et al. 2002, Mantwill et al. 2006). The
YB-1 status of the animal cell lines was assessed by WB analysis and immunofluorescence staining
of the YB-1 protein. For both methods, an anti-human YB-1-directed antibody was used that
specifically binds to the first 12 N-terminal amino acids of the protein. Since the epitope is
conserved in human and in murine YB-1 (appendix A), the antibody crossreacts with murine YB-1.
The Syrian hamster YB-1 structure has not been investigated so far, but as the 12 aa sequence is
conserved in human, mouse, rabbit, rat, neat, and Guinea pig (appendix A) according to
information in the UniProt database, the antibody was expected to bind also to the Syrian
hamster protein. YB-1 was differently high expressed in the human control cell lines, with the
highest expression in Hela cells and lower expressions in HeLaRDB and A549 cells (figure 3-5 A).
Human HS68 cells (foreskin fibroblasts) were included as a non-cancer control cell line with low
YB-1 expression. In the murine cell line CMS-5, YB-1 expression was as high as in Hela cells. In
murine KLN205, and also in Syrian hamster HaK cells, YB-1 expression was 50-60% of Hela and
CMS-5 cell expression but similar to A549 cell YB-1 expression, and should thus be sufficient to
allow viral E2-late promoter activation and subsequent tumor-specific replication of YB-1-
dependent oncolytic adenoviruses. YB-1 was found mostly perinuclear in the cytoplasm, but also

in low amounts in the nucleus (figure 3-5 B). In the drug-resistant cell line HeLaRDB in contrast, as
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expected, YB-1 was found predominantly in the cell nucleus (Bargou et al. 1997, Mantwill et al.
2006). However, nuclear YB-1 amounts were slightly higher in HaK cells as compared to Hela cells,
and comparable between KLN205 and Hela cells, thus signifying that levels of nuclear YB-1 should

be sufficient for initiation of viral transcription.

In conclusion, HaK and KLN205 cells seem to be equally good models for the YB-1-dependent
oncolysis. Knowledge about immune cell populations is further advanced in mice and all assays
and antibodies are available for mouse-specific proteins or at least validated for them, in contrast
to Syrian hamster proteins. KLN205 cells were therefore used for all further in vitro experiments,
as well as injected into syngeneic DBA/2 mice to obtain an immunocompetent in vivo tumor

model.
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Figure 3-5: Cell lines all have efficient YB-1 expression to allow YB-1 dependent adenoviral activity.
A. Proteins were isolated from indicated cell lines 72 h after seeding of the cells and were subjected to WB
analysis with an antibody specific for the YB-1 N-terminal region. Densitometry of WB bands of YB-1 and
cellular actin control was performed. The ratio of YB-1 and actin is depicted normalized to Hela cells, which
were set to 100% (n=1-2). B. Immunofluorescent staining of YB-1 with an antibody specific for the YB-1
N-terminal region and a FITC-conjugated secondary antibody (green). Nuclei were stained with Hoechst
33342 (blue). Bars=50 um.
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3.3. Replication of and tumor cell lysis by YB-1-dependent oncolytic adenoviruses

in vitro

3.3.1. YB-1-dependent oncolytic adenoviruses replicate in tumor cells and form infectious

progeny

The ability of the adenoviruses to produce new progeny and lyse its target cells is dependent on
their ability to efficiently replicate in the host system. Mutations within the original adenoviral
genome mostly interfere with the adenoviral ability to efficiently replicate. Thus, the replication of
YB-1-dependent oncolytic adenoviruses was assessed in comparison to Ad-wt in murine KLN205
and human A549 control cells. After infection with 10 IFU/cell of the different adenoviruses, DNA
was isolated and viral replication was analyzed by real time PCR with primers specific for the viral
hexon gene. Hexon DNA copies were normalized to copies of cellular B-actin. In murine KLN205
cells, 130 Ad-wt copies per B-actin copy were present in the cells after 48 h as compared to
0.1 copies after 3 h, depicting a 1000-fold increase (figure 3-6 A). Replication of oncolytic viruses
also peaked 48 h after infection. 7 hexon copies of Ad-PSJL-K were produced and only 0.7 copies
of Ad-Delo3-RGD both per B-actin copy, corresponding to a 100-fold and 10-fold increase of
starting values, respectively. Ad-dl703 DNA amount did not increase during these 4 d, in contrast,
it even decreased slightly over time, confirming the replication-deficiency of the vector. In
human A549 cells, viral replication reached almost 3700 viral DNA copies after 4 d, starting
from 0.1 copies 3 h after virus infection both per B-actin copy, which is a 40,000-fold increase
(figure 3-6 B). Oncolytic adenoviral replication reached similar DNA concentrations as Ad-wt after
4d, however, after 12-72 h, the difference between oncolytic viruses and Ad-wt was still more
prominent with about 10 times higher DNA amounts for Ad-wt. This indicates that both oncolytic
viruses were able to replicate in human cells but that replication kinetics were changed due to the
introduced vector modifications. Also in this cell line, the DNA amount of Ad-dl703 was nearly
unchanged over the whole time course of the infection. In conclusion, Ad-wt replication was, as
expected, superior to replication of Ad-Delo3-RGD and Ad-PSJL-K, but these oncolytic viruses

were still able to replicate in both murine and human cells.

The formation of new viral progeny following viral replication is a prerequisite for viral spread and
effective target cell lysis. Since it is reported that assembly of functional viral particles rather than
viral replication is impaired in non-human cells (Younghusband et al. 1979), formation of
infectious virus particles from oncolytic and wild type adenoviruses was assessed next. Cells were
harvested 72 h after virus infection with 100 IFU/cell and viral particles were released from the
cells by repeated cycles of freezing and thawing. The supernatant including the released viral

particles was examined for infective particles via a hexon protein-based ICC assay in HEK293 cells.
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The ability of the oncolytic adenoviruses to reproduce was diminished in contrast to Ad-wt
in all examined cell lines, about 10-fold in murine KLN205 and 100-fold in human cell lines
(figure 3-6 C). In Hela cells, markedly fewer particles were produced from Ad-Delo3-RGD as
compared to Ad-PSJL-K (100 times). In A549 and KLN205 cells, in contrast to Hela cells,
comparable amounts of Ad-PSJL-K and Ad-Delo3-RGD amounts were produced. In comparison to
replication-deficient Ad-dl703, over 10 times more particles were produced after oncolytic virus
infection in KLN205 cells, in contrast to 10,000 times more particles after oncolytic virus infection
in A549 cells, and 5 or 500 times more IFU of Ad-Delo3-RGD or Ad-PSKL-K, respectively in Hela
cells. Hence, infection with YB-1-dependent oncolytic adenoviruses resulted in efficient
replication and particle formation in murine and human cells, even though replication and particle

formation were less effective than after Ad-wt infection.
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Figure 3-6: YB-1-dependent oncolytic adenoviruses replicate in murine and human tumor cells and form
infectious progeny. A,B. After infection of KLN205 (A) and A549 (B) cells with 10 IFU/cell of the different
adenoviruses, DNA was isolated by phenol chloroform extraction at indicated time points after infection.
100 ng DNA were analyzed for viral replication by real time PCR with primers specific for viral hexon and
cellular B-actin. Results are depicted as hexon copies per B-actin copies on a logarithmic scale (n=1).
C. For assessment of viral infectious particle formation, cells were isolated 72 h after infection with
100 IFU/cell and viruses were released from the cells by three cycles of thawing and freezing. Viral particles
in the supernatant were tested for infectivity with a hexon-based immunohistochemical assay in HEK293
cells. Infectious progeny is depicted as IFU/mL on a logarithmic scale (mean+SEM, n>2).
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3.3.2. Cytotoxicity of YB-1 dependent oncolytic adenoviruses

Adenoviruses capitalize on their hosts cell cycle, transcription, and translation machineries in
order to allow their own survival. When enough viral progeny has been developed in one cell, this
cell is killed by the virus in order to release the virions. The virus thereby spreads to neighboring
cells and further reproduces there (Russell 2009). Replication and particle formation by YB-1-
specific oncolytic adenoviruses was shown (figure 3-6). The cytotoxicity mediated by oncolytic

viruses was measured by staining of proteins of adherent cells with the pink aminoxanthene dye

SRB.
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Figure 3-7: YB-1-dependent oncolytic viruses lyse murine and human tumor cells. SRB assay of virus-
infected KLN205 (A), A549 cells (B), and Hela cells (C). Cells were fixed 6 d after infection with indicated
viruses with indicated MOI and stained with SRB. The solved dye was analyzed by photometry. The results
are indicated as cell survival as explained in the Materials and Methods section and normalized to the mock
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As observed in SRB stained cells, about 10-fold higher MOI were needed to reach the same killing
potential in murine KLN205 than in human A549 cells and about 2-5 times higher MOI than Hela
cells (figure 3-7). These results are in accordance with the reduced replication and particle
formation capability as discussed in the previous section (figure 3-6). About 2-5 times higher MOls
of YB-1-dependent oncolytic viruses were needed to reach the same killing activity like after
Ad-wt infection in all cell lines (figure 3-7). Ad-PSIL-K was slightly less potent in KLN205 cells
as compared to Ad-Delo3-RGD, whereas it was contrariwise in A549 cells. In Hela cells,
Ad-Delo3-RGD was markedly less cytotoxic than Ad-PSJL-K, reaching only the killing potential that
it had in murine KLN205 cells, especially at higher MOls, which was in accordance with the results
for viral infectious particle formation (figure 3-6). Ad-dI703 started to lyse the tumor cells at about
200 IFU/cell, but with 1000 IFU/cell still 70-95% of the cells were viable (figure 3-7). In conclusion,
YB-1-dependent oncolytic viruses were able to lyse even murine KLN205 cells, even though

relatively high MOIs of about 200 IFU/cell had to be applied for 50% lysis.

3.4. Induction of different modes of cell death by wild type and oncolytic adenoviruses

3.4.1. Replicating adenoviruses induce apoptosis in murine and human tumor cells

Many adenoviral proteins like E1A, E1B19K, and E3 proteins influence apoptosis, depending on
the progression in the adenoviral life cycle (Berk 2005, Lichtenstein et al. 2002, White 2001). As
the used YB-1-dependent viruses carry different combinations of mutations of these genes, it
seemed reasonable to investigate how these genetic changes would influence the induction of
apoptosis by these viruses. To examine the degree of apoptosis occurring in the cells dying due to
oncolytic adenovirus infections, a caspase activity assay was conducted using the substrate
Ac-DEVD-amc. The peptide sequence Ac-DEVD has homology to the caspase cleavage site of
PARP1, which is recognized by the effector caspases 3 and 7. During apoptosis, caspases cleave
the nuclear DNA repair enzyme and thereby disable the DNA repair function of PARP1. Cleavage
of PARP1 is a necessary event in the late phase of the apoptotic signaling cascade ultimately
leading to programmed cell death (Decker and Muller 2002, Nicholson et al. 1995). In the assay
used within this thesis, the fluorogenic amc moiety is cleaved from the Ac-DEVD-amc substrate
and the resulting amc fluorescence can be measured. In KLN205 cells, after 24 h, almost no
activity was observed as compared to mock infected cells, whereas caspase activity was highest
after infection with 100 IFU/cell Ad-wt and Ad-Delo3-RGD as compared to mock infected cells
48 h past virus infection (figure 3-8 A). Caspase activity decreased again after the 48 h time point.

Ad-wt and Ad-Delo3-RGD reached almost twice the caspase activity of mock treated cells after
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48 h, whereas Ad-dl703 showed no additional activity. Caspase activity in Ad-PSJL-K treated cells
was slightly elevated to 130%, comparable to FasL and CHX treatment, which served as a positive
control for induction of apoptotic cell death. In A549 cells, Ad-wt infection resulted in the highest
caspase activity 72 h after infection, with values 1.3-fold as high as mock infected cells
(figure 3-8 B). Ad-Delo3-RGD infected cells showed only slightly enhanced caspase activity as
compared to mock infected cells after 48 h and no increase was seen for Ad-PSJL-K injected cells.
Also in this cell line, as expected, Ad-dl703 treatment did not show caspase activity induction. The
results seen in the caspase activity assay show effector caspase activation and indicate cleavage
of PARP1. The actual cleavage of PARP1 was verified by WB analysis of KLN205 and A549 cell
lysates 48 h post infection, which was the time of the highest caspase activity in KLN205 cells as
stated above (figure 3-8 A). In this cell line, the relatively high caspase activity after infection with
replicating and conditionally replicating oncolytic viruses could also be observed in the WB for the
PARP1 cleavage, whereas PARP1 cleavage was observed, but was not very high in A549 cells
(figure 3-8 C). After infection with 100 IFU/cell of the viruses, WB analysis confirmed high caspase
activity in Ad-Delo3-RGD treated KLN205 cells and proved the actual PARP1 cleavage. PARP1
cleavage was also markedly enhanced after infection with Ad-PSJL-K and Ad-wt as compared to
PARP1 in mock treated cells. In replication-deficient Ad-dl703 virus infected cells, as well as in
mock infected cells, only minimal PARP1 cleavage was observed. In A549 cells, PARP1 cleavage
activity was highest for Ad-Delo3-RGD as monitored by WB analysis. Thus in both assays and for
both cell lines, Ad-Delo3-RGD infections showed the highest induction of apoptosis, probably due
to the manipulations in the viral EIB19K and E3 regions. The observed induction is consistent with
the reported induction of apoptosis by Ad-Delo3-RGD in vivo in a xenograft glioma model

(Holzmuller et al. 2011).
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Figure 3-8: Replicating adenoviruses trigger apoptosis in murine and human tumor cells. A,B. KLN205 (A)
and A549 (B) were infected with 100 IFU/cell of depicted adenoviruses. At indicated time points, a caspase
assay using the substrate Ac-DEVD-amc was conducted after lysis of the cells. 3 h before cell lysis, indicated
cells (purple) were treated with 100 ng/mL FasL and 1 pg/mL CHX as a positive control for induction of
apoptosis. Caspase activity is indicated as percentages of caspase activity in mock treated cells (mean+SEM,
n=1-2). C. WB analysis of PARP1 cleavage in KLN205 (top) and A549 cells (bottom). WB analysis was
conducted 48 h after infection with no virus (mock), or 100 IFU/cell of Ad-dI703 (dI703), Ad-wt (wt),
Ad-Delo3-RGD (Delo), Ad-PSJL-K (PSJL-K). Bands constitute full length PARP1 (top, 116 kDa) and cleaved
PARP (middle, 89 kDa), and the bottom row depicts the actin control (42 kDa).
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3.4.2. Adenoviruses cause no major induction of autophagy in murine and human tumor cells

Besides apoptotic cell death, also induction of macroautophagy has been reported after infection
with adenoviruses and is said to positively (Ito et al. 2006, Rodriguez-Rocha et al. 2011)
or negatively (Botta et al. 2012) influence oncolytic cell killing, possibly depending on the
degree of autophagy induction (Kroemer and Levine 2008). Macroautophagy or “self-eating”, in
the following indicated as autophagy, is a conserved self-degradative process involved in
survival, development, and homeostasis, in which proteins and organelles are captured in
autophagosomes and are subsequently directed to and proteolytically degraded in lysosomes.
Autophagy is important for the maintenance of energy sources during development and in
response to stress, such as nutrient deprivation, but also for example viral infection. Cells that
undergo excessive autophagy die in a non-apoptotic, non-necrotic manner (Klionsky and Emr
2000, Levine and Klionsky 2004). In order to analyze whether YB-1-specific oncolytic adenoviruses
induce autophagy, WB analysis of the LC3 protein was conducted. Following translation, the
unprocessed form of LC3 (proLC3) is proteolytically cleaved, resulting in the LC3-I form. Upon
induction of autophagy, LC3-I is conjugated with highly lipophilic phosphatidylethanolamine (PE)
by the interplay of several autophagy-related proteins (Atgs), which control the autophagic
process. LC3-l is thereby turned into its active form LC3-II. LC3-Il in contrast to LC3-l is essential for
autophagy. It gets localized in the lipid autophagosomal membranes, where it is supposed to play
a role in membrane fusion with the lysosome. Later in the process, LC3-Il gets delipidated again by
another Atg protein, Atgd and is recycled along with other Atg proteins (Kabeya et al. 2000, Levine
and Deretic 2007). This process is illustrated in figure 3-9 A. Guidelines in autophagy research
suggest the comparison of the amount of LC3-Il relative to actin rather than the LC-1I/LC-I ratios in
interpretation of WBs (Klionsky et al. 2008, Mizushima and Yoshimori 2007). In KLN205 cells, the
signal intensity for LC3-ll was very strong in all samples, strongest in mock, Ad-dl703, and
Ad-Delo3-RGD infected cells in relation to actin expression as assessed by WB analysis 48 h post
adenoviral infection with 100 IFU/cell (figure 3-9 B). Thus, no relevant virus-mediated
accumulation of LC3-Il was observed in KLN205 cells. In A549 cells, lipidated LC3-Il expression was
by far highest in Ad-Delo3-RGD infected cells and slightly enhanced after Ad-dI703 treatment,
indicating that the treatment causes accumulation of autophagosomes. However, it has to be
considered that also the expression of LC3-1 was high in the case of Ad-Delo3-RGD infection.
In summary, Ad-Delo3-RGD besides apoptosis induction (figure 3-8), showed also the highest
induction of autophagy (figure 3-9), which in the case of KLN205 cells was only a very slight
increase and is not supposed to influence the outcome of the cell, in contrast to apoptosis

induction.
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Figure 3-9: No major induction of autophagic activity after infection with adenoviruses. A. Depiction of
LC3 modification (left) in the process of autophagy (right). After stress signals like starvation, isolation
membranes form around pathogens or damaged or dispensable cellular components (orange). Expressed
proLC3 proteins are rapidly converted into LC3-I. LC3-l is processed and conjugated with PE (yellow) by Atg
proteins (orange) to LC3-Il. LC3-ll is a unique component of the formed autophagosomal membrane. Upon
lysosome fusion, the disposable component is degraded in the autolysosome. Later in the autophagic
process, LC3-1l is delipidated again by Atg4 and is recycled (image modified from Levine and Deretic 2007).
B. LC3-Il is in WB analysis detected as the lower band (around 14 kDa) and LC3-I as the upper band (around
17kDa). WB analysis of virus infected KLN205 (top) and A549 (bottom) cells 48 h after infection with
100 IFU/cell with no virus (mock), Ad-dI703 (dI703), Ad-wt (wt), Ad-Delo3-RGD (Delo), Ad-PSJL-K (PSJL-K).
The actin control (42 kDa) for each sample is shown beneath LC3.

3.4.3. YB-1-dependent oncolytic adenoviruses trigger exposure and release of several ICD

molecules in vitro

For in vivo application of the oncolytic adenoviruses it is important to predict, to what extent the
mode of cell death induced by the YB-1-dependent oncolytic viruses can trigger immune
responses. The different modes of cell death like apoptosis or autophagy-related cell death can be
either immunogenic or tolerogenic (Galluzzi et al. 2012). The immunogenicity of dying cells has

been shown to depend on several distinct events during their dying process (Kroemer et al. 2013,
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Krysko et al. 2012). Early events in ICD, which are usually determined about 24 h after cell death
induction, include cell surface exposure of Hsp70 (Fucikova et al. 2011) and CRT (Obeid et al.
2007b), which are required for efficient antigen presentation and engulfment of dying cells by
DCs. Hsp70 cell surface exposure was markedly enhanced in KLN205 cells infected with Ad-PSJL-K
and Ad-wt to 1.6 and 1.3 times the uninfected value, respectively, as determined by flow
cytometric analysis of the median fluorescence intensity (MFI) 24 h post adenoviral infection
with 100 IFU/cell (figure 3-10 A). Treatment with MTX, a topoisomerase Il inhibitor and DNA
intercalating cytostatic agent (Mazerski et al. 1998), is known to potently activate ICD (Michaud
et al. 2011). Hsp70 exposure after infection with Ad-PSJL-K or Ad-wt was higher than in 1 uM MTX
treated cells. In contrast, Hsp70 exposure was not upregulated, but rather downregulated in
Ad-Delo3-RGD infected cells. The flow cytometric analysis of CRT surface exposure resulted in a
3-fold increase in CRT exposure in the 1uM MTX treated positive control, as assessed by
measurement of the MFI (figure 3-10 B). Infection with Ad-wt resulted in almost twice the CRT
exposure of the mock control, and also the exposure in all other adenovirus infected cells was
increased in comparison to mock treated cells to about 130%. To sum up, infection with most
adenoviruses slightly enhanced the cell surface exposure of both Hsp70 and CRT in vitro. The cell
surface exposure of both ICD parameters was particularly high after Ad-wt infection and the

exposure of Hsp70 was even further enhanced after Ad-PSJL-K treatment.
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Figure 3-10: Adenovirus injection stimulates tumor cell surface exposure of ICD parameters Hsp70 and
CRT. KLN205 cells were treated with 100 IFU/cell of indicated adenoviruses and with 1 uM MTX as positive
control (purple) both for 24 h. A. Hsp70 surface expression was analyzed by Hsp70 immunostaining and
subsequent flow cytometric analysis. Results are indicated as MFI in percentage of the mock treated control
(n=1). B. CRT surface expression was analyzed by CRT immunostaining and subsequent flow cytometric
analysis. Results are indicated as MFI normalized to the mock treated control, which was set to 100%
(meanzSEM, n=2).
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Induction of ICD, and particularly cell surface recruitment of CRT was reported to strongly depend
on phosphorylation of the translation initiator elF2a. by PERK following ER stress (Panaretakis
et al. 2009). P-elF2a expression, as determined by WB analysis was highest for Ad-wt infected
KLN205 cells 48 h post infection (figure 3-11), which is in accordance with the observation of high
CRT surface exposure after Ad-wt treatment (figure 3-10 B). Expression of P-elF2a was also
markedly increased in Ad-PSJL-K infected cells and slightly increased in Ad-Delo3-RGD and
Ad-dI703 infected cells as compared to mock infected control cells (figure 3-11). These results
indicate that adenovirus-mediated induction of ICD, or at least of CRT cell surface exposure, is

indeed dependent of ER-stress response-induced phosphorylation of elF2a.
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Figure 3-11: Adenoviruses induce an ER stress response involving phosphorylation of elF2a.. WB analysis
of P-elF2o. expression in KLN205 cells 48 h after infection with no virus (mock), or 100 IFU/cell of Ad-dI703
(dl703), Ad-wt (wt), Ad-Delo3-RGD (Delo), Ad-PSIL-K (PSJL-K). P-elF2a. (top, 38 kDa) and actin (bottom,
42 kDa) proteins were detected by the respective antibodies.

Later events in the course of ICD include release of ATP (Michaud et al. 2011) and HMGB1
(Apetoh et al. 2007), which result in DC attraction, activation and antigen presentation. ATP
release into the supernatant of injected cells was measured by a luciferase assay, in which the
luminescence signal is based on the ATP-dependent conversion of D-luciferin. As ATP is the
limiting factor in the assay, the intensity of the emitted luminescent light is proportional to the
ATP concentration. ATP release into the supernatant of infected cells was lower than 0.05 nM. It
was therefore hard to assess by the standard curve and was indicated normalized to the mock
control. Release of ATP into the supernatant was strongest from Ad-Delo3-RGD infected cells with
1.7-fold increase as compared to the release in the mock treated control, followed by Ad-wt and
Ad-dI703 infection 24 h after infection with 100 IFU/cell adenoviruses (figure 3-12 A). ATP release
of all other virus infected cells and also of 1 uM MTX treated cells only slightly exceeded the value
of mock treated cells. HMGB1 release into the supernatant of all adenovirus infected cells was
enhanced as compared to mock treated cells as determined by a sandwich ELISA assay after 24 h
and still after 6 d after infection (figure 3-12 B). About 8 ng/mL HMGB1 was released into the
supernatants of the virus infected cells and more than 100 ng/mL were found in the supernatants
of replicating virus or conditionally replicating oncolytic virus infected cells. After 24 h, HMGB1
release was highest from Ad-wt infected cells and lowest from Ad-dI703 infected cells. After 6 d,

HMGB1 release from oncolytic virus, especially PSIL-K infected cells was almost as high as from
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Ad-wt infected cells. The increase as compared to mock infected cells was 2.7-, 2.3-, and 1.7-fold
for Ad-wt, Ad-Delo3-RGD, and Ad-PSJL-K. In summary, adenoviral infection caused exposure and
release of all examined ICD parameters. Ad-wt strongly induced exposure or release of all key
molecules. YB-1-dependent oncolytic viruses, even though they were less cytotoxic at the same
MOI as compared to Ad-wt caused comparable levels of mostly Hsp70, ATP, and HMGB1 exposure
or release. Hsp70 exposure was even higher after Ad-PSJL-K infection as compared to Ad-wt
infection, and ATP release was higher after Ad-Delo3-RGD infection as compared to Ad-wt
infection. These findings indicate that oncolytic adenoviruses, because of their altered genetic
structure induce a cell death with slightly different molecular features, i.e. higher induction of
apoptosis and higher or different exposure and release of ICD molecules as compared to Ad-wt
(figure 3-8 to 3-12). These differences might even, regarding the immunogenicity of the cell death,

compensate for the weaker induction of cell killing (figure 3-7).
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Figure 3-12: Adenoviral treatment is able to elicit release of the ICD parameters ATP and HMGBL1. Cells
were infected with 100 IFU/cell of indicated adenoviruses. A. 24 h after adenoviral infection or treatment
with 1 uM MTX positive control (purple), release of ATP into the supernatant was analyzed. ATP was
analyzed by a luciferase-based assay. ATP release is indicated as percentage of mock treated control
(mean+SEM, n=3). B. HMGBL1 release into the cell supernatant was analyzed 24 h and 6 d after adenoviral
infection by a HMGB1-specific ELISA. HMGB1 in the supernatant is indicted as ng/mL (mean+SEM, n=3).
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3.5. Less interference of YB-1-dependent oncolytic adenoviruses than of Ad-wt with

MHCI expression and IFN signaling

Besides the immunogenicity of dying cells, also the immune recognition of viable virus infected
tumor cells is important for an efficient immune response against the tumor in vivo. Presentation
of antigens by MHCI complexes is the major requirement for immune recognition of tumor cells
and infected cells. Therefore, a sufficiently high presentation of viral and tumor antigens by MHCI
is indispensable for an effective anti-tumor immune response. However, besides the general
downregulation of MHCI expression by tumor cells (Cavallo et al. 2011), also adenoviral E1A
interferes with antigen presentation on MHCI by inhibition of IFNy signaling (Leonard and Sen
1996) and by downregulation of at least two of the three exclusive immunoproteasome subunits,
LMP2 and MECL1 (Berhane et al. 2011, Chatterjee-Kishore et al. 2000). Moreover, adenoviral
E3gp19K directly inhibits MHCI antigen presentation by retargeting of MHCI to the ER (Sester
et al. 2013). It was thus of interest to determine whether KLN205 tumor cells, as described for
tumor cells in the literature, have suppressed levels of MHCI exposure and how infection with
YB-1-specific oncolytic adenoviruses impaired in E1A and E3gp19K influences the cell surface
expression of MHCI. MHCI cell surface expression was detectable on KLN205 cells as monitored by
flow cytometric analysis (figure 3-13). IFNy is known to upregulate antigen processing and MHCI
presentation by activation of several IFN-stimulated genes involved in these events, for example
by initiation of immunoproteasome expression (Zhou 2009). It was therefore investigated
whether IFNy stimulation could induce MHCI expression on the surface of tumor cells. Indeed,
addition of IFNy upregulated the cell surface expression of MHCI in a concentration-dependent
manner (figure 3-13 A). By addition of 200 U/mL IFNy, the MFI increased about 3.5-fold as
compared to unstimulated cells and doubled after treatment with 5 U/mL. Different levels of
MHCI cell surface exposure were observed in KLN205, A549, and Hela cells. In A549 cells (data
not shown), MHCI was expressed on a relatively low number of cells and could not be significantly
enhanced by exposure to IFNy, whereas addition of 2-200 U/mL IFNy to Hela cells increased the
MFI to up to 1.7 times the intensity in unstimulated cells (figure 3-13 A). Addition of 2 U/mL was
sufficient because application of higher concentrations showed no additional increase of MHCI

expression.

80



Results

A KLN205 Hela
B 200U/mLIFNy
B sou/mLIFNY
é é o] E 20 U/mL IFNy
° 40 hs) 40 . SU/leFN'}"
X = Bl w.o.IFNy
[ Isotype control
’ R IHJ3 10 "Us ’ o 1wt I\u’ |t|)‘ 1:35
MHCI-PE MHCI-PE
B Ad-wt KLN205 Ad-Delo3-RGD
an) l"lal ] "' ?Al.
4 ' FI o] [ 1 \ [l Isotype control
5 ||f' | 5 ] | | 5 B VvHC antibody
s ﬁ } \t—.' r (-] "‘ '“
o w0 w1 o @ 1@ Wt s
c MHCI-PE MHCI-PE
—. 400 - KLN205
e
§ 300 H
e
g 200 H
5 .W,0,|FN*‘!
® 100 7 m5U/mLIFNy
o
= g
& g & L \\;!v
ﬁ‘\ 6’6\ \?b 6),%' ,Q"’
v ,<)"> N
\?-6

Figure 3-13: YB-1-dependent oncolytic adenoviruses do not downregulate MHCI surface exposure in
contrast to Ad-wt. A. KLN205 (left) and Hela (right) cells were treated with different amounts of IFNy
overnight. Cells were than stained for MHCI expression. Fluorescence intensity (PE) is indicated on the
x-axis with a logarithmic scale against the percentage of maximal counts on the y-axis. The isotype control is
depicted in red and untreated cells in blue. B. Flow cytometric analysis of MHCI cell surface expression in
KLN205 cells was conducted 24 h after infection with 100 IFU/cell Ad-wt (left) and Ad-Delo3-RGD (right).
MHCI stained cells are shown in black and the isotype control is depicted in blue. Fluorescence intensity
(PE) is indicated on a logarithmic scale (x-axis) against the number of cell counts (y-axis) C. Flow cytometric
analysis of MHCI cell surface expression in KLN205 cells was conducted 24h after infection with 100 IFU/cell
of indicated viruses. To stimulate MHCI expression, indicated cells (red) were treated with 5 U/mL IFNy
overnight before analysis. MFI was measured and values are depicted as percentage of mock treated not
IFNy treated cells (mean+SEM, n=2).

The influence of adenoviral infection on MHCI exposure in KLN205 cells was examined
next. As expected, infection with 100 IFU/cell Ad-wt, which contains both EIA and E3gp19K,
downregulated the MHCI surface exposure to 30% as compared to uninfected cells 24 h

after infection (figure 3-13 B,C). Overnight IFNy treatment of cells before flow cytometric

81



Results

measurement, was not able to rescue the diminished exposure significantly, which was still 44%
as high as the fluorescence intensity measured in mock infected cells (figure 3-13 C). All the other
viral constructs, namely Ad-dI703, Ad-PSJL-K, and Ad-Delo3-RGD, all of which have mutations in
E1 and or E3, were not able to downregulate MHCI expression (figure 3-13 B,C), and IFNy was
always able to enhance MHCI expression in contrast to uninfected unstimulated cells (figure
3-13 C). Ad-dI703 and Ad-PSJL-K treatment slightly decreased MHCI surface exposure (to 72-82%).
In contrast to Ad-wt treatment, this effect was completely rescued by stimulation with IFNy,
reaching almost twice the mock value of MHCI expression after stimulation. After Ad-Delo3-RGD
infection, MHCI was not downregulated, however, addition of IFNy did not have a stimulatory
effect on MHCI exposure, in contrast to IFNy-stimulated increase of MHCI cell surface expression
after other treatments. Thus, MHCI presentation of virus and tumor antigens was higher after
oncolytic virus infection than after Ad-wt infection, suggesting that tumor cells treated with YB-1-
specific oncolytic adenovirus should be more susceptible to MHCI-dependent recognition by the

immune system in vivo.

IFNy-regulated antigen processing and MHCI presentation is dependent on Statl expression and
phosphorylation (Zhou 2009). IFNy signaling is also generally regulated by phosphorylation and
homodimerization of Statl. Adenoviral E1A has shown to downregulate IFNy by inhibition of Statl
expression (Leonard and Sen 1996). Monitoring of P-Stat1l by WB analysis 48 h post infection with
100 IFU/cell of different adenoviruses resulted in P-Statl dimers observed in virus infected cells as
well as mock treated control cells (figure 3-14). By the size of the dimers, dimers were defined as
P-Statl homodimers. As expected, P-Statl expression was markedly reduced in E1A gene positive
Ad-wt infected KLN205 cells, which is also consistent with the downregulation of MHCI after
Ad-wt infection in KLN205 cells and with the lack of further stimulation of MHCI expression by
addition of IFNy (figure 3-13). P-Stat1 expression was also reduced in oncolytic virus infected cells,
but to a smaller extent than after Ad-wt infection (figure 3-14). Infection with replication-deficient
Ad-dI703 did not influence P-Statl expression. In conclusion, oncolytic viruses in addition to the
enhanced MHCI expression as compared to Ad-wt also showed enhanced IFNy signaling thus

further enabling in vivo immune activity.
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Figure 3-14: Ad-wt downregulates P-Statl expression. WB analysis of KLN205 cells 48 h after infection with
no virus (mock), or 100 IFU/cell of Ad-dI703 (dI703), Ad-wt (wt), Ad-Delo3-RGD (Delo), Ad-PSJL-K (PSJL-K).
P-Statl (top) and actin (bottom, 42 kDa) proteins were detected by specific antibodies. P-Statl usually
results in bands of 84 and 91 kDa, the bands in the presented WB depict dimers of approximately 180 kDa.
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3.6. Use of immunocompetent KLN205 cells in DBA/2 mice to test efficacy of YB-1-

dependent oncolytic adenoviruses in vivo

YB-1-dependent oncolytic adenoviruses were shown lyse murine KLN205 tumor cells in vitro
(figure 3-7). Moreover, a reduction in tumor growth after infection of human xenograft tumors in
immunocompromised mice with Ad-Delo3-RGD has been described before (Holzmuller et al.
2011, Rognoni et al. 2009). However, the immune system has been shown to hamper oncolytic
adenoviral efficacy by clearing of viruses (Parato et al. 2005), but also to enhance tumor
destruction by immune-mediated cytotoxicity against the tumor cells (Boozari et al. 2010, Woller
et al. 2011). Therefore, the influence of YB-1-dependent oncolytic viruses on tumor growth and
anti-virus and anti-tumor immunity was examined in an immunocompetent mouse model. DBA/2
mice were injected with syngeneic KLN205 cells with viabilities of 92-95%. 2x10° cells were
injected subcutaneously into the flank of the animals, whereupon tumor take was 100%. When
tumors reached an average diameter of 0.5 cm after about 14 d, 10° IFU adenoviruses per mouse
were injected intratumorally. Mice received YB-1l-dependent oncolytic adenoviruses
Ad-Delo3-RGD, Ad-Delo3-RGD-FIt3L, or Ad-PSIL-K, replication-competent control virus Ad-wt, or
replication-deficient control virus Ad-dl703. Control mice received injections of PBS only. Group
sizes were 4-6 mice per group depending on the experiment. The conduction of the in vivo

experiments within this work is summarized in figure 3-15.
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Figure 3-15: Schematic depiction of in vivo experiments. 2x10° cells were injected subcutaneously into the
flank of DBA/2 mice. When tumors reached an average diameter of 0.5 cm after about 14 d, 10° IFU
adenoviruses per mouse were injected intratumorally at day 0. Mice were sacrificed 3 d after virus injection
to assess the virus-mediated tissue damage and 7 d after treatment to assess the maximal adaptive immune
response, which is mediated by DCs and subsequent CTL-mediated IFNy secretion and tumor cell killing.
Blood was taken from the mice 14 d after virus injection to assess the humoral anti-virus response. Tumor
sizes were monitored for 28 d and mice were sacrificed thereafter.
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3.7. Reduction of tumor growth after oncolytic adenoviral treatment

Adenoviral therapy has been shown to successfully reduce tumor growth of KLN205 cell tumors in
DBA/2 mice (Edukulla et al. 2009, Woller et al. 2011). KLN205 tumors in this study after injection
into the flank of DBA/2 mice grew very differently, showing great variances between mice within
each treatment group. Tumor growth was slightly slowed down in oncolytic virus infected mice,
particularly in Ad-Delo3-RGD treated mice (figure 3-16). Especially after 4-11 d, tumors treated
with oncolytic viruses or Ad-dI703 grew very slowly, whereas tumors grew faster in PBS and Ad-wt
treated mice. After 11 d, also oncolytic and Ad-dI703 treated tumors began to grow faster, with
Ad-dI703 treated tumor growing fastest, especially after about 20 d. For all tested groups, tumor
volumes increased about 7- to 8-fold on average during the 28 d course of the experiment.
A second injection of virus 7 d after the first injection, as performed for two animals per group,
did not result in further decrease of tumor growth (data not shown). Three out of seven PBS
injected mice had to be excluded from the experiment due to tumor sizes, tumor ulcerations, lack
of weight gain, or signs of morbidity, according to the animal welfare guidelines. Two mice were
taken out of the experiment 14 d after treatment and one mouse after 22 d. One Ad-wt treated
mouse was excluded from the experiment 14 d after treatment because of a big tumor and signs
of morbidity. One Ad-Delo3-RGD-FIt3L mouse had to be taken out of the experiment because of
an ulcerated tumor after 22 d. The experiment was terminated after 28 d, when most tumors
reached critical sizes. To summarize, treatment with YB-1-dependent oncolytic adenoviruses
slowed down tumor growth in comparison to treatment with Ad-wt or Ad-dI703 and resulted in

improved overall state of health of the treated mice.
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Figure 3-16: Reduced tumor growth after oncolytic virotherapy. Tumor growth was measured 2 d before
virus treatment, at the day of virus treatment and then every 3 d in average in two dimensions. Tumor
volume was calculated as 0.52 x (length x widthz) and is depicted in mm?. Asterisks denote mice that were
excluded from the experiment at that time point. They are thus not included to calculate the mean group
tumor size after that time point. 14 d after viral treatment, two PBS treated mice were excluded and one
Ad-wt treated mouse. After 22 d, one Ad-Delo3-FIt3L injected mouse was taken out of the experiment and
one PBS treated mouse. N at the beginning of the experiment = 6 mice per group, n(PBS)=7 mice per group
at the beginning of the experiment. Error bars are not included into the figure to facilitate figure reading.

3.8. Mediation of tumor inflammation by replicating adenoviruses

Oncolytic adenoviruses are reported to induce strong inflammation in tumors 3 d after infection
(Woller et al. 2011). Therefore, tumor tissues were analyzed for changes in morphology and
infiltration of inflammatory immune cells 3 and 7 d after intratumoral virus injection. Paraffin
embedded tumor tissue sections of 2 um were stained with H&E, a classical stain for analysis of
histological samples. Histopathology revealed that all tumors grew undifferentiated (figure 3-17),
a sign for particularly aggressive tumor growth (Brabletz 2012). In tumors of all groups, necrotic
areas could be observed within the tumor mass (figure 3-17 A), which is a typical consequence
of insufficient oxygen and nutrient supply due to rapid tumor growth (Grivennikov et al. 2010,
Zong and Thompson 2006). Additional major tumor lysis resulting from adenoviral infection was
not observed. In all tumors, the tumor-host interface was infiltrated with inflammatory immune
cells (figure 3-17 B). In replicating virus infected cells, foci of inflammation were visible within the
tumors, containing mostly cells with nuclei resembling granulocytes (figure 3-17 C), an effect that
was not observed in PBS and Ad-dI703 treated tumors (figure 3-17 D). This inflammation could be
observed 3 as well as 7 d after virus treatment. Tumors were stained with the macrophage
marker F4/80 to further assess innate immune cell recruitment. As seen in the H&E sections

(figure 3-17 B), rims of the tumors were highly infiltrated by macrophages (figure 3-17 E). Within
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the central tumor mass however, no macrophage infiltration was observed (figure 3-17 F). Thus,
in accordance with literature reports (Woller et al. 2011), also YB-1-dependent oncolytic

adenoviruses were able to trigger infiltration of tumors by immune cells, most likely granulocytes.

Figure 3-17: Treatment with replicating adenoviruses triggers infiltration of tumors by innate immune
cells. A-D. 2 um paraffin sections of tumors were stained with H&E. Bars=500 um (A), 100 um (B-D). Tumor
necrosis in the central area was assessed 7 d after treatment with Ad-Delo3-RGD. One necrotic area is
encircled (red) (A). Immune cell infiltration in the rim areas was assessed 3 d after PBS treatment (B) and
infiltration in central areas 3 d after treatment with Ad-wt (C) or PBS (D). Examples for immune cells and
foci of inflammation are encircled (red). E,F. 2 um paraffin sections of tumors 3 d after Ad-Delo3-RGD
treatment were stained for macrophage infiltration with an anti-F4/80 antibody. HRP-catalyzed substrate
development is indicated (brown). Cells were counterstained with hemalum solution (blue). Depiction of
one rim (E) and one middle (F) area. Arrows point to examples of stained F4/80 positive cells (E).
Bars=100 um.
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3.9. Adenovirus-mediated immune cell recruitment

3.9.1. Adenovirus treatment of tumors increases spleen weight and blood leukocyte counts

Adenoviruses infection triggers a broad range of immune cell recruitment and activation including
recruitment of innate and adaptive immune cells, as well as of humoral immune responses
(chapter 1.9.1). To assess the overall immune activation after adenoviral treatment, spleens of
virus treated cells were weighed. Spleens of healthy mice had a weight of about 95 mg, whereas
spleens of tumor bearing mice weighed 120 to 200 mg 3-7 d post virus treatment and 160 to
260 mg 28 d post virus treatment (figure 3-18 A). Over the whole time course, spleen weight was
about 160 mg in PBS treated tumor mice. 3 d after virus injection, the spleen weight was about
the same with or without virus treatment (120-160 mg), but spleens of virus treated mice were
grown 7 d after treatment to over 180 mg for Ad-wt, Ad-PSJL-K, and Ad-dI703 treated mice, but
not in mice with Ad-Delo3-RGD and Ad-Delo3-RGD-FIt3L therapy. 28 d after virotherapeutic
treatment, spleens of virus infected cells were grown significantly to about 240-260 mg whereas
PBS treated mice still had 160 mg spleens. Only in Ad-Delo3-RGD-FIt3L treated mice, average
spleen weight was 210 mg, and thus slightly lower than in all other virus treated animals. General
leukocyte recruitment in the blood was assessed by flow cytometric analysis 3 and 7 d after
treatment of tumors (figure 3-18 B). In the blood, numbers of leukocytes were increased after
infection with all used viral variants, with highest numbers of leukocytes present in the blood
after Ad-wt, Ad-PSJL-K, and Ad-dlI703 treatment, demonstrating that adenoviruses efficiently

trigger leukocyte recruitment into spleen and blood.
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Figure 3-18: Adenovirus-mediated increase in spleen weight and blood leukocyte counts. A. Spleens of
virus treated tumor bearing mice and non-tumor bearing control mice (w.o. tumor) were isolated at
indicated time points after virus treatment and weighed. Spleen weight in mg is depicted (mean+SEM,
n>4 mice per group). B. The leukocyte count in the blood of virus treated tumor bearing mice and non-
tumor bearing control mice (w.o. tumor) was determined by flow cytometric analysis of CD45 expression
7 d after virus treatment. CD45 positive leukocytes are depicted as counts per L, which were calculated
from the population counts as stated in the Materials and Methods section (mean+SEM, n>4 mice per

group).

3.9.2. Ad-wt and Ad-PSJL-K elicit increased recruitment of several immune cell populations
into the blood

Successful oncolytic viral treatment and anti-tumor immune activity depends mostly on DC
recruitment and T cell activation (Diaconu et al. 2012, Edukulla et al. 2009, Huang et al. 2010),
while the role of B cells (Candolfi et al. 2011, Diaconu et al. 2012) and NK cells (Alvarez-
Breckenridge et al. 2012a, Alvarez-Breckenridge et al. 2012b, Choi et al. 2012) in virotherapy is
discussed controversially. Possible contributions of these immune cells to the observed anti-
tumor effect of the administered adenoviruses should be investigated. Therefore, concentrations
of these immune cell populations in the blood were examined by flow cytometric analysis 7 d
after viral tumor treatment. Ad-wt and Ad-PSJL-K treatment of tumor bearing mice induced
strong recruitment of all analyzed immune cell populations into the blood (figure 3-19). T cell

recruitment was particularly high after Ad-PSJL-K infection and B cell counts were highest in blood
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from Ad-wt infected mice. Replication-deficient Ad-dl703 treatment caused no additional
recruitment of T cells and B cells as compared to PBS treatment, whereas the DC count was
enhanced after Ad-dl703 treatment. Ad-dI703 triggered recruitment of more NK and natural killer
T (NKT) cells at the same level as Ad-wt and Ad-PSJL-K. Treatment with Ad-Delo3-RGD and
Ad-Delo3-RGD-FIt3L resulted in similar immune cell recruitment patterns. As opposed to the
knowledge that FIt3L as a transgene recruits DCs (Edukulla et al. 2009), no additional DC
recruitment was observed after Ad-Delo3-RGD-FIt3L treatment of tumors. Both DC and T cell
recruitment were even slightly lower than after Ad-Delo3-RGD treatment without FIt3L transgene.
Only B cell, NK, and NKT cell recruitment was slightly enhanced by the additional FIt3L transgene
as compared to Ad-Delo3-RGD. In summary, Ad-wt and Ad-PSJL-K induced recruitment of total
immune cells (figure 3-18), as well as recruitment and differentiation of all immune cell
populations that are supposed to play a role in immune reactions against tumors following
oncolytic virotherapy. Mainly DCs and T cells are said to be important for the success of
virotherapy and these immune cell populations were even stronger recruited by Ad-PSJL-K

treatment than by treatment with Ad-wt (figure 3-19).
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Figure 3-19: Adenoviruses, especially Ad-wt and Ad-PSJL-K, trigger recruitment of DCs and immune
effector cells. Blood of virus and PBS treated tumor bearing mice and non-tumor bearing control mice
(w.o. tumor) was analyzed for immune cell populations 7 d after virus injection. Immune cells were stained
with antibodies specific for CD45, CD11c, CD3, CD49b, and CD19 and analyzed by flow cytometry in the
presence of Trucount beads. Cell population counts per uL are depicted. They were calculated from the
population counts as stated in the Materials and Methods section. Immune cell populations were gated and
defined as follows: DCs (DC) (CD45+/CD11c+/CD3-), T cells (TC) (CD45+/CD11c-CD49b-/CD3+), B cells (BC)
(CD45+/CD11c-CD49b-/CD19+), NK cells (NK) (CD45+/CD49b+/CD3-), NKT cells (NKT) (CD45+/CD49b+/CD3+)
(mean+SEM, n=5 mice per group, n(w.o. tumor)=4 mice per group).
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3.10.Efficient anti-virus host immune response

Recruitment of total immune cells and distinct immune cell populations by adenovirus treatment
of tumors has been shown before (figures 3-18 and 3-19). Since adenoviruses are very
immunogenic naturally (de Gruijl and van de Ven 2012), high immune responses against the
injected agents were expected. However, adenoviral treatment can also enhance anti-tumor
immune responses (Boozari et al. 2010). Hence, in order to be able to discriminate between
contributions of anti-virus and anti-tumor effect to the recruitment of immune cells after YB-1-
dependent oncolytic virus treatment of tumors, the anti-virus and anti-tumor immune responses
were examined. First, humoral anti-viral responses in the serums of the mice were analyzed by
ELISA 14 d after adenovirus treatment of tumors (Woller et al. 2011). Total Igs were efficiently
produced against administered adenoviruses (figure 3-20 A). Most antibodies were produced
against Ad-Delo3-RDG, more than against Ad-wt and Ad-PSJL-K. Surprisingly, markedly less
antibodies were produced against Ad-Delo3-RGD-FIt3L viruses than against all other
adenoviruses, even less than against replication-defective Ad-dl703 viruses. A second virus
treatment, 7 d after the first one, augmented anti-viral antibody responses in all groups
(figure 3-20 B). Responses after repeated adenovirus delivery rose least in Ad-wt infected mice
and most in Ad-dl703 treated mice. In Ad-Delo3-RGD-FIt3L, since only two mice per group were
treated twice and since one mouse had highly elevated antibody responses and responses in the
other mouse remained low, conclusions are hard to draw. Cellular anti-virus responses were
determined by an IFNy-specific ELISpot assay. 3 d after virus treatment, no upregulation of IFNy
expression after stimulation with viral peptide DBP was seen in splenocytes of treated mice
(ca. 1 spot per 5x10° splenocytes). 7 d after viral injection into tumor bearing mice, splenocyte
recognition of the viral peptide and following IFNy release was very high (figure 3-20 C). PMA and
ionomycin-stimulated positive controls resulted in 120-220 spots per 5x10° splenocytes, whereas
the immune effector cell recognition was highest against Ad-wt, reaching 210 spots per
5x10° cells, all spots resembling one IFNy secreting cell. Ad-PSJL-K and Ad-Delo3-RGD infection
resulted in 200 and 170 spots per 5x10° cells, respectively. Ad-Delo3-RGD-Flt3L, as observed for
the humoral response, elicits a response that is, with about 70 spots per 5x10° cells, significantly
smaller than for the other viruses. After Ad-dl703 treatment of tumor bearing mice, splenocyte
IFNy release was minimal, reaching less than 9 spots per 5x10° cells. PBS treated mice reached
2 spots per 5x10° cells in average. Collectively, treatment of tumors with YB-1-dependent
oncolytic adenoviruses induced strong anti-viral humoral and cellular immune responses
comparable to Ad-wt treatment. The anti-virus immune responses in general, and particularly the

cellular response, were strongly dependent on viral replication.
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Figure 3-20: Replicating adenoviruses trigger efficient humoral and cellular host anti-virus responses.
A. Analysis of anti-viral antibody response. Blood was taken from virus injected tumor bearing mice 14 d
after virus injection. The serum was analyzed for virus-specific total Ig antibodies by ELISA and is depicted as
OD4s0nm — ODsgonm (MeantSEM, n=5 mice per group). B. Analysis of anti-viral antibody response after
treatment of tumor bearing mice after two consecutive virus injections, at day 0 and day 7. Blood was taken
14 d after the first virus injection. The serum was analyzed for virus-specific total Ig antibodies by ELISA and
is depicted as OD4sonm — ODsgonm (Mean+SEM, n=2 mice per group). C. Analysis of anti-viral cellular response.
Splenocytes were isolated from virus injected tumor bearing mice 7 d after virus injection.
5x10° splenocytes per well were stimulated with 0.2 pg viral DBP peptide. The number of virus-specific
IFNy-secreting splenocytes was analyzed by ELISpot assay and is depicted as spots per 5x10° cells
(mean+SEM, n=5 mice per group).

3.11. Anti-tumor immune reactions elicited by YB-1-dependent virotherapy

3.11.1. Replicating or conditionally replicating viruses induce exposure and release of ICD

molecules in mice

In vitro analysis of ICD parameters after YB-1-dependent oncolytic virus infection of tumor cells,
particularly of molecules released during the later stages of ICD, namely ATP and HMGB1
(figure 3-12), provided an indication that treatment with oncolytic viruses could enhance the
immunogenicity of the cells dying due to the viral therapy. Hence, ATP and HMGB1 were also
analyzed after in vivo application of YB-1-dependent oncolytic viruses, in the serum of tumor
bearing mice 7 d after treatment with adenoviruses. Both ATP and HMGB1 release were highly
variable between the animals, also within one group. In the ATP assay, the mean serum ATP
concentrations were smaller in animals without tumors, PBS treated mice, and Ad-dl703 treated

mice (all around 1000 nM) as compared to ATP levels in animals treated with any of the other
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viruses (figure 3-21 A). Mean ATP serum values were around 1800 nM after Ad-PSJL-K and
Ad-Delo3-RGD treatment and around 1400 nM after Ad-wt and Ad-Delo3-RGD-FIt3L treatment.
The high ATP release after Ad-Delo3-RGD treatment is in accordance with the high ATP release
after Ad-Delo3-RGD infection in vitro (figure 3-12 A). Serum release of HMGB1 from mice without
tumors and PBS injected control mice was as high as after treatment with Ad-wt or oncolytic
viruses (figure 3-21 B). Only the HMGB1 serum concentrations after replication-deficient Ad-dl703
treatment were particularly low (4 ng/mL). Mean HMGB1 concentrations were highest for Ad-wt
and Ad-Delo3-RGD-FIt3L (9 ng/mL), in contrast to 7 ng/mL in Ad-Delo3-RGD and Ad-PSJL-K treated
animals, but because of the high variations no big differences were visible between all groups.
Because of the high variability of ATP and HMGB1 serum concentrations, differences are hard to
analyze. However, treatment with YB-1-specific oncolytic adenoviruses triggered the same or
even higher release of ICD-specific molecules than treatment with Ad-wt, suggesting, like the

in vitro results, a high immunogenicity of tumor cells dying because of oncolytic virus treatment.
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Figure 3-21: Adenoviral therapy with replicating viruses elicits release of ICD parameter ATP and HMGB1
in vivo. A. Released ATP in serum of virus or PBS treated tumor bearing mice and non-tumor bearing mice
(w.o. tumor) was analyzed by a luminescence-based assay 7 d after virus injection. Serum ATP is depicted
in nM (mean+SEM, n=5 mice per group, n(w.o. tumor)=3 mice per group). B. Release of HMGB1 in serum
of virus or PBS treated tumor bearing mice and non-tumor bearing mice (w.o. tumor) was analyzed by
ELISA 7 d after virus injection. Serum HMGB1 is depicted in ng/mL (mean+SEM, n=5 mice per group,
n(w.o. tumor)=3 mice per group).
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3.11.2. Adenoviral treatment is able to trigger anti-tumor immune responses

The key question for the applicability of the viruses as anti-tumor therapeutics is whether the
oncolytic adenovirus infection can trigger an immune response that is not only directed towards
the virus (figure 3-20), but rather towards the tumor (Woller et al. 2011). To address this
guestion, the splenocytic immune cells were tested regarding different aspects of cytotoxic
activity. Their potential to recognize tumor antigens and in consequence secrete IFNy was assayed
by IFNy-specific ELISpot (figure 3-22 A). Their potential to show degranulation and in consequence
degranulation-mediated release of cytotoxic molecules like granzymes and perforin should be
further tested. Degranulation as a consequence of tumor antigen stimulation was assayed by flow
cytometric analysis of the degranulation marker CD107a (figure 3-22 B). Finally, the potential of
the immune effector cells to lyse tumor cells was tested by cell-mediated cytotoxicity assay with

calcein-AM assay (figure 3-22 C).
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Figure 3-22: Schematic overview over analysis of anti-tumor immune responses. A. Tumor lysate- or
tumor peptide-triggered splenocyte IFNy secretion was analyzed by an IFNy-specific ELISpot analysis.
B. Tumor lysate-triggered degranulation of splenocytes resulting in perforin and granzyme release.
Degranulation of splenocytes was analyzed by flow cytometric analysis of the degranulation marker CD107a
on the splenocyte surfaces. C. Splenocyte-mediated tumor cell lysis was assessed by a calcein release assay.
Calcein loaded tumor cells release calcein following splenocyte-mediated cell lysis. The assay was
conducted with or without prior coculture of splenocytes with tumor cells.
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The tumor-specific release of IFNy was monitored by an IFNy-specific ELISpot assay after
stimulation of splenocytes with tumor peptide (hTert) or KLN205 cell lysate (figure 3-22 A). 3 d
after virus injection, when no adaptive immune response was expected, IFNy responses did not
exceed 2-3 spots per 5x10° cells (data not shown). 7 d after adenovirus treatment, following
stimulation with either of the tumor antigens, splenocytes of virus infected mice showed higher
IFNy responses as compared to PBS treated mice (figure 3-23). Animals without tumor had IFNy
responses of less than or equal to 1 spot per 5x10° splenocytes, which resembles the background
levels of the measurement. IFNy release was strongest in Ad-PSJL-K treated animals, exceeding
4 spots for both peptide and lysate stimulation in four out of five animals and even 6 spots in two
or three out of five animals, respectively. IFNy release from splenocytes of PBS treated animals in
contrast reached an average of 1-2 spots per 5x10° splenocytes. Responses were also slightly
elevated after Ad-dl703 treatment as compared to the other viruses, and following tumor lysate
stimulation also for Ad-Delo3-RGD-FIt3L (figure 3-23 B). The increased anti-tumor response
following Ad-Delo3-RGD-FIt3L treatment was in contrast to the reduced anti-virus response after
treatment with this virus (figure 3-20). Negative controls without stimulation or with stimulation
with the negative control lacZ peptide showed 1-3 spots per 5x10° cells and PMA and ionomycin-
stimulated positive controls resulted in 120-220 spots per 5x10° splenocytes, indicating the
general functionality of the assay. IFNy release following stimulation with either of the tumor
antigens was thus enhanced by viral treatment, especially after Ad-PSJL-K treatment, indicating a

slight stimulation of anti-tumor responses by adenoviral treatment.
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Figure 3-23: Ad-PSJL-K treatment augments the anti-tumor immune response. ELISpot analysis from tumor
bearing mice treated with indicated viruses or PBS and non-tumor bearing mice (w.o. tumor). Splenocytes
were isolated 7 d after treatment of animals and 5x10° freshly isolated splenocytes per well were
stimulated with 0.2 pug hTert peptide (A) or 20 uL tumor lysate cell lysate (B). Results are indicated as spots
per 5x10° cells (mean+SEM, n=5 mice per group, n(w.o. tumor)=4 mice per group).
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Cytotoxic activity of CTL and NK cells, mediated by release of cytokines and release of cytotoxic
molecules like granzymes or perforin, requires degranulation of the cytotoxic cells. Degranulation
following stimulation is marked by cell surface exposure of the membrane glycoprotein
lysosomal-associated membrane protein-1 or CD107a (figure 3-22 B) (Aktas et al. 2009, Alter et al.
2004). Splenocytes of virus infected tumor bearing mice were stimulated with tumor antigens of
KLN205 cell lysates for 4 h. During this time, they were coincubated with CD107a antibody, as
well as monensin, which prevents the acidification of endocytic vesicles. It thereby avoids
reinternalization and degradation of cell surface exposed CD107a proteins, and thus enables
visualization of this marker following stimulation (Alter et al. 2004). Tumor cell lysate stimulation
was able to stimulate degranulation, as visualized by flow cytometric analysis of CD107a cell
surface exposure of splenocytes from tumor bearing virus treated mice (figure 3-24 A). 4% of
CD8+ CTLs of non-tumor bearing control animals were positive for CD107a surface expression
following tumor antigen stimulation (figure 3-24 B). The same percentage was seen in PBS treated
tumor bearing animals. Treatment of tumor bearing mice with adenoviruses augmented CD107a
surface exposure following tumor antigen stimulation to more than 5% of CD8+ CTLs. Treatment
with Ad-wt and Ad-PSJL-K showed a 1.5-fold increase as compared to 6.5% of CD8+ CTLs upon PBS
treatment. NK cell CD107a surface expression following tumor antigen stimulation was elevated
by adenovirus treatment of mice from 70% of NK cells in non-tumor bearing control mice or
tumor bearing PBS treated animals to 75% of NK cells after virus treatment (figure 3-24 C). Only
Ad-wt treatment was not able to augment CD107a surface exposure. NKT cell surface expression
of CD107a was augmented after virus treatment of animals from 65% of NKT cells in PBS treated
animals to 75% of NKT cells. Hence, in accordance with IFNy release measured in total splenocytes
(figure 3-23) also degranulation of CTLs, NK cells, and NKT cells was enhanced following
adenoviral treatment (figure 3-24). The strongest degranulation in CTLs was seen after Ad-wt and
Ad-PSJL-K treatment, which is in concert with the generally enhanced immune cell recruitment by
these viruses (figures 3-18 and 3-19) and with the increased IFNy release after Ad-PSJL-K

treatment (figure 3-23).
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Figure 3-24: Adenovirus-mediated degranulation of cytotoxic immune effector cells after stimulation with
tumor cell lysate. Splenocytes from virus treated tumor bearing mice and non-tumor bearing mice
(w.o. tumor) were isolated 7 d after virus injection. 2x10° freshly isolated splenocytes were stimulated
with 20 pL tumor cell lysate for 4 h at 37 °C with presence of monensin and anti-CD107a antibody.
A. Splenocytes of Ad-Delo3-RGD injected tumor bearing mice were stimulated with tumor cell lysate (red)
or left without stimulus (blue). Fluorescence intensity (APC) was analyzed by flow cytometric analysis and is
indicated on a logarithmic scale (x-axis) against the percentage of the maximal cell count (y-axis). B, C. After
stimulation and CD107a staining of splenocytes, they were in addition stained with immune cell population-
specific antibodies (CD45, CD3, CD49b, CD8) and analyzed by flow cytometry. Results are depicted as
CD107a positive cells in percentage of total CTL (CD45+/CD3+CD49b-/CD8+) population (B) or NK cell
(CD45+/CD49b+CD3-) cell or NKT cell (CD45+/CD49b+CD3+) populations (C). For C, the y-axis is displayed
starting from 50% (meanSEM, n>3 mice per group, n(w.o. tumor)=2 mice per group).

The direct effector cell-mediated cytotoxicity towards the tumor cells was measured by
application of a calcein assay (figure 3-22 C). KLN205 tumor cells were stained with the non-
fluorescent dye calcein-AM, which is converted within living cells to fluorescent calcein. The
effector cells, here the splenocytes were added to the stained KLN205 cells in different effector
cell to target cell ratios. The release of the fluorescent dye from damaged tumor cells or the
retention within cells with intact cell membranes can be measured. The effector-mediated
cytotoxicity was calculated as described in the Materials and Methods section. Changes in cell-
mediated toxicity were, as described in the literature, hard to identify in freshly isolated
unstimulated effector cells (data not shown) (Schirrmacher et al. 1979). Therefore, freshly
isolated splenocytes were additionally cocultured with mitomycin C treated, growth arrested

KLN205 tumor cells (Kuroda and Furuyama 1963, Schirrmacher et al. 1979). After 5 d of coculture,
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splenocytes were collected and subjected to a calcein-based cell-mediated cytotoxicity assay. The
remaining calcein in the tumor cells gave more precise results as compared to the fluorescence
measured in the supernatant of the assay cells (data not shown). E:T ratios of 1:1 showed cell lysis
of around 0-10%, but with very high variability between animals (figure 3-25). The lysis potential
of all splenocytes reached a relatively high level of 40% effector-mediated lysis, also in mice that
had not seen tumor antigens before the coculture. The lysis was not augmented in tumor bearing
animals or in animals treated with replication-deficient Ad-dl703 and wild type adenovirus.
Cocultured splenocytes of Ad-Delo3-RGD-FIt3L treated mice showed the highest lysing potential
with about 60% specific lysis by addition of 100 effector cells per target cell, which was about
1.5-fold the lysis observed for PBS treatment. The other oncolytic viruses Ad-Delo3-RGD and
Ad-PSJL-K also showed markedly increased lytic activity with 52% and 54% effector-mediated
lysis, respectively, which was a 1.2-fold increase as compared to PBS treatment. Therefore,
despite the high, probably rather unspecific lysis, oncolytic virus treatment further enhanced the
tumor cell killing, indicating a specific therapy-mediated anti-tumor effect. This effect was lower
after Ad-wt treatment, correlating with the reduced efficacy of this vector concerning tumor
growth reduction (figure 3-16), with the lower NK cell degranulation (figure 3-24 C), and with the
reduced MHCI presentation (figure 3-13), but in contrast to the general immune stimulation
(figures 3-18 to 3-24). Ad-Delo3-RGD-FIt3L, like observed for splenocyte IFNy release (figure 3-23)
showed increased anti-tumor efficacy as compared to the reduced anti-virus efficacy (figure 3-20).
In summary, oncolytic adenoviruses were able to trigger not only anti-virus, but also anti-tumor
immune responses, which might have contributed to the reduced tumor growth observed after

oncolytic virus treatment of tumors.
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Figure 3-25: YB-1-dependent oncolytic adenoviruses augment effector cell-mediated tumor cell
cytotoxicity. Freshly isolated splenocytes from tumor bearing mice treated with indicated viruses or PBS
and non-tumor bearing mice (w.o. tumor) 7 d after virus treatment were cocultured with growth arrested
tumor cells 25:1 in the presence of 100 U/mL IL-2 for 5d. These splenocytes were thereafter incubated with
calcein-AM loaded tumor cells 100:1 and 1:1 and the retention of calcein was measured after a 4 h
incubation. Percentage of effector-mediated target cell lysis is indicated and was calculated as stated in the
Materials and Methods section (mean*SEM, n=3-5 mice per group, n(w.o. tumor)=2 mice per group).
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4. Discussion

4.1. Purity and quality of adenoviruses are crucial for their application as

virotherapeutics

Current concepts to treat cancer are lacking efficacy due to cancer-associated resistance towards
therapeutic regimens. Treatment resistance may be a consequence of changes in signal
transduction, active removal of therapeutic agents, or tolerance against immune recognition,
thus disabling therapeutic eradication of resistant tumor cells and hampering the whole
therapeutic regimen (Gottesman et al. 2002). The oncogenic protein YB-1 is a prominent mediator
of resistance formation and maintenance (Bargou et al. 1997, Stein et al. 2001, Wu et al. 2007).
Oncolytic viruses that replicate specifically in YB-1 positive tumor cells represent promising new
agents, because they specifically favor the targeting and destruction of cells that are not
accessible by classical therapeutic regimens (Holm et al. 2004, Mantwill et al. 2006). Their YB-1
specificity makes the oncolytic viruses highly tumor-specific, which comes along with the low
overall toxicity of adenoviral therapy (Liikanen et al. 2013, Rognoni et al. 2009). The use of
oncolytic viruses might additionally help to overcome immunotolerance mechanisms evolved in
the tumors by provision of danger signals and lysis-associated release of tumor antigens. The
applicability of YB-1-dependent oncolytic adenoviruses and possible effects of YB-1-dependent
oncolytic adenoviruses on immunotolerance and immune activation in vitro and in vivo were

addressed in this work.

The first important requirement for the applicability of oncolytic adenoviruses in virotherapeutic
approaches is the effective production of viruses in large amounts. Production of the viruses used
within this thesis was very efficient. About 20,000-40,000 viral particles per cell were produced.
These amounts lay within the reported range of successful virus production, which varies from
10" to 10° adenovirus particles per cell. For example bioreactor production by Kamen et al. using
HEK293 cells in serum-free medium resulted in a production of 9400 VP and 3500 IFU per cell
(Kamen and Henry 2004). Titers of all viruses within this thesis were high enough to use with at
least 2x10™ IFU/mL, and VP to IFU ratios were reasonable for all produced viruses. Food and Drug
Administration (FDA) guidelines necessitate that the ratio of total physical particles to infectious
viral units does not exceed 30 VP/IFU for adenovirus preparations for use in clinical trials
(Bauer 2000). Viruses used within this study all had VP/IFU ratios lower than or equal to 25.
Further critical parameters for the application of adenoviruses in animals and humans are the
homogeneity and purity of the production. Viruses produced for this study all had good quality

concerning lack of aggregation and homogeneous size of the viral particles as investigated by
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dynamic light scattering, and were pure as monitored by measurement of the optical density.
OD60nm/OD2gonm ratios ranged between 1.36 and 1.40 (table 3-1). Standard ODggnm/OD2gonm Values
found in the literature for highly purified adenoviruses also range between 1.20 and 1.40 (Riske
et al. 2013). Higher or lower ratios would indicate DNA or protein contamination, respectively.
Vectors for application in mice were purified by two steps of CsCl gradient purification and in the
following desalted via sephadex columns. Purification performed this way is save to be used in
mice and indeed, no virus application-mediated acute reaction was observed, even not after

repeated administration of the viruses.

The YB-1-dependent oncolytic adenoviruses used within this work are rendered tumor-specific by
manipulation of the essential adenoviral E1A region. Ad-Delo3-RGD carries an 11 bp mutation,
which results in lack of expression of the 289 aa E1A protein (Haley et al. 1984, Rognoni et al.
2009). Ad-PSJL-K has most of the viral E1A region deleted so that none of the E1A proteins can
form. In both cases, the lack of E1A 289 aa results in a lack of viral replication in healthy cells. In
tumor cells, in which the oncogenic factor YB-1 is overexpressed in the nucleus, but not in healthy
cells, these adenoviruses can replicate based on a mechanism involving YB-1 binding to the
E2-late promoter (Holm et al. 2002). During production of these E1A-mutant or E1A-deficient
adenoviruses, residual viral E1 region sequences can recombine with the inherent E1 region of the
producing cell line HEK293. The presence of E1 in HEK293 cells is a prerequisite for production
of all adenoviruses, because the inherent E1 transcomplements the lack of E1A in replication-
deficient viruses. However, homologous recombination can result in replication-competent
adenoviruses (RCA), which represents a central challenge in the large scale production of
adenoviruses for clinical application. Since safety is the key factor and a major concern in the
application of natural products like viruses, the FDA limits RCA to less than one RCA per
3x10" viral particles (Bauer 2000). In the present study, the occurrence of major RCA was
excluded by PCR analysis of the E1A region. The PCR that confirms the lack of £E1A CR3 was indeed
negative for Ad-Delo3-RGD, Ad-Delo3-RGD-FIt3L, and Ad-PSJL-K, whereas it was positive for the
wild type virus (figure 3-1). The PCR for the complete E1A gene resulted in clear thick bands for
Ad-wt, Ad-Delo3-RGD, and Ad-Delo3-RGD-FIt3L. The E1A PCR should not result in any products for
Ad-PSJL-K and Ad-dI703. However, faint bands were seen for both viruses. The question is
whether this observation was a result of RCA, or whether the PCR was not completely specific.
However, some facts rather support the lack of RCA in this case: PCRs were equally positive for
Ad-PSIL-K and Ad-dI703, and the adjacent E1B19K region, as confirmed by the E1B19K-specific
PCR was negative for both viruses. The CR3 PCR, in which the same reverse primer was used as in
the PCR for the complete E1A gene, was completely negative for Ad-PSJL-K. It is not possible, that

only parts of the E1 gene, which lie within the deletion, have recombined into the adenoviral
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viruses. Therefore, it is more likely, that the PCR gave false positive results due to unspecific
primer binding. Other PCRs or expression analyses would be necessary to thoroughly exclude the
generation of RCA. In addition to the EIA mutations, all other important mutations within the
genomes of the oncolytic viruses, i.e. E1B19K, E3gp19K, and RGD, which are meant to improve

virus spread, oncolytic efficacy and immune recognition, were verified by PCR (figure 3-1).

4.2. Murine KLN205 cells express YB-1, can be infected by adenoviruses and allow viral

particle formation in vitro

YB-1-dependent oncolytic adenoviruses have so far only been tested in human cell lines in vitro
and in xenograft models in vivo focusing on the direct cytotoxic effect of YB-1-dependent
adenoviral oncolysis (Holzmuller et al. 2011, Rognoni et al. 2009). However, these models do not
take into account that the interaction between viruses and immune system may be importantin a
real in vivo situation in cancer patients (Liikanen et al. 2013). It was thus of interest to find a non-
human cell line that could be used as a syngeneic in vivo model in succession. Several low
immunogenic mouse cell lines and one Syrian hamster cell line, suitable for the use in syngeneic
immunocompetent in vivo model systems, were tested in order to identify whether they can be
infected by adenoviruses and whether they allow formation of new infectious viral particles
in vitro. Next, cellular YB-1 expression was analyzed to find out whether the tested cells can serve
as suitable models for YB-1-specific virotherapy. Infectability of non-human cells is hampered by
the high species specificity of the human viruses depending on for example low expression of
human adenovirus receptors like CAR in non-human cell lines (Tomko et al. 2000). Indeed, the
analysis of infectability of the cells revealed that murine SCCVII, SMA560, and CT26 cells were
hard to infect by adenoviruses at all, as assessed by infection with Ad-eGFP and flow cytometric
and fluorescence microscopic analysis (figure 3-3). CMS-5 cells in contrast were very efficiently
infectable. However, they were also very sensitive to adenovirus infection. They were killed by
infection with replication-deficient viruses Ad-eGFP and Ad-dl703 already at relatively low MOI
(chapter 3.2). Also others have reported a fast detachment of CMS-5 cells after infection with
replication-deficient adenoviruses at MOIs at which standard human cell lines are still stably
attached to the plate surface (Wirth 2009). Since CMS-5 cells were found to be very sensitive
towards replication-deficient viruses, and infectious particles were found to be formed from
replication-deficient adenoviruses in this cell line (figure 3-4), CMS-5 cells were not considered a
suitable model to monitor replication- and virus propagation-related effects of tumor cell lysis.
Besides CMS-5, also Syrian hamster HaK cells, as well as murine KLN205 and CMS-5 cells were

sufficiently infectable by Ad-eGFP (figure 3-3). Although particle formation has been reported
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to be impeded (Younghusband et al. 1979), about 10’ IFU/mL were produced from Ad-wt in
both Syrian hamster HaK cells and murine KLN205, 1000-10,000 times less than in human cells
(figure 3-4). Regarding infectability and particle formation in HaK and KLN205 cells, both cell lines
showed comparable results to other non-human cell lines in the literature that were considered
adequate models for adenoviral oncolysis. One example are canine cells, in which 10*-10° IFU/mL

adenoviruses were assessed after 4 d of infection (Ternovoi et al. 2005).

In terms of YB-1 expression all cell lines showed eligible results. YB-1 was predominantly found
perinuclear in the cytoplasm in HaK and KLN205 cells, but also low amounts were present in the
nucleus (figure 3-5 B). Nuclear YB-1 expression in HaK cells was even a bit higher than in Hela cells
and similar in KLN205 and Hela cells. Due to the fact that Hela cells allow sufficient priming of
YB-1-dependent oncolysis (Mantwill et al. 2006), nuclear YB-1 expression in both non-human cell
lines was supposed to be sufficient to allow viral E2-late promoter activation and oncolytic virus
replication. Since HaK, as well as KLN205 cells, showed overall YB-1 expression that was
comparable to human A549 cells, which are a very good model for adenovirus propagation
(Glockzin et al. 2006), YB-1 should not represent the limiting factor for YB-1-dependent oncolysis
in these models (figure 3-5 A). Stable transduction of the tested non-human cell lines with YB-1
did not result in superior tumor cell lysis as compared to eGFP transduced control cells,
confirming the assumption that endogenous YB-1 expression in these cells is sufficient for YB-1-

dependent oncolysis (data not shown).

Collectively, the non-human cell lines KLN205 and HaK were found to be equally suitable for the
application of YB-1-dependent oncolytic adenoviruses with respect to infectability by adenovirus,
adenovirus propagation, and YB-1 expression. After consideration of additional criteria like
knowledge about immune cell populations as well as availability of assays and antibodies for mice
versus Syrian hamster model systems, it was decided to perform all subsequent in vitro and

in vivo experiments with KLN205 cells.

101



Discussion

4.3. YB-1-dependent oncolytic viruses replicate in tumor cells and cause their lysis in

vitro

YB-1-dependent oncolytic adenoviruses are able to replicate selectively in tumor cells with
nuclear YB-1 expression due to mutations in the viral EIA region. Ad-Delo3-RGD is rendered
tumor-specific by an 11 bp mutation in E1A, which results in lack of expression of the 289 aa E1A
protein (Haley et al. 1984, Rognoni et al. 2009). Ad-PSJL-K has most of the viral E1A region deleted
so that none of the E1A proteins can form. Since it was shown that YB-1 is present in KLN205 cells,
even in low amounts in the nucleus (figure 3-5), YB-1-dependent viruses should be able to
replicate in KLN205 cells and in succession form adenovirus particles and lyse the tumor cells.
Indeed, replication of YB-1-dependent oncolytic adenoviruses was possible in KLN205 cells
(figure 3-6 A). However, Ad-PSJL-K replication was 17-fold decreased as compared to Ad-wt
infection and the replication of Ad-Delo3-RGD was about 10-fold less than of Ad-PSJL-K. In human
A549 cells, replication of the tested oncolytic adenoviruses, namely Ad-Delo3-RGD and Ad-PSJL-K,
resulted in only slightly decreased DNA amounts as compared to Ad-wt, but replication kinetics in
oncolytic viruses were delayed by 1-2 d as compared to Ad-wt (figure 3-6 B). Moreover, Ad-PSJL-K
replication started to increase slightly earlier than Ad-Delo3-RGD replication. The enhanced ability
of Ad-PSJL-K to replicate in KLN205 cells and the earlier replication start in A549 cells, could be
explained by the fact that for replication of Ad-Delo3-RGD, YB-1 has to be present in the nucleus
of the cell (Holm et al. 2002), whereas Ad-PSJL-K over virus-independent expression of the tumor-
specific YB-1 promoter-driven E4 region and CMV promoter-driven E1B55K expression can

possibly transport YB-1 into the nucleus independently of viral replication.

Besides being able to efficiently replicate in hosts cells, the applicability of oncolytic adenoviruses
is largely dependent on their capability to successfully form new infectious particles, in order to
allow the spread of viral particles within the host and efficient host cell lysis. The ability of the
oncolytic adenoviruses to form new infectious particles was reduced in contrast to Ad-wt in all
examined cell lines, about 10-fold in KLN205 cells (figure 3-6 C). The differences in DNA replication
between Ad-wt and oncolytic adenoviruses as well as between Ad-PSJL-K and Ad-Delo3-RGD in
KLN205 cells were not reflected at the level of particle formation, possibly due to a limited
number of particles that could be formed. This discrepancy in the efficacy of DNA replication
versus particle formation might also depend on different starting concentrations of viruses and
virus-specific differences regarding transcription, translation, and assembly of functional virus
particles due to the alterations in the viral genomes. The difference in particle formation between
Ad-wt and oncolytic viruses was even about 100-fold in human cell lines. In A549 cells, replication

of oncolytic viruses was comparable to replication of Ad-wt, indicating that the reduced ability to
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form new particles like in KLN205 cells might be a question of kinetics or of saturation. In Hela

cells, far less particles were formed from Ad-Delo3-RGD as compared to Ad-PSJL-K (100 times).

Efficient virus particle formation is an important prerequisite for oncolytic adenovirus-mediated
host cell lysis. In order to monitor the efficacy of adenovirus-mediated oncolysis, SRB staining of
surviving cells was performed. 2-5 times higher MOls of YB-1-dependent oncolytic adenoviruses
were needed to reach the same killing activity as after Ad-wt infection (figure 3-7). Ad-PSJL-K was
slightly less potent in KLN205 as compared to Ad-Delo3-RGD (figure 3-7 A), as opposed to
replication potential in KLN205 cells (figure 3-6 A). In A549 cells in contrast, Ad-PSJL-K was slightly
more cytotoxic than Ad-Delo3-RGD (figure 3-7 B). In Hela cells, as already seen for particle
formation, Ad-Delo3-RGD was far less potent than Ad-PSIL-K (figure 3-7 C). In general, the
reduced oncolytic performance of the YB-1-dependent viruses as compared to the wild type
viruses can be explained by the multiple modifications in the YB-1-dependent oncolytic
adenoviruses, for example by the deletion of EIA and thus the different ways of replication
initiation. While wild type adenoviruses have naturally evolved for optimal host cell infection,
replication, progeny formation, and spread, these functions might be impaired in the modified
oncolytic adenoviruses. However, the mutations within the genome of the YB-1-dependent
oncolytic adenoviruses are intended to counteract the derogated efficacy of oncolytic viruses. For
example the deletion of the anti-apoptotic E1B19K gene, as in all used YB-1-dependent oncolytic
adenoviruses has been shown to not only increase TNFa-enhanced cancer selectivity due to
genetic blocks in apoptosis pathways in cancer cells, but also to counteract the attenuation of the
virus. It has thus been shown to result in enhanced viral spread and oncolytic performance in
tumor cells (Liu et al. 2004). Another way to enhance oncolytic virus performance is the insertion
of an additional RGD sequence into the viral fiber knob, as implemented in all tested oncolytic
adenoviruses. This mutation has been shown to enhance infection of tumor cells by increase of
integrin-dependent cell entry even in cells with low CAR expression (Dmitriev et al. 1998, Kimball
et al. 2010, Pesonen et al. 2012a). In Ad-Delo3-RGD, the ADP gene, which provides efficient host
cell lysis and spread (Tollefson et al. 1996), is deleted. Thus for Ad-Delo3-RGD, the reduced cell
lysis of human cell lines A549 and Hela as compared to the other oncolytic vector Ad-PSJL-K
could, at least in part, depend on the lack of the ADP gene. Consistently, Tollefson et al. found
that virus mutants that lack ADP can replicate as well as wild type ADP viruses, but cell lysis and
virus release from the cell is retarded (Tollefson et al. 1996). At the time point of the SRB assays
performed in this thesis work, after 6 d, they found that ADP mutants have already caused the
typical CPE with rounding up of A549 cells, but viruses have just begun to effectively lyse the cells
(Tollefson et al. 1996). Thus, differences in cell lysis caused by Ad-Delo3-RGD might partly be due

to the shift in lysis kinetics caused by the deletion of the ADP gene. Tollefson et al. furthermore
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found that viral proteins were synthesized like for Ad-wt (Tollefson et al. 1996), but whether
functional lytic virion assembly kinetics are changed was not addressed by this group and
can not be taken into account as an explanation of reduced infectious particle numbers of
Ad-Delo3-RGD in Hela cells after 3 d. Moreover, Liu et al. found that combined deletion of
E1B19K and the also anti-apoptotic region E3B, as in Ad-Delo3-RGD, was deleterious regarding
cancer selectivity and viral efficacy (Liu et al. 2005b). In conclusion, tumor cell killing by oncolytic
viruses was possible with sufficient efficacy, also in murine KLN205 cells, despite decreased
replication and cell lysis potential of the oncolytic viruses as compared to Ad-wt in vitro. However,

relatively high amounts of virus, about 200 IFU/cell for 50% lysis had to be applied.

4.4. Oncolytic adenoviruses cause apoptosis and immunogenic cell death

Regarding the application of YB-1-dependent oncolytic viruses in vivo, not only the replication
efficacy and progeny formation of the viruses is important, but rather their ability to lyse cells
(figure 3-7) and particularly the type of tumor death the viruses can trigger (Zitvogel et al. 2008a).
Oncolytic adenoviruses have been reported to eradicate tumor cells by apoptosis (Boozari et al.
2010), autophagy (Ito et al. 2006), and additionally by ICD (Diaconu et al. 2012). The investigation
of apoptosis was of special interest, since many of the deleted or manipulated genes within the
YB-1-dependent oncolytic viruses play a role in induction or inhibition of apoptosis (E1A, E1B19K,
E3). Ad-wt, Ad-Delo3-RGD, and Ad-PSIL-K showed the highest caspase-dependent cleavage
activity of an artificial PARP-1 peptide as well as of the cellular PARP-1 protein, as measured
48 h after treatment by a fluorimetric caspase activity assay and by a WB assay, respectively
(figure 3-8). In KLN205 cells, Ad-Delo3-RGD-mediated cell death was highest in both assays,
closely followed by Ad-wt in the caspase activity assay, and followed by Ad-PSJL-K in the WB.
Differences between both assays mighty result from different substrate availability of the artificial
versus the cellular PARP1. Substrate availability was not assessed in the fluorimetric assay,
whereas the uncleaved PARP1 is detected by the antibody as the upper band in the WB. As
seen after Ad-PSJL-K infection, the concentration of uncleaved PARP1 was smaller, suggesting
increased cleavage or decreased de novo expression of PARP1. In A549 cells, overall virus-elicited
caspase activity was not very high. The cells might have different cell killing kinetics and killing did
not occur in the assayed time frame. The fact that no caspase activity was observed after
Ad-dI703 infection is explained by the actual lack of cell death induction by the replication-
deficient virus (figure 3-7). Residual PARP1 cleavage was also observed for mock treated cells in
the WB (figure 3-8 C) and can be attributed to cells that are dying without virus contribution. The

increased apoptosis induction after oncolytic virus infection did probably result from the deletion
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of the anti-apoptotic E1B19K gene, at least in part. The observed induction of apoptosis following
Ad-Delo3-RGD infection reported here, has also been seen after Ad-Delo3-RGD infection in an
in vivo xenograft glioma model (Holzmuller et al. 2011) and apoptosis has also been identified as
the main mechanism of virus-mediated cell death for other oncolytic adenoviruses (Boozari et al.

2010).

Besides apoptosis, autophagy-related cell death is another mechanism, by which adenoviruses are
able to induce cell death (Ito et al. 2006). Induction of autophagy following stress signals leads to
the capture of intracellular components or pathogens into autophagosomes and to their delivery
into lysosomes for degradation (figure 3-9 A). The amount of LC3-Il correlates with the number of
autophagosomes, however, LC3-Il is degraded again later in the process of autophagy (Levy and
Thorburn 2011). This fact makes interpretation of autophagy on the basis of LC3-Il detection by
WB analysis very complex even though it is one of the standard methods for assessment of
autophagy (Klionsky et al. 2012, Mizushima and Yoshimori 2007). Within this study, no relevant
virus-mediated accumulation of autophagosomes was observed in KLN205 cells as assessed
by WB analysis of autophagy-related LC3 processing (figure 3-9 B). In A549 cells, lipidated
LC3-Il expression was highest in Ad-Delo3-RGD infected cells, indicating accumulation of
autophagosomes. Accumulation of LC3-lIl could be either a consequence of upregulated
autophagosome formation or of reduced autophagosome turnover. It needs to be considered
however, that also the expression of LC3-I was highest for Ad-Delo3-RGD infected cells. Along the
lines of the complexity of investigation of LC3 conversion, according to guidelines given by experts
in autophagy research, the pattern of LC3-I to LC3-Il conversion has been shown to be strongly
dependent on the cell type (Klionsky 12). This fact was also observed for KLN205 and A549 cells
within this work (figure 3-9 B). Moreover, changes in LC3 amounts can be hard to identify if LC3-II
amounts are particularly low as seen here in A549 cells or particularly high as seen in KLN205
cells. Conversely, detectable LC3-Il formation is not in any case sufficient evidence for autophagy
and moreover, LC3-ll can also associate with the membranes of non-autophagic structures, like
for example apoptotic cell-containing phagosome membranes (Klionsky et al. 2012). Applying this
knowledge to the results seen in figure 3-9 B, maybe a small induction of autophagy can be
inferred for Ad-Delo3-RGD. Additional analyses of autophagy, e.g. electron microscopy,
immunofluorescent monitoring of GFP-LC3 constructs, or WB analysis in the absence and
presence of lysosomal protease or fusion inhibitors are required to be able to make a profound
statement about induction of autophagy by oncolytic adenoviruses (Klionsky et al. 2012). Like
seen in this study for Ad-Delo3-RGD (figure 3-9 B), many groups observe and induction of
autophagy following oncolytic adenoviruses (Botta et al. 2012, Ito et al. 2006, Rodriguez-Rocha

et al. 2011). However the consequences of autophagy induction by oncolytic adenoviruses are
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discussed controversially. Botta et al. have observed that autophagy induction protects cells from
virus-induced cell death. Autophagy in this case rather acts as a survival mechanism of the tumor
cells following viral infection in order to inhibit virus-mediated cell death (Botta et al. 2012).
Contrariwise, other groups claim that virus-mediated autophagy induction enhances viral
replication (Rodriguez-Rocha et al. 2011) and tumor cell death (Ito et al. 2006). This can be
probably explained by the fact that, if even upon autophagy induction cell survival can not be
maintained, the cell is induced to die (Levine and Deretic 2007, Levy and Thorburn 2011). Adding
to the complexity, Jiang et al. showed, that oncolytic adenovirus-induced autophagy can also
trigger the extrinsic caspase pathway of apoptosis (Jiang et al. 2011). Induction of the extrinsic
caspase pathway in the course of autophagy might be one of the reasons why induction of
apoptosis was particularly high after infection with Ad-Delo3-RGD (figure 3-8), for which also
autophagy induction was observed (figure 3-9 B). Thus, treatment with Ad-Delo3-RGD might be
able to induce both apoptosis and autophagy at the same time. Others claim that oncolytic
adenoviruses elicit a model of cell death that can not be characterized by one of the traditional
models of cell death (Baird et al. 2008). Hence, it is not completely clear whether apoptosis or
autophagy or a combination is important for virus-mediated cell death. Moreover, there is no
stringent connection between the mode of cell death and therapeutic success in all cases

(Galluzzi et al. 2012, Green et al. 2009).

Recently, the immunogenicity of dying cells has emerged as an additional criterion for
classification of the different modes of cell death including apoptosis, autophagy and necrosis.
The classical modes of cell death like apoptosis can, depending on the cell death stimulus,
differentially induce exposure or secretion of ICD molecules and can in concert be either
immunogenic of tolerogenic (Galluzzi et al. 2007). Therefore, exposure or release of these danger
signals has been identified as the major discriminating factor in the distinction of immunogenic
versus non-immunogenic modalities of cell death (Green et al. 2009). Consequently, induction of
ICD results in immune cell recruitment in vivo and is thus highly associated with therapeutic
success (Kroemer et al. 2013). The most important molecular factors associated with ICD are Hsps
and CRT, which are exposed on the cell surface of dying cells during the early stages of ICD, and
ATP and HMGB1, which are released from dying cells later in the process of ICD (Krysko et al.
2012). In the present study, treatment of KLN205 cells with adenoviruses augmented cell surface
exposure of ICD parameters CRT and Hsp70 (figure 3-10). Only after Ad-Delo3-RGD infection
the exposure of Hsp70 was reduced (figure 3-10 A). However, Hsp70 exposure following
Ad-Delo3-RGD-FIt3L infection rather resembled mock infection (data not shown) and Hsp70
exposure was rather enhanced after Ad-Delo3-RGD infection of A549 cells (data not shown).

Therefore, since analysis of Hsp70 surface exposure was only conducted once, this result may just
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present an outlier. Surface exposure of Hsp70 and CRT was particularly high in Ad-wt infected
cells, and surface exposure of Hsp70 was even higher in Ad-PSJL-K infected cells as compared to
Ad-wt infected cells and also as compared to the 1 uM MTX treated positive control.

Exposure of ICD-related DAMPs following chemotherapy, and especially cell surface recruitment
of CRT during ICD, is induced by ER stress and subsequent phosphorylation of elF2o. by PERK
(Panaretakis et al. 2009). P-elF20, expression was enhanced after adenoviral infection, particularly
after infection with Ad-wt (figure 3-11). These results are consistent with the observed CRT
surface exposure (figure 3-10 B), suggesting an ER stress-dependent and P-elF2a-mediated
activation of CRT also in the context of adenoviral infection. In accordance, oncolytic adenovirus-
mediated induction of an ER stress response involving PERK and elF2a. phosphorylation has been
described earlier, even though CRT exposure was not addressed in this study (Boozari et al. 2010).
Release of the ICD danger signals ATP and HMGB1 was also generally augmented after virus
infection (figure 3-12). Release of ATP was highest from Ad-Delo3-RGD infected cells, followed by
Ad-wt infected cells and also higher than release after 1 uM MTX treatment of cells (figure
3-12 A). HMGBI release from replication-competent or conditionally replicating adenoviruses was
markedly enhanced as compared to replication-deficient Ad-dI703 (figure 3-12 B). Release was
highest from Ad-wt infected cells, followed closely by Ad-PSJL-K infected cells and Ad-Delo3-RGD
infected cells. This graduation of HMGB1 release concentrations after virus infection implies a
replication or at least lysis dependency of HMGB1 release. Both ATP and HMGB1 release were
within the range observed by others after adenoviral treatment in vitro (Diaconu et al. 2012).

The overall results of ICD molecule exposure and release are astonishing, since oncolytic
adenoviruses were far less potent in lysing tumor cells as compared to wild type adenoviruses
(figure 3-7). Still, exposure or release of ICD parameters after oncolytic virus infection was almost
as high as after Ad-wt infection, or even higher depending on the respective molecule (figures
3-10 and 3-12). This might be due to the fact that the modes of cell death were differentially
induced due to the alterations in the adenoviral genome (figures 3-8 and 3-9). Presence of all
ICD parameters indicates immune induction and therapeutic success in vivo (Green et al. 2009,
Kroemer et al. 2013, Zitvogel et al. 2008b). However, the analysis of parameters in this work
showed that not all parameters were simultaneously up- or downregulated for the same virus,
which is in accordance with differences observed for other therapeutic treatment modalities
(Kroemer et al. 2013). Still, most danger molecules typical for ICD were exposed or released after
infection with YB-1-dependent oncolytic adenoviruses in vitro, suggesting immunogenic apoptosis

as the main tumor cell death mechanism triggered by YB-1-dependent oncolytic adenoviruses.
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4.5. YB-1-dependent oncolytic adenoviruses do not suppress immunogenicity of tumor

cells by downregulation of cellular MHCI expression and IFN signaling

It is known, that tumors suppress presentation of self antigens by interfering with MHCI-mediated
antigen presentation (Cavallo et al. 2011), for example by downregulation or functional
impairment of the immunoproteasome subunits LMP2 and LMP7 (Heink et al. 2006, Igney and
Krammer 2002). This suppression of MHCIl-mediated antigen presentation leads to impaired
tumor antigen presentation, making tumor cells difficult to be recognized by the immune system.
The multifunctional immune activating cytokine IFNy is involved in the upregulation of antigen
processing and MHCI cell surface presentation by Statl-mediated expression of IFN-stimulated
genes like the exclusive immunoproteasome subunits (Zhou 2009). In order to test the
immunogenicity of the used tumor cells, MHCI cell surface expression was analyzed, as a measure
of efficient tumor antigen presentation. MHCI cell surface expression was still detectable on the
tested cell lines with different levels of MHCI cell surface exposure depending on the cell line
(figure 3-13). Low concentrations of IFNy could further upregulate the expression of MHCI in
KLN205 and Hela cells, and IFNy-mediated upregulation of MHCI occurred in a concentration-
dependent manner, at least in KLN205 cells (figure 3-13 A). Also adenoviruses have been shown to
suppress MHCI regulation in terms of immune escape via their E1A and E3gp19K gene products.
E1A interferes with viral antigen presentation on MHCI by inhibition of IFNy signaling (Leonard
and Sen 1996) and by downregulation of at least two of the three exclusive immunoproteasome
subunits, LMP2 and MECL1 (Berhane et al. 2011, Chatterjee-Kishore et al. 2000). E3gp19K inhibits
peptide presentation on MHCI by retargeting of MHCI to the ER (Rawle et al. 1989, Sester et al.
2013) and thereby inhibits CTL-mediated target cell lysis (Rawle et al. 1989). Indeed, Ad-wt,
carrying the complete EIA and the complete E3gp19K gene was efficient in inhibition of MHCI
surface expression of KLN205 cells (figure 3-13 B,C). As expected, Ad-Delo3-RGD and Ad-PSJL-K,
both of which have either a mutation or deletion of the E1A gene and additionally both a deleted
E3gp19K gene, were not able to downregulate expression of MHCI on tumor cells, which is
in accordance with the above described findings from the literature (Berhane et al. 2011,
Chatterjee-Kishore et al. 2000, Leonard and Sen 1996, Sester et al. 2013). Cellular MHCI
presentation could still be enhanced by IFNy application after infection with Ad-Delo3-RGD and
Ad-PSJL-K in contrast to after infection with Ad-wt. The ability to increase MHCI surface exposure
by addition of IFNy was limited after Ad-Delo3-RGD treatment though, which could be due to the
presence of the complete E1A 243 aa protein in contrast to Ad-dl703 and Ad-PSJL-K, confirming
that presence of E1A inhibits IFNy signaling (Leonard and Sen 1996) and IFNy-mediated antigen

presentation via the immunoproteasome (Berhane et al. 2011, Chatterjee-Kishore et al. 2000).
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As seen in Ad-dl703 infected cells, already the deletion of E1A seems to be sufficient to disable
adenovirus-mediated downregulation of MHCI. Since E3gp19K inhibits target cell lysis by immune
cells (Rawle et al. 1989), deletion of the immunosuppressive E3gp19K gene should have negative
influence on viral propagation in vivo due to enhanced clearance of viruses by the immune
system. Surprisingly, E3gp19K deletion showed increased viral replication in vivo, although the
mechanisms behind this observation are not understood so far (Rawle et al. 1989, Wang et al.

2003).

IFNy signaling, which is involved in MHCl-associated antigen presentation, can be inhibited by viral
E1A by inhibition of Statl expression (Leonard and Sen 1996). It is surprising, that even without
administration of IFNy, Statl phosphorylation and dimerization was very prominent also in mock
infected cells (figure 3-14). Dimerization has been reported to be maintained by deficient
phosphatase activity or by maintenance of parallel oriented P-Statl dimers (Mertens et al. 2006).
Adenoviruses have also been shown to inhibit Statl dephosphorylation, resulting in constitutively
activated Stat1 signaling (Sohn and Hearing 2011). As expected, P-Stat1 expression was markedly
reduced in EIA gene positive Ad-wt infected KLN205 cells and also after Ad-Delo3-RGD and
Ad-PSIL-K infection. This is consistent with the findings that E1A suppresses IFNy signaling via
downregulation of Statl (Leonard and Sen 1996). It is also consistent with the downregulation of
MHCI antigen presentation after Ad-wt infection in KLN205 cells and the reduced ability of IFNy-
mediated upregulation of MHCI exposure after Ad-Delo3-RGD infection as discussed before
(figure 3-13). Infection with replication-deficient adenoviruses resulted in the same cellular
P-Statl expression as in mock infected cells (figure 3-14), which can be explained by the lack of
the E1A gene in this virus. Thus, at least in theory, IFNy-mediated immune activation and MHCI-
dependent presentation of viral and tumor antigens should still be possible on the surface of
tumor cells after infection with the here used YB-1-specific oncolytic adenoviruses, in contrast to
many other oncolytic adenoviral systems in research that mostly express the full EIA gene
(Boozari et al. 2010, Diaconu et al. 2012). Still it is difficult to predict whether efficient immune
activation is possible by MHCI-dependent presentation of tumor and virus antigens in vivo, or
whether antigen presentation is successfully suppressed by tumor cells. In this case, efficient
antigen presentation would only be possible as a result of oncolytic adenovirus-mediated target

cell lysis and subsequent release of tumor antigens.
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4.6. YB-1-dependent oncolytic adenoviruses reduce tumor growth in

immunocompetent mice

Oncolytic adenoviruses are used as efficient anti-cancer agents. They have been shown to reduce
tumor growth in vivo, either by direct tumor cell lysis (Holzmuller et al. 2011) or by acting
in concert with the immune system (Boozari et al. 2010, Prestwich et al. 2009). In the
immunocompetent KLN205 tumor model, oncolytic adenoviral therapy has been shown to slow
down tumor growth and to even reduce tumor sizes in combination with immune stimulation
after multiple injections of the viruses (Edukulla et al. 2009). However, multiple injections
were expected to enhance anti-virus immunity rather than anti-tumor immunity (de Gruijl
and van de Ven 2012). Therefore, a single injection of one of the YB-1-dependent oncolytic
adenoviruses Ad-Delo3-RGD, Ad-Delo3-RGD-FIt3L, or Ad-PSIL-K, or the replication-deficient
Ad-dI703 or wild type Ad-wt as controls was administered to KLN205 tumors that grew from
tumor cells injected into the flanks or syngeneic DBA/2 mice (figure 3-15). The influence of a
second virus injection was tested in a small subset of mice. Variations in the growth of tumors
observed within this study (chapter 3.7) are an issue that can have an immense influence on the
growth curve results and also the different positions of the tumors within the flank determine the
outcome of the tumor. Tumor microenvironments are known to play an important role in tumor
formation and growth. For example the distance to vessels and the resulting kinetics of new
vessel formations play important roles in ability of tumor growth, but also for immune cell
infiltration (Egeblad et al. 2010). Hence, the difference in growth characteristics and tumor
positions can in part explain why differences between virus treatment groups were hard to obtain
but differences in each treatment group were very prominent. Tumors grew undifferentiated in
all groups (figure 3-17), which is a sign for high aggressiveness of tumors (Brabletz 2012) and
reached 7-8 times their starting volume (day 0) within the 28 d of the experiment (figure 3-16).
Tumor growth was slightly slowed down after treatment with oncolytic viruses, especially in
Ad-Delo3-RGD treated mice. About half the mice injected with PBS only had to be excluded from
the experiment during these 28 d due to tumor sizes, ulcerations, or signs of morbidity. Besides
PBS treated tumors, also tumor growth in Ad-wt treated animals was higher than after oncolytic
adenovirus treatment. This could, at least in part, be explained by the downregulation of MHCI
expression in tumor cells after Ad-wt infection (figure 3-13), so that Ad-wt infected tumor cells

would be protected from recognition by the immune system.

In tumors of all groups, necrotic areas were seen within the tumor mass (figure 3-17 A), a
phenomenon that is often accompanying rapid tumor growth (Grivennikov et al. 2010, Zong and

Thompson 2006). There was no evidence that adenoviral infection of tumors caused direct major
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tumor cell lysis (figure 3-17). Since even in vitro, relatively high concentrations of adenoviruses
had to be applied to reach sufficient cell killing in the murine KLN205 cells (figure 3-7),
comparably low virus amounts that could be retained within the tumor may be a possible
explanation why efficacy of YB-1-dependent virotherapy was limited in this model in vivo. One has
to consider that generally higher viral amounts are needed due to fast clearance even after
intratumoral injection of viruses in vivo (de Gruijl and van de Ven 2012). Thus maybe the
adenovirus amounts applied here, under consideration of toxicity of extremely high virus

concentrations, were too low to elicit sufficient initial killing of KLN205 cells.

4.7. Treatment of tumors with YB-1-dependent oncolytic adenovirus triggers immune

cell recruitment

Inflammatory immune reactions are commonly elicited by adenoviruses (Thaci et al. 2011) and
have also been reported after oncolytic adenoviral treatment of tumors (Woller et al. 2011). As
seen in the KLN205 tumors within this work, the rims of the tumor at the tumor-host interface
were highly infiltrated with inflammatory immune cells (figure 3-17 B). These immune cells
constituted mainly macrophages as observed by IHC staining (figure 3-17 E). Inflammatory
immune cell infiltration at the rims of the tumors was seen in all treatment groups, also in PBS
treated mice and is no virus-mediated effect. Inflammations at the tumor-host interface can be
caused in this case by the artificial implantation of the tumor, but is also a common phenomenon
at the interfaces between tumor and tumor bed in established tumors or during tumorigenesis
(Grivennikov et al. 2010). These inflammatory immune cells, mostly macrophages, can have a
tumor-suppressive effect by mediating antigen presentation and cytokine release, but are mostly
associated with tumor promotion due to triggering of immunosuppression, angiogenesis,
invasion, and metastasis (Condeelis and Pollard 2006, Grivennikov et al. 2010). After treatment
with Ad-wt or oncolytic viruses but not with Ad-dI703 or PBS, foci of inflammation were seen
within the tumors (figure 3-17 C,D). Cells within these inflammatory infiltrates had the typical
nuclear morphology of granulocytes and moreover, no macrophage infiltration was observed
within the central tumor mass (figure 3-17 F). Granulocytes, mostly neutrophils within the tumor
can play both anti-tumor and tumor-promoting roles, depending on their differentiation status
and the presence of transforming growth factor B (TGFB) (Fridlender et al. 2009). Tumor-
suppressive neutrophils can directly promote cytolysis or regulate CTL responses against the
tumor (Grivennikov et al. 2010). Occurrence of tumor inflammation has been reported by others

following application of adenoviral therapy and has been associated with virus-mediated danger
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signaling for the immune system and in consequence success of the oncolytic adenovirus

treatment (Woller et al. 2011).

The question arose whether oncolytic adenoviruses can attract immune cells into the tumor via
either their immunogenic nature or via tumor cell killing, which might be immunogenic.
Consequently, the attracted immune cells should then be able to attack and eradicate the tumor
cells. A prerequisite for immune cell attraction into tumors is the recruitment of immune cells into
the blood and the spleen (Takeichi et al. 2012). The recruitment of immune cells as assessed by
spleen weights and blood leukocyte counts was elevated after oncolytic viral treatment starting
7 d after treatment (figure 3-18). Immune cell recruitment was strongest after Ad-wt, Ad-PSJL-K,
and Ad-dI703 treatment of tumors with spleen weights and leukocyte counts comparable to
results observed by other groups after oncolytic adenoviral treatment (Bernt et al. 2005, Edukulla
et al. 2009). In spleens, activation after virus treatment was sustained and even enhanced 28 d
after treatment. Concerning the recruitment of distinct immune cell populations, Ad-wt and
Ad-PSJL-K treatment of tumor bearing mice induced strong recruitment of all analyzed immune
cell populations, including DCs and T cells (figure 3-19). DCs and T cells are highly associated
with success of virotherapeutic treatments (Diaconu et al. 2012, Edukulla et al. 2009). T cell
recruitment was particularly high after Ad-PSJL-K infection, suggesting therapeutic efficacy of
this vector as seen by slightly reduced tumor sizes as compared to Ad-wt or PBS treatment
(figure 3-16). NK cells and NKT cells were also recruited into the blood by Ad-wt and Ad-PSJL-K,
but also by Ad-dI703 (figure 3-19). However, even though some reports claim an association of
NK cell recruitment and therapeutic success (Alvarez-Breckenridge et al. 2012a, Choi et al. 2011),
others report that NK cells rather enhance viral clearance and thereby hamper the success of
oncolytic virotherapy (Alvarez-Breckenridge et al. 2012a, Alvarez-Breckenridge et al. 2012b). B cell
recruitment was mainly caused by Ad-wt infection. The contribution of B cells to virotherapy is
discussed controversially. In the context of glioma therapy, B cells have been shown to be
indispensible for T cell-mediated anti-tumor activity (Candolfi et al. 2011). Others see no B cell
activation despite therapeutic success (Diaconu et al. 2012). The immunostimulatory cytokine
FIt3L is reported to trigger in vivo expansion of DCs, T cells, as well as of NK cells and B cells
(Maraskovsky et al. 1996, Matsumura et al. 2008, McKenna et al. 2000), also as a transgene in
adenoviral virotherapy (Edukulla et al. 2009). However, no additional DC and T cell recruitment
was observed after Ad-Delo3-RGD-FIt3L treatment of tumors as compared to Ad-Delo3-RGD.
B cell, NK cell, and NKT cell recruitment was indeed slightly enhanced by the additional FIt3L
transgene. Immune stimulation, mainly concerning anti-viral immunity after Ad-Delo3-RGD-FIt3L

treatment is discussed in more detail in chapter 4.8.
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4.8. Adenoviral treatment elicits high anti-virus immune responses

Adenoviruses are highly immunogenic and are able to stimulate multiple arms of the immune
system: They elicit potent innate and adaptive, humoral and cellular immune reactions that are
targeted to eliminate the viral infection (de Gruijl and van de Ven 2012, Thaci et al. 2011).
Intratumoral injection of wild type adenovirus and conditionally replicating oncolytic
adenoviruses within this work confirmed this high immunogenicity on humoral and cellular level
(figure 3-20). Already after a single virus injection into tumors of naive mice, high humoral as well
as cellular anti-viral responses were observed (figure 3-20 A). Concerning the humoral response,
most virus-specific antibodies were produced against Ad-Delo3-RDG, more than against wild type
adenovirus and Ad-PSIL-K. The antibody response against Ad-dl703 was weaker than against
replicating viruses, which is in accordance with findings from others (Woller et al. 2011). Out of all
tested oncolytic adenoviruses Ad-Delo3-RGD-FIt3L was the only exception, which triggered even
lower virus-specific antibody responses than Ad-dI703. Possible reasons for this observation are
discussed in the next passage. Since antibody formation against adenoviruses is primarily directed
against viral capsid proteins (Bradley et al. 2012), the diminished amount of antibodies against
Ad-dI703 might be a sign for decreased presence of Ad-dl703 as a consequence of decreased
replication and progeny formation. Concerning the cellular anti-virus defense, as expected, no
increase in adaptive T cell responses was seen 3 d after virus treatment of mice. 7 d after viral
injection into tumor bearing mice, a high number of splenocytes released IFNy following
stimulation with the viral DBP peptide (figure 3-20 C). The degree of overall virus-elicited immune
responses, as analyzed by ELISpot assay was for most viruses as high as observed after stimulation
with PMA and ionomycin, which served as positive controls. Moreover, found immune responses
were comparable to IFNy responses towards oncolytic adenoviruses observed by others (Gurlevik
et al. 2010). Virus antigen stimulation did not trigger an effective IFNy response in splenocytes
from mice treated with the replication-defective adenovirus Ad-dI703, in contrast to virus antigen
stimulation of splenocytes from mice treated with replicating or conditionally replicating
adenoviruses. Therefore, IFNy secretion by virus antigen-specific splenocytes seemed to depend
on the replication of or the lysis mediated by the respective adenoviruses. The finding that
highest IFNy responses were observed to Ad-wt indicates that in fact replication of the viruses is

required to induce effective IFNy responses.
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The markedly impaired humoral as well as cellular immune response towards Ad-Delo3-RGD-FIt3L
as compared to the Flt3L transgene-free virus Ad-Delo3-RGD and also as compared to all other
viruses (figure 3-20) were not expected, because FIt3L is usually described as an efficient
stimulator of the immune response (Wang et al. 2005), including the immune response towards
viral vectors carrying FIt3L as a transgene (Edukulla et al. 2009). Moreover, B cell levels in the
blood were rather increased after Ad-Delo3-RGD-FIt3L treatment as compared to Ad-Delo3-RGD
treatment, while T cell levels decreased very slightly (figure 3-19). To understand this unexpected
result, functionality of the secreted mFIt3L and in vitro DC expansion would be required to be
tested for the secreted transgene product. However, at least in vitro, mFIt3L was efficiently
released from Ad-Delo3-RGD-FIt3L infected murine KLN205 and human A549 control cells
(figure 3-2) with concentrations comparable to observation of other groups in similar in vitro
settings (Lee et al. 2006, Zhu et al. 2012). Chavan et al. see a lack of anti-viral antibodies and
CD8+ T cell responses from modified vaccinia viruses expressing FIt3L, whereas other transgenes
like GM-CSF provided this effect (Chavan et al. 2006). However, the sole lack of functional
expression from the otherwise not significantly altered viruses in contrast to Ad-Delo3-RGD
or Ad-PSJL-K is not sufficient to explain the decline in anti-viral responses following
Ad-Delo3-RGD-FIt3L administration. Also, there was no hint concerning impeded functionality of
the viruses considering other than anti-viral immune responses as for example immune cell
recruitment (figures 3-18 and 3-19) or anti-tumor efficacy (figures 3-23 to 3-25). Hence,
expression of the FIt3L transgene might also actively reduce anti-viral responses, whereas anti-
tumoral responses are maintained. This would be a beneficial aspect concerning problems with
vector clearance and with unfavorably balanced anti-virus to anti-tumor immune responses,
which are frequently observed in adenoviral therapy (de Gruijl and van de Ven 2012). To my
knowledge, a reduction in anti-viral responses upon administration of FIt3L has never been
observed in the context of adenoviral therapy before. However, in the context of vaccination,
several groups have observed a negative influence of Flt3L administration on humoral and
cellular antigen-specific responses. They see impeded immune responses after transcutaneous
(Baca-Estrada et al. 2002) or oral (Viney et al. 1998) vaccination and hypothesize that immature
DCs in the skin or mucosa, which are recruited by intraperitoneally administered Flt3L, might limit
harmful immune responses and induce antigen tolerance. Kwon et al. showed that naked virus
antigen DNA vaccination coadministered intramuscularly at the same site and time with FIt3L
plasmid suppressed anti-virus antibody responses despite DC activation (Kwon and Park 2002).
This is a scenario that resembles the intratumoral injection of virus armed with the FIt3L
transgene so that indeed Ad-Delo3-RGD-FIt3L could trigger DC-mediated anti-viral tolerance but

likely without influence on anti-tumor immunity.
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Already a single adenoviral injection elicited high anti-viral responses (figure 3-20). One of the
emerging questions in this context is whether multiple adenoviral administrations are favorable or
detrimental concerning oncolytic viral performance. Generally, secondary injections function like
booster vaccine injections and lead to more rapid neutralization by the enhanced virus-specific
immune response (de Gruijl and van de Ven 2012). Also in this work, a second virus injection into
tumor bearing animals 7 d after the first one had the effect of a boost vaccination and highly
augmented recruitment of antibodies against all used viruses (figure 3-20 B). An influence on
anti-tumor efficacy was however not observed (chapter 3.7). Despite the increase in anti-viral
responses, many groups use multiple injections of virus in different intervals to promote
therapeutic effects (Boozari et al. 2010, Diaconu et al. 2012, Edukulla et al. 2009, Lee et al. 2006).
A method to enable multiple applications of the virus without major increase of anti-viral immune
response is the use of heterologous boost-prime regimes. In heterologous boost-prime regimens
adenoviruses are applied in combination with other agents like nucleic acids, proteins, or vectors
from other viruses (Liu 2010). Additionally, adenoviruses of different serotypes can be used for
the priming and for the boosting step (de Gruijl and van de Ven 2012). Even minor changes in the
capsids of oncolytic adenoviruses, i.e. application of an unmodified virus, a virus with a RGD motif
in the fiber knob, or a virus with the fiber knob from another adenoviral serotype has been shown
to result in circumvention of neutralization of the second adenovirus (Raki et al. 2011). This would
be a strategy worth testing in the future, since the effort of using an oncolytic YB-1-dependent
adenovirus with peptide insertion and one without is minimal and this change might increase

therapeutic efficacy.

Moreover, to prevent vector clearance and to favor anti-tumor responses, anti-viral immune
responses are often tried to be directly impeded. Notably, the selective replication of a
telomerase-specific oncolytic adenovirus alone has been shown to decrease anti-viral innate and
adaptive immunity and systemic adenovirus-mediated toxicity in mice (Gurlevik et al. 2010).
Additionally, anti-viral immune responses can be impeded by multiple ways of improved delivery
and virus shielding (Doronin et al. 2009, Green et al. 2004, Kim et al. 2011a, Thorne et al. 2006),
or by general immunosuppression for example by cyclophosphamide (CPA). CPA has been shown
to reduce anti-viral cytokine transcription and improve oncolysis (Wakimoto et al. 2004).
Nevertheless, it is discussed controversially whether reduction of anti-viral responses is favorable
at all or whether high anti-viral immunogenicity rather results in high anti-tumor immune
responses. Prestwich et al. describe the situation between benefit and harm of the immune
response towards oncolytic virotherapy as a “can’t live with it, can’t live without it” situation that
can enhance viral clearance and can in contrast augment anti-tumor efficacy (Prestwich et al.

2009).
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4.9. Oncolytic adenovirus treatment enhances anti-tumor immune responses

Oncolytic adenovirus infection reasonably reduced tumor growth in vivo (figure 3-16). Whether
reductions were caused by direct cytolysis or by immune-mediated effects is not entirely clarified,
yet. Other groups reported that limitations of tumor growth can be at least partly attributed to
immune-mediated tumor cell killing (Boozari et al. 2010, Diaconu et al. 2012). In vitro, apoptosis
was identified as important contributor to the cell killing by YB-1-dependent oncolytic
adenoviruses (figure 3-8). Moreover, dying cells exposed or released the most important proteins
typical for ICD (figures 3-10 and 3-12). The role of ICD in treatment with oncolytic adenoviruses
has not been thoroughly investigated so far. However, the immunogenicity of dying tumor cells
has been shown to be crucial for chemotherapy (Apetoh et al. 2008), but is gaining more and
more attention in the context of virotherapy as well (Boozari et al. 2010, Diaconu et al. 2012).
Presence of all ICD parameters indicates immune induction and therapeutic success in vivo
(Kroemer et al. 2013, Zitvogel et al. 2008b). The two DAMPs ATP and HMGB1 are released from
dying cells in the later stages of ICD and are said to trigger DC migration, activation, antigen
presentation, and cytokine release (Apetoh et al. 2007, Ghiringhelli et al. 2009, Kroemer et al.
2013). In this study, release of ATP and HMGB1 were measured from serum samples by a
luminescence-based ATP assay and by an HMGB1 ELISA, respectively. The release of both ATP and
HMGB1 varied strongly between the animals of each group (figure 3-21). This observed in vivo
variation in the released ICD-related molecules might be the reason, why these parameters are
mostly analyzed in vitro only (Diaconu et al. 2012, Michaud et al. 2011). Nevertheless, mean
serum ATP concentrations were elevated after treatment with Ad-wt or any of the oncolytic
viruses (figure 3-21 A). The concentrations were highest for Ad-PSJL-K treatment and consistently
with the in vitro results also for Ad-Delo3-RGD treatment (figure 3-12 A). Additionally, treatment
of tumors with Ad-PSJL-K led to high serum levels of ATP, even though values for Ad-PSJL-K were
highly variable (figure 3-21 A). The higher release of ATP after treatment with oncolytic viruses as
compared to Ad-wt is consistent with the reduced tumor growth (figure 3-16). The presence of
ICD-related DAMPs in the tumor microenvironment or serum shortly after induction of a therapy
usually implies therapeutic success. However, ATP, like all other DAMPs has multiple functions,
some of which are also contributing to tumor progression and metastasis as well as resistance to
anti-cancer therapy (Krysko et al. 2013). Extracellular ATP regulates not only the cell migration of
DCs (Elliott et al. 2009, la Sala et al. 2002), but also the migration of cancer cells (Zhang et al.
2010) and may thereby contribute to cancer invasion and metastasis (Krysko et al. 2013).
Moreover, extracellular ATP can stimulate cell proliferation (Ryu et al. 2003), can be a source of
immunosuppressive adenosine (Krysko et al. 2012, Krysko et al. 2013), and can at low

concentrations assist cell survival (Wei et al. 2013). Prolonged release of low amounts of ATP
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induces deficient DC maturation and diminishes the ability of mature DCs to induce certain
immune responses (la Sala et al. 2001, la Sala et al. 2002). The concentration of extracellular ATP
is generally an important determinant of the effect of ATP. Whereas human physiological
concentrations of extracellular ATP (1-50 nM) do not affect activated T cells, higher ATP
concentrations have a bimodal effect on activated T cells. In contrast to 250 nM extracellular ATP
that stimulates T cell proliferation and cytokine release, 1 mM inhibits activated CD4+ T cell
functions and stimulates immunosuppressive regulatory T cell (Treg) proliferation (Trabanelli et al.
2012). In this thesis work, average serum ATP concentrations of about 1.5 pM were reached,
which, in the case that human and mouse situations would be comparable, would rather indicate
a scenario of general T cell activation. The second factor that is released from dying cells and is
crucial for the immunogenicity of dying cells is HMGB1 (Apetoh et al. 2007). In order to analyze
whether treatment with YB-1-dependent oncolytic adenoviruses resulted in the release
of HMGB1 in vivo, HMGB1 serum levels were measured by ELISA. Mean HMGB1 serum
concentrations were highest after Ad-wt treatment (figure 3-21 B), consistent with the high
in vitro increase of HMGB1 release of KLN205 cells (figure 3-12 B). Serum HMGB1 concentrations
were also elevated after Ad-Delo3-RGD-FIt3L treatment and were lowest after treatment with
Ad-dI703 (figure 3-21 B). However, in comparison to PBS treatment, only a slight increase was
observed after adenoviral treatment, maybe also due to the high variability in HMGB1 serum
levels between animals within each group. The presence of HMGB1 has been associated with
several effects besides immunostimulatory effects. For instance, extracellular HMGB1 has been
shown to enhance tumor tissue invasion, tumor regrowth, and metastasis formation of cancer
cells that have survived chemotherapy (Luo et al. 2013). Furthermore, HMGB1 interaction
with T cell Ig domain and mucin domain 3 (TIM-3) on tumor-associated DCs has been shown to
decrease anti-tumor immune responses (Chiba et al. 2012). The various functions of HMGB1 can,
at least in part, be explained by mutually exclusive redox states of the protein, which make
HMGB1 either a chemoattractant, or a proinflammatory cytokine, or a protein without any
immunostimulatory properties (Venereau et al. 2012). Redox state distribution of released
HMGB1 proteins can be analyzed by liquid chromatography, tandem mass spectrometry, or
electrophoretic mobility of HMGB1 in the presence and absence of DTT (Venereau et al. 2012).
This could also be an interesting option in the present study to be able to further predict the value

of oncolytic virus-mediated HMGBI1 release.
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Concerning a possible ICD-mediated attraction of immune cells, ATP release was found to
be highly increased after Ad-PSJL-K treatment in vivo (figure 3-21 A), which is in accordance
with high numbers of DCs in the blood after Ad-PSKL-K treatment (figure 3-19) and with the
reported ATP-mediated stimulation of DC migration (Elliott et al. 2009, Kroemer et al. 2013).
Ad-Delo3-RGD-induced ATP release in vitro and in vivo (figures 3-12 A and 3-21 A), however, was
not reflected by increased recruitment of DCs (figure 3-19). Moreover, HMGB1, which activates
DCs and T cells, was highly released after Ad-wt infection in vitro and in vivo and after Ad-PSJL-K
infected cells in vitro (figures 3-12 B and 3-21 B), which was in concert with the high numbers of
DCs and T cells in the blood after treatment with Ad-wt and Ad-PSJL-K (figure 3-19). Collectively,
these findings suggest that YB-1-dependent virotherapy is able to induce ICD in tumor cells and
that the suggested connection between ICD and immune cell recruitment is also valid in the

context of YB-1-dependent virotherapy.

Efficient virotherapy has shown to initially lyse tumor cells, but in an immunocompetent setting
mainly to trigger an immune reaction against the tumor cells that mediates tumor destruction
(Boozari et al. 2010, Choi et al. 2011). Following recognition of their cognate antigens, activated
cytotoxic cells, mostly CTLs secrete cytokines and kill their target cells by secretion of cytotoxic
effector molecules like FasL, perforin, and granzymes (Sanderson et al. 2012, Tau et al. 2001).
Several aspects of anti-tumor reactivity of the splenocytes isolated from oncolytic virus treated
tumor bearing mice have been investigated in this study. Splenocytes were tested for their ability
to secrete IFNy following antigen stimulation, to show degranulation-mediated release of
cytotoxic effector molecules, or to directly lyse tumor cells (figure 3-22). IFNy release following
ex vivo stimulation of splenocytes was elevated in splenocytes of mice treated with YB-1-specific
adenoviruses (figure 3-23). IFNy responses were not very high even after treatment, but were
comparable to results seen by others after injection of oncolytic adenoviruses as monotherapies
in low immunogenic tumor cell models (Choi et al. 2011) like the KLN205 cell model (Woller et al.
2011). If higher ex vivo results are desired, antigen-specific immune responses can be artificially
enhanced by application of systems that incorporate the use of MHCI model antigens like
ovalbumin or hemagglutinin (Edukulla 09). IFNy release from KLN205 tumor cell lysate-stimulated
and hTert tumor peptide-stimulated splenocytes was strongest in Ad-PSJL-K treated animals and
particularly low in PBS treated animals (figure 3-23). IFNy release after stimulation with tumor cell
lysate was generally a bit higher as compared to tumor peptide stimulation, which is probably
caused by the heterogeneous antigen mix in the lysate, which triggers immune responses more

sensitively but less selectively.
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The degranulation of immune effector cells could be stimulated by ex vivo tumor cell lysate
stimulation (figure 3-24 A). In CTLs isolated from mice after viral treatment, the percentage of
CDO017a positive cells following tumor cell lysate stimulation was augmented in comparison to
CTLs of PBS treated animals (figure 3-24 B), particularly after Ad-wt and Ad-PSJL-K treatment.
This observed high degranulation in CTLs after Ad-wt and Ad-PSJL-K treatment was in concert
with enhanced recruitment of various immune cell populations, mainly DCs and T cells, which
are crucial for therapeutic success, after treatment with these viruses (figures 3-18 and 3-19).
Results are furthermore in accordance with the increased IFNy release after Ad-PSJL-K treatment
(figure 3-23). NK cell CD107a surface expression was also enhanced after virus treatment with all
viruses except for Ad-wt (figure 3-24 C). Finally, also NKT cell surface expression of CD107a was
augmented after virus treatment of animals with particularly high cell surface expression levels
for replication-competent or conditionally replicating oncolytic viruses. These results were
consistent with findings from other groups, who have reported that combined stimulation with
the strong immune stimulants PMA and ionomycin results in comparable cell surface expression
of CD107a in CTLs and NK cells (Kruschinski et al. 2008, Ratto-Kim et al. 2012). This implies that
the KLN205 tumor antigens themselves present quite potent immune stimuli, and that adenovirus
treatment of KLN205 tumor bearing animals results in efficient degranulation of isolated
splenocytes upon tumor antigen stimulation, at least in this ex vivo scenario.

No changes in effector cell-mediated toxicity were seen without ex vivo stimulation of the
splenocytes, as assessed by a calcein assay (chapter 3.11.2). This observation has also been
described by others (Schirrmacher et al. 1979) and most researches perform cocultures of
splenocytes with tumor cells to enhance the anti-tumor cytotoxicity of the effector cells (Choi
et al. 2011, Lee et al. 2006, Schirrmacher et al. 1979), even if this represents a rather artificial
enhancement of anti-tumor activity. After coculture, the tumor cell lysis potential of all
splenocytes was on a relatively high level, also that of splenocytes isolated from mice that had not
seen tumor antigens before the coculture (figure 3-25). These findings might indicate a high
general activation of the splenocytes following IL-2 stimulation or following tumor cell contact.
Cell lysis might have also occurred unspecifically and high resulting so called “specific” cell lysis
might be a calculation-dependent artifact due to differences in conditioned versus non-
conditioned medium in the null control. Unspecific signals can also be due to calcein release
without a cell lysis event, even though the calcein assay was reported to be as stable in signal
retention and selective effector-mediated signal release as the °'Cr release assay (Neri et al.
2001). Due to safety reasons concerning a non-radioactive assay and positive reports though, the
calcein assay was favored over the *'Cr assay. Still, lysis was markedly augmented by addition of

cocultured splenocytes from Ad-Delo3-RGD, Ad-Delo3-RGD-Flt3L and Ad-PSIL-K treated mice as
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compared to splenocytes from PBS treated mice. These findings imply that the observed increase
of splenocyte-mediated tumor cell lysis by 10-20% was directly mediated by the particular,
treatment-specific splenocytes and that oncolytic viruses were able to specifically trigger lysis of
tumor cells in this ex vivo setting. The fact that Ad-wt treatment did not trigger as high tumor cell
lysis as the oncolytic viruses is in contrast to the above mentioned stimulation of anti-tumor
responses, the high ICD parameter release and the high immune cell recruitment (figures 3-18 to
3-24). However, tumor growth was enhanced (figure 3-16), and MHCI presentation was reduced
(figure 3-13) upon treatment with Ad-wt, suggesting that Ad-wt treatment is able to stimulate the
immune system, but that Ad-wt-induced downregulation of antigen presentation prevents the

recognition of tumor cells by the immune system.

Ad-PSJL-K in contrast has been shown to be able to lyse tumor cells in vitro (figure 3-7) and to
upregulate all tested ICD parameters in vitro, particularly Hsp70 and HMGB1 (figures 3-10 and
3-12) and in vivo ATP (figure 3-21). It elicited in vivo anti-tumor immune responses as depicted
mainly by augmentation of IFNy secretion (figure 3-23) and effector cell degranulation (figure
3-24). Also Ad-Delo3-RGD-FIt3L triggered enhanced IFNy release by immune cells (figure 3-23) and
even increased tumor cell lysis by splenocytes isolated from Ad-Delo3-RGD-FIt3L treated mice
after coculture (figure 3-25). Especially if results of active reduction of anti-viral immune
responses by the FIt3L transgene can be confirmed (figure 3-20), the insertion of the FIt3L
transgene into the Ad-PSJL-K genome could present a promising strategy to reduce anti-viral

immune response together with triggering of a strong anti-tumor activity.
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4.10.Future prospects of oncolytic adenoviral therapy

Adenoviral therapy alone showed only limited anti-tumor efficacy, as observed in this study and
also observed by other groups (Boozari et al. 2010, Woller et al. 2011). The existing direct tumor
lysis and the limited anti-tumor immunity are not sufficient to allow effective use of YB-1-
dependent virotherapy as single therapy in a weakly immunogenic tumor system like the here
employed KLN205 model. Low immunogenicity of tumor cells might also be problematic in the
future use of YB-1-dependent virotherapy in clinical practice, facing tumors with naturally highly
evolved self immunotolerance (Cavallo et al. 2011, Hanahan and Weinberg 2011). Therefore, the
application of animal models with higher immunogenicity for studying the interplay of oncolytic
viruses and immune system in vivo might be a feasible approach. The use of so called humanized
mice might represent a promising alternative to completely non-human systems (Shultz et al.
2012). For the construction of humanized mice, the mice are first rendered immunodeficient and
are subsequently engrafted with human primary hematopoietic cells and tissues in order to
establish a functional human immune system. The use of humanized mice therefore allows the
application of human tumors, in which adenoviral replication and particle formation is much more
efficient and closer to the situation found in the natural human host environment than in foreign
murine host cells. Despite good progress during the last years, several practical limitations still
exist that limit the application of such models to distinct scenarios. These limitations include the
lack of human growth factors and of human leukocyte antigen (HLA) molecule expression,
problems in lymph node development, the remaining murine innate immune system, and
impaired affinity maturation and class-switching of antibodies. Many of these limitations have
been addressed in selected humanized mice so far, but models have to be carefully chosen
according to the specific application (Macchiarini et al. 2005, Shultz et al. 2012). The challenge in
the choice of an appropriate model is that all arms of the immune system crucial for analysis of
the experiments need to be present. In a complex in vivo approach consisting of tumor
implantation, virus injection, anti-viral and anti-tumoral immunity, including innate and adaptive,
cellular and humoral immune interactions, choice or construction of the right humanized model
would be a complex challenge. Humanized mice are thus not suitable for the study of immune-
aided oncolytic virotherapy yet, but in theory, with further development, would be an ideal

approach to study the use of human tumors with human immune environment.

Still, the application of YB-1-dependent oncolytic virotherapy in the existing KLN205 cell model
was able to reduce tumor tolerance and to trigger anti-tumor immunity to some degree, possibly
by induction of parallel viral and tumor antigen presentation, by viral danger signals like viral

nucleic acids, and by induction of ICD parameters. Moreover, oncolytic virotherapy possibly
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enhanced tumor cell antigen release by cell killing and induction of inflammatory reactions.
All these factors represent very important prerequisites for successful therapy of cancer and
therefore, oncolytic adenoviruses can be ideally used in combination therapies. One approach
that has proven to be very effective in this context is the combination of virotherapy and
DC vaccination. In this experimental concept, isolated DCs are cultured ex vivo, stimulated with
TLR ligands, and loaded with tumor antigens. DCs are then reinjected into tumor bearing mice
with the same genetic background, in combination with virotherapeutic treatment of the tumors
(Woller et al. 2011). DC vaccination alone is potentially effective in anti-tumor therapy, but shows
very low response rates, so that only a fraction of patients profits from this regimen (Cintolo et al.
2012, Palucka et al. 2011, Rosenberg et al. 2004). Combination therapy reduced anti-viral
antibody responses as compared to virotherapy alone and efficiently induced anti-tumor immune
effects, tumor reduction, and even reduction of uninfected lung metastases. Efficiency of
presentation of phagocytosed antigens by DCs is dependent on the presence of TLR activating
ligands within the phagosome (Blander and Medzhitov 2006) and thus only the close interaction
of viral TLR stimulating agents and tumor antigens, as observed upon virus infection and lysis of
tumor cells, enables efficient tumor antigen presentation. As a consequence, oncolytic adenovirus
treatment leads to very effective engulfment and crosspresentation of tumor antigens on the
surface of APCs, thus overcoming the established tumor immunotolerance. In addition, virus-
mediated inflammation and intratumoral replication of viral DNA have been shown to present an
important stimulus for triggering of a strong immune response directed against the tumor,
whereas efficient generation of infectious viral progeny was dispensable (Woller et al. 2011).
Besides combination of virotherapy with DC vaccination, virotherapy has been combined
with other therapeutic approaches like adoptive T cell transfer (Rommelfanger et al. 2012), or
cDNA vaccination (Bridle et al. 2010, Kottke et al. 2011) to achieve synergistic or at least additive

anti-tumor effects.

In conclusion, YB-1-dependent virotherapy was able to provide all prerequisites, such as effective
tumor cell infection, induction of inflammation, as well as initial immune cell recruitment and
anti-tumor immune responses, which have been identified to be important for successful
application of all these combinatory approaches. However, since virus propagation and host cell
lysis were not comparable in murine versus human cells, the real impact of immune responses on
YB-1-dependent oncolytic virotherapy and the efficacy of the therapy in humans can only be
assumed. Better models need to be established in order to get a more precise notion of the mode
of action of YB-1-specific oncolytic adenoviruses as well as the distinct contribution of adenoviral

oncolysis and adenovirus-mediated immune stimulation to the therapeutic outcome in vivo.
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5. Appendix

A. Epitope sequences for the YB-1 N-terminus-specific antibody

The marked N-terminal aa 1-12 sequence of the YB-1 protein plus terminal C was used for

immunization for production of the polyclonal rabbit anti-YB-1 antibody used within this thesis.

Human YB-1 protein sequence (324 aa, after UniProtKB/Swiss-Prot: P67809)

MSSEAETQQPPAAPPAAPALSAADTKPGTTGSGAGSGGPGGLTSAAPAGGDKKVIATKVLGTVKWFNVRNGY
GFINRNDTKEDVFVHQTAIKKNNPRKYLRSVGDGETVEFDVVEGEKGAEAANVTGPGGVPVQGSKYAADRNH
YRRYPRRRGPPRNYQQNYQNSESGEKNEGSESAPEGQAQQRRPYRRRRFPPYYMRRPYGRRPQYSNPPVQGE
VMEGADNQGAGEQGRPVRAQNMYRGYRPRFRRGPPRQRQPREDGNEEDKENQGDETQGQQPPQRRYRRN
FNYRRRRPENPKPQDGKETKAADPPAENSSAPEAEQGGAE

Murine YB-1 protein sequence (322 aa, after UniProtKB/Swiss-Prot: P62960)

MSSEAETQQPPAAPAAALSAADTKPGSTGSGAGSGGPGGLTSAAPAGGDKKVIATKVLGTVKWFENVRNGYGF
INRNDTKEDVFVHQTAIKKNNPRKYLRSVGDGETVEFDVVEGEKGAEAANVTGPGGVPVQGSKYAADRNHYR
RYPRRRGPPRNYQQNYQNSESGEKNEGSESAPEGQAQQRRPYRRRRFPPYYMRRPYARRPQYSNPPVQGEV
MEGADNQGAGEQGRPVRONMYRGYRPRFRRGPPRQRQPREDGNEEDKENQGDETQGQQPPQRRYRRNF
NYRRRRPENPKPQDGKETKAADPPAENSSAPEAEQGGAE

N-terminal aa sequences and UniProtKB/Swiss-Prot numbers of YB-1 proteins from other species
Rabbit Q28618: MSSEAETQQPPAAPPAAPALSAAETKP...
Rat P62961: MSSEAETQQPPAAPAAALSAADTKPGS...

Neat P67808: MSSEAETQQPPAAPPAAPALSAADTKP...
Guinea pig B5ABI3: MSSEAETQQPPAAPPTAPALSAADTKP...

B. Predicted sizes of PCR fragments

Table A-1: Predicted sizes of PCR fragments.

Virus/PCR E1A E1A CR3 E1B19K E3 RGD
Ad-dI703 - - - 1248 bp -
Ad-wt 1044 bp 548 bp 587 bp 1248 bp -
Ad-Delo3-RGD 1033 bp - 378 bp - 173 bp
Ad-Delo3-RGD-FIt3L | 1033 bp - 378 bp 1394 bp 173 bp
Ad-PSJL-K - - - 646 bp 173 bp
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Abbreviations
" Inch
°C Degree Centigrade
A Ampere
A Angstrgm
aa Amino acid
Ac-DEVD-amc Acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin
ADP Adenovirus death protein
Ad-wt Wild type adenovirus
AM Acetoxymethyl
AP Activator protein
APC Antigen-presenting cell
APC Allophycocyanin
APS Ammonium persulfate
ATCC American type culture collection
Atg Autophagy-related protein
ATP Adenosine 5 -triphosphate
Bak Bcl-2 homologous antagonist killer
Bax Bcl-2-associated X protein
BCA Bibinochoninic acid
Bcl-2 B-cell lymphoma 2
bp Base pair
BSA Albumin bovine fraction V
ca** Calcium
CAR Coxsackie virus and adenovirus receptor
CD(X) Cluster of differentiation (X=number)
cdc25a Cell division cycle 25 homolog a
CHX Cycloheximide
Ccmv Cytomegalovirus
Cco, Carbon dioxide
CPA Cyclophosphamide
CPE Cytopathic effect
CR Conserved region
CRT Calreticulin
CsCl Cesium chloride
ct Cycle threshold
CTL Cytotoxic T lymphocyte
Cy Cyanine
d Day
Da Dalton
DAB 3,3'-Diaminobenzidine
DAMP Damage-associated molecular pattern
DBP DNA binding protein
DC Dendritic cell
DMEM Dulbecco's Modified Eagle’s Medium
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DMSO
DNA
dNTPs
ds
DTT
E:T
E1-4
EDTA
eF
eGFP
elF2a
ELISA
ELISpot
ER
ERK
EtBr
FACS
FasL
FBS
FDA
FITC
FIt3L

8

g
G

GAF
GM-CSF
GV-SOLAS
h

H&E
H,0
HZOZ
HCl

HLA
HMGB1
HNSCC
HRP
Hsp
HSV-1
hTert
ICC

ICD

IF

IFN

IFU

Ig

Dimethyl sulfoxide

Deoxyribonucleic acid
Deoxynucleoside triphosphate
Double-stranded

Dithiothreitol
Effector cell to target cell
Adenovirus early region 1-4
Ethylenediaminetetraacetic acid
eFluor

Enhanced green fluorescent protein
Eukaryotic translation initiation factor 2 subunit a
Enzyme linked immunosorbent assay
Enzyme linked immuno spot assay
Endoplasmic reticulum

Extracellular signal-regulated kinase
Ethidium bromide
Fluorescence-activated cell sorting
Fas ligand

Fetal bovine serum

Food and Drug Administration
Fluorescein isothiocyanate

FMS-like tyrosine kinase-3 ligand
Gravitational field strength

Gram

Gauge

Gamma-interferon activation factor
Granulocyte macrophage colony-stimulating factor
Gesellschaft fur Versuchstierkunde
Hour

Hematoxylin and eosin

Water

Hydrogen peroxide

Hydrochloric acid

Human leukocyte antigen

High mobility group box 1 protein
Head and neck squamous cell carcinoma
Horseradish peroxidase

Heat-shock protein

Herpes simplex virus 1

Human telomerase reverse transcriptase
Immunocytochemistry

Immunogenic cell death
Immunofluorescence

Interferon

Infectious Units

Immunoglobulin
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IHC Immunohistochemistry

IL Interleukin

iNOS Inducible nitric oxide synthase

IRF Interferon regulatory factor

ISGF IFN-stimulated gene factor

kb 1000 base pairs

L Liter

L1-4 Adenovirus late region 1-4

LC3 Light chain 3 protein

LMP Low molecular mass polypeptide

m Meter

M Molar (mol/L)

MAPK Mitogen-activated protein kinases
MDR1 Multidrug resistance gene 1

MECL1 Multicatalytic endopeptidase complex-like 1
MEM Minimum Essential Medium

MFI Median fluorescence intensity

mFIt3L Murine Fms-like tyrosine kinase-3 ligand
MgCl, Magnesium chloride

MHCI Major histocompatibility complex class |
min Minutes

MIP-1a Macrophage inflammatory protein lalpha
mM Millimolar (mmol/L)

MOl Multiplicity of infection

mRNA Messenger ribonucleic acid

MRP1 Multidrug resistance related protein 1
MTX Mitoxantrone

MxA Myxovirus resistance protein A

NaCl Sodium chloride

NEAA Non-essential amino acids

NFkB Nuclear factor 'k-light-chain-enhancer' of activated B cells
NK cells Natural killer cells

NKT cell Natural killer T cell

NO Nitric oxide

oD Optical density

orf Open reading frame

P- Phospho-

PAA Polyacrylamide

PAGE Polyacrylamide gel electrophoresis
PARP Poly ADP-ribose polymerase

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

Pdi Polydispersity index

PDT Photodynamic therapy

PE Phycoerythrin

PE Phosphatidylethanolamine
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PerCP Peridinin chlorophyll protein

PERK Protein kinase RNA-like endoplasmic reticulum kinase

PFA Paraformaldehyde

PI3K Phosphoinositide 3-kinase

PKR RNA-activated protein kinase

PMA Phorbol 12-myristate 13-acetate

pRb Retinoblastoma protein

PS Penicillin and streptomycin

PVDF Polyvinyldenfluorid

RANTES Regulated on activation, normal T cell expressed and secreted

RCA Replication-competed adenoviruses

RDB Resistant to daunoblastin

RGD Arginine-glycine-aspartic acid

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm Revolutions per minute

RPMI Roswell Park Memorial Institute

RSK Ribosomal S6 kinase

RT Room temperature

SDS Sodium dodecyl sulfate

sec Second

SEM Standard error of the mean

SRB Sulforhodamine B

Smad3 SMA (giving the small phenotype in C. elegans)/mothers against
decapentaplegic homology 3

Stat Signal transducer and activator of transcription

TAE Tris acetate EDTA buffer

TBS Tris-buffered saline

TCA trichloroacetic acid

TEMED Tetramethylethylenediamine

TGF-B Transforming growth factor beta

TierSchG Tierschutzgesetz

TIM-3 T-cell immunoglobulin domain and mucin domain 3

TLR Toll-like receptor

TMB 3,3’,5,5’-Tetramethylbenzidine

TNF Tumor necrosis factor

TRAIL Tumor necrosis factors-related apoptosis-inducing ligand

Treg Regulatory T cell

U Unit

UniProt Universal Protein Resource Knowledgebase

uv Ultraviolet

Vv Volt

VA RNAI Virus-associated RNA molecule |

VP Viral particles

WB Western blot

YB-1 Y-box binding protein 1
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