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Introduction

1. Introduction

1.1. Gastrointestinal cancer

1.1.1. Introduction

According to the World Health Organisation (WHO), in 2012, there were
8.2 million people worldwide who died from cancer. It is estimated that the
number will even rise to 13.1 million in 2030.

Of 8.2 million deaths in 2008, liver cancer accounts for approximately
746,000, colorectal cancer for 694,000 and gallbladder cancer for 143,000
deaths (Ferlay et al, 2012).

Mortality
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Figure 1.1. Cancer frequency in both sexes. Taken from (Ferlay et al, 2012).

1.1.2. Hepatocellular carcinoma

Of all cancer deaths world wide, liver cancer is the second leading cause
(Ferlay, 2012) and numbers are constantly increasing (Maluccio & Covey,
2012).

There are many types of liver cancer, of which hepatocellular carcinoma

(HCC) accounts for up to 70 - 85 % of all liver cancers worldwide (Perz et al,
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2006). Major risk factors are aflatoxin B1 exposure (Ming et al, 2002), hepatitis
B virus (HBV) and hepatitis C virus (HCV) infections, to which 78 % of global
HCC incidences are attributable (Perz et al, 2006). This also explains high rates
of HCC in parts of Asia and Africa, where prevalences of chronic hepatitis B
infections of up to 8 % are quite common (Jemal et al, 2011). In Western
countries, which are at a rather low risk for HCC, factors such as alcohol-related
cirrhosis and nonalcoholic steatohepatitis (NASH) mainly contribute to the
development of HCCs (Jemal et al, 2011; Maluccio & Covey, 2012).

The only curative options for HCC still remain liver transplantation and
surgical resection, both in quite early stages of the disease. Patients who meet
with Milan criteria (basically HCC with one nodule < 5 cm or up to 3 with each <
3 cm) for liver transplantation can experience a 4-year overall survival of 85 %
(Mazzaferro et al, 1996). However, as HCCs are mostly advanced and
disseminated when diagnosed, curative treatment is mostly not possible. The
current ten-year-survival rate after resection is 7.2 % (Gluer et al, 2012). With
the introduction of a first systemic therapy with Sorafenib, median survival could
be prolonged by 3 months (Llovet et al, 2008), but due to development of
multidrug resistances, “conventional” chemotherapy is only temporarily effective
(Li et al, 2001). These circumstances are also reflected in the almost identical
numbers of incidence and mortality, indicating that most HCC patients cannot
be “rescued” and then die of their disease (Ferlay et al, 2012; Maluccio &
Covey, 2012).

1.1.3. Cholangiocarcinoma

Cholangiocarcinoma is an adenocarcinoma of the extra- and intrahepatic
bile ducts (Lau & Lau, 2012; Pattanathien et al, 2013). Compared to other
malignancies, numbers of Cholangiocarcinoma incidences are relatively low.
However, high rates are found in parts of Eastern Asia and especially Thailand,
which appears to be mainly due to infections with liver flukes (Shin et al, 2010).
Chronic biliary inflammation in general is considered as a risk factor including

primary sclerosing cholangitis (Claessen et al, 2009), hepatolithiasis and bile-
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duct cysts (Tyson & El-Serag, 2011). In general, therapy of Cholangiocarcinoma
is known to be highly difficult and challenging. Total surgical excision is still the
only curative approach, since Cholangiocarcinomas hardly respond to neither
radiation nor chemotherapy. If not resectable or already metastasized, patients
are treated in a palliative manner (Lau & Lau, 2012). One study from Thailand
provides median survival data of 15 months and 5-year survival rates of 10.8 %

after surgical treatment (Pattanathien et al, 2013).

1.1.4. Colorectal carcinoma

Colorectal cancer (CRC) is the fourth leading cause of cancer deaths
worldwide (Ferlay et al, 2012). Incidences are higher in industrialized countries
and in men. It is assumed to be mainly due to dietary factors (red meat, alcohol,
little intake of fibre), obesity, physical inactivity, diabetes mellitus and smoking
(Jemal et al, 2011). In contrast, preventive screening programs for early
detection of premalignant adenomas and localized cancer were shown to
significantly decrease incidence and mortality of colorectal cancer (Atkin et al,
2010).

Surgery remains the basis of curative approaches and is combined, if
necessary, with radiation and chemotherapy. If possible, total resection of the
tumor should be aspired. Relapse after surgery mostly becomes manifest in
liver and lung metastases (Cunningham et al, 2010). According to the
EUROCARE-4 data between 2000 and 2002, colorectal cancer patients in

Europe have a 5-year survival rate of 56.2 % (Verdecchia et al, 2007).
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1.2.  5-FU and latest therapeutical state of the art

1.2.1. Antineoplastic therapy

Today's therapeutic options for cancer basically consist of chemotherapy,
surgical resection, radiation therapy as well as novel biological anti-cancer

therapies.

Chemotherapy has its origin in World War | and Il, when autopsies of
people poisoned by mustard gas revealed severe bone marrow depressions.
Further investigations showed that the effect correlated with the proliferative
activity of tissues. In 1942, its antineoplastic potential was discovered and
mustard gas derivatives were thus introduced as first chemotherapeutic drugs
(Papac, 2001).

Development of other alkylating drugs (e.g. cyclophosphamide) followed and
with the finding of aminopterin as a folic acid antagonist, therapy with anti-
metabolites was initiated (Farber & Diamond, 1948). Since that time, the search
for new and efficient anti-neoplastic drugs has become a major field in tumor

therapy.

However, there are severe disadvantages of chemotherapy: as already
mentioned the anti-tumor properties of chemotherapy depend on the
proliferative activity of cells. High proliferation rates are not only a characteristic
of cancer cells, but also of hematopoietic cells and many epithelial tissues,
which explains common toxic side effects of chemotherapy. This results in a
dose-limiting toxicity and eventually in a less effective therapy (Moolten et al,
1990).

Furthermore, tumors often show decreasing response to drugs during therapy
and acquire resistances. Cancer stem cells, which are hardly affected by
common therapies, are thought to be responsible for the initiation of resistance
and relapse after initially successful therapy (Cripe et al, 2009). Moreover,

tumor cells develop mechanisms to inactivate drugs or induce production of
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membrane transporters, which either take up less or export more of the
chemotherapeutic drug (Zahreddine & Borden, 2013).

Taken together, despite continuous improvements in cancer therapy and
prolonged survival of treated patients, complete remissions and cure of cancer
are rare and anti-cancer drugs, which selectively affect tumor cells whilst

sparing normal cells, are still being searched extensively.
1.2.2. 5-FU

5-fluorouracil (5-FU) is an anti-cancer drug, which has been introduced in
1957 by Charles Heidelberger (Heidelberger et al, 1957). Since that time, it has
been used especially for palliation, treatment of metastasized breast and colon
cancer (Heidelberger & Ansfield, 1963) and also for genito-urinary, gastric, liver,

pancreas and head and neck cancer (Kanai et al, 1998).

H H
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Figure 1.2. Chemical structure of Uracil (left) and 5-Fluorouracil/5-FU (right). Taken and

modified from (Vermes et al, 2000).

5-FU is a pyrimidine anti-metabolite, as it very much resembles the
pyrimidine uracil, but is fluorine-substituted at position 5. In the pyrimidine ring
of thymine, to which uracil is converted by thymidylate synthase (TS), there is a
methyl group at position 5. Conversion of uracil to thymine by TS was therefore
supposed to be blocked (Heidelberger et al, 1957), thus inhibiting DNA
synthesis, as TS is the only source of newly produced thymidine (Danenberg,
1977).
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In fact, the toxic effect is directed to both, DNA (Cohen et al, 1958;
Heidelberger & Ansfield, 1963) and RNA (Cory et al, 1979; Glazer & Peale,
1979; Glazer & Lloyd, 1982; Piper & Fox, 1982). The mechanism of action looks
as follows: in the first step, 5-FU is converted to 5-fluorouridine-5'-mono-
phosphate (5-FUMP). This happens either directly by orotate phosphoribosyl-
transferase (OPRT) or in two steps by uridine phosphorylase to intermediate 5-
fluoro uridine and by uridine kinase to 5-FUMP (Cohen et al, 1958; Piper & Fox,
1982).

In the second step, 5-FUMP is further metabolized by cellular nucleotide
kinases to 5-fluorouridine-5'-diphosphate (5-FUDP). 5-FUDP may then be
toxified to the final, cytotoxic metabolites by (i) further phosphorylation by
nucleotide kinases to 5-fluorouridine-5'-triphosphate (5-FUTP), which directly
interferes with production and function of all RNA classes (Wilkinson & Pitot,
1973; Glazer & Peale, 1979; Glazer & Lloyd, 1982). 5-FUDP can also be
converted by (ii) ribonucleotide reductase to 5-fluoro-2'-deoxyuridine-5'-
diphosphate (5-FAUDP) and then to 5-FAUMP which irreversibly suppresses TS
and therefore DNA synthesis (Cohen et al, 1958). A third possibility is that (iii) 5-
FAUDP is converted to 5-FAUTP, which is incorporated into DNA and hence
damages the DNA. Extensive base-excision repair causes DNA fragmentation
and therefore cell death (Thorn et al, 2011).
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Figure 1.3 5-FU activation and mechanisms of action.

5-FU = 5-fluorouracil, 5-FUMP = 5-fluorouridine 5 monophosphate, 5-FUDP = 5-fluorouridine 5°
diphosphate, 5-FUTP = 5-fluorouridine 5° triphosphate, NK = nucleotide kinase, OPRT = orotate
phosphoribosyltransferase, RNR = ribonucleotide reductase, TS = thymidylate synthase, UK =
uridine kinase, UP = uridine phosphorylase. Figure based on (Cory et al, 1979; Piper & Fox,
1982; Valeriote & Santelli, 1984; Thorn et al, 2011).

However, as 5-FU is an anti-metabolite, its effect at concentrations that
are safe to administer systemically is dependent on cell proliferation. It is
therefore assumed, that insufficient therapy with 5-FU is due to the fact that only
10 % of all carcinoma cells are cycling at the same time (Akbulut et al, 2004).
Doses to also kill slowly or non-proliferating cells would cause unacceptable
toxic effects.

Such toxic side effects depend on the method of administration
(continuous therapy, daily or weekly bolus therapy) and are typically myelo-
suppression with neutropenia, stomatitis, mucositis, diarrhea, dermatitis and
conjunctivitis (Weh et al, 1994; de Gramont et al, 1997).
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1.3.  Oncolytic virotherapy

Oncolytic virotherapy is a new approach to treat cancer, which is
currently under preclinical and clinical investigation. The idea is basically that a
replication-competent virus selectively infects tumor cells, replicates within them
to produce progenies and eventually destroys its host cells. Ideally, those
viruses do not affect untransformed, non-malignant tissues and have therefore
limited or even no toxic side effects.

In the following chapter, the discovery of oncolytic viruses, their principle
of operation, advantages and disadvantages as well as further improvements to

enhance the oncolytic effect will be explained.

1.3.1. History and finding of oncolytic viruses

The discovery of viruses as novel cancer therapeutics was rather
coincidental. There are numerous case reports about tumor patients who
occasionally developed a viral infection which led to an (although mostly partial)
remission of their neoplastic malignancy (Kelly & Russell, 2007). Regressing
leukaemias (Gross, 1971; Pasquinucci, 1971), Burkitt’'s lymphomas (Bluming &
Ziegler, 1971), and Hodgkin’s diseases (Mota, 1973) after infections with wild-
type measles virus (MeV) are only few examples. Similar observations were
made with cases of acute leukaemia after glandular fever infections (Taylor,
1953) and chicken pox (Moore, 1954). However, these reports were not limited
to natural infections only, but also attenuated viruses used for vaccinations were
able to cause tumor regressions. Repeated smallpox vaccination caused a
complete remission for 3 years in a patient suffering from untreated chronic
lymphocytic leukaemia (Hansen & Libnoch, 1978). A case of cervix cancer and
few of melanoma were noted to improve after rabies vaccination (Moore, 1954).

Subsequently, viruses and their vaccines were investigated as totally
new approaches for the therapy of cancer. Although some of those case reports
were already presented much earlier, oncolytic virotherapy with wild-type

viruses started in the 1950s. Further developments of the advanced viro-
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therapeutic agents, being derived from genetic engineering, began in the 1990s
(Liu et al, 2007).

1.3.2. Advantages and disadvantages

Broadening the options for the treatment of cancer, oncolytic viruses
have some advantages over common therapies. First of all, viruses were
evolutionarily adapted to efficiently infect and replicate within their host cells.
They exploit the host to produce further progenies, which in turn are able to
infect neighbouring cells (Msaouel et al, 2009). Secondly, oncolytic viruses
selectively infect and replicate in tumor cells, leading to apoptosis or infection-
related lysis. Consequently, non-transformed cells are not affected and
systemic toxicity is therefore limited (Li et a/, 2001; Liu et al, 2007). Thirdly,
even tumor cells being apoptosis- or chemotherapy-resistant can be killed by
viruses, demonstrating that there is no cross-resistance (Coukos et al, 2000;
Khuri et al, 2000; Reid et al, 2002; Richard et al, 2007; Cattaneo et al, 2008).
Also tumor stem cells, which are hardly affected by common chemothera-
peutics, show susceptibility towards virotherapy (Cripe et al, 2009; Mahller et al,
2009). Beyond that, oncolytic viruses have been proved to be safe in all clinical
trials that have been performed to date, generally having caused not more than
any flu-like symptoms (Khuri et al, 2000; Kirn, 2001; Reid et al, 2002;
Heinzerling et al, 2005; Liu et al, 2007; Galanis et al, 2010). Overall, safety has
already been affirmed for at least six different virus species, administered to
over 800 patients (Liu & Kirn, 2008).

However, there are also disadvantages of this novel therapeutic
approach. The immune system not only supports oncolysis by identifying and
killing infected cells, but also recognizes the viral particles as foreign and hence
eliminates a major percentage before they can efficiently infect the tumor
(Breitbach et al, 2007; Cattaneo et al, 2008; Liu & Kirn, 2008; White et al, 2008;
Prestwich et al, 2009). In fact, relatively low antibody titers are already able to
hugely neutralize the systemically delivered viruses (Ong et al, 2007). Repeated

applications induce increasing titers of neutralizing antibodies and thus lessen
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the effect (White et al, 2008). Even alternatives to circumventing intravenous
application by, for example, directly injecting the viruses into the tumor, are
insufficient (Russell et al, 2012). But not only antibodies, complement or
phagocytes hinder the delivery, there are also mechanic barriers like fibrosis,
necrosis and elevated interstitial pressure within the tumor complicating the
infection (Jain, 2001). The reticuloendothelial system in organs like spleen and
liver is also responsible for virus clearance (Prestwich et al, 2008; Russell et al,
2012).

Despite the promising oncolytic potency, a single therapy won'’t be sufficient and
has therefore to be further investigated and combined with other therapeutic
options (Liu et al, 2007; Cattaneo et al, 2008).

1.3.2. Mechanism of oncolysis

Tumor cells are characterized by their genetic mutations and genomic
instability. Proliferation is associated with further genetic alterations and defects
and may, by chance, result in new capabilities and growth advantage. However,
those mutations are not directional and cancer cells not only acquire new
features, but also lose preexisting abilities (Hanahan & Weinberg, 2011).

One example is mutation within interferon (IFN) mediated pathways
(Colamonici et al, 1992; Sun et al, 1998), which normally protect cells from viral
infections, inhibit cellular proliferation and activate apoptotic signals (Clemens &
McNurlan, 1985; Stark et al, 1998). Being resistant towards those signals,
cancer cells are protected from IFN mediated clearance (Stojdl et al, 2000; Naik
& Russell, 2009; Lech & Russell, 2010). At the same time however, they
become susceptible to viral infections when losing their innate antiviral
protection, whilst untransformed cells turn into an antiviral state. This accounts,
amongst other reasons, for the cancer-selectivity of oncolytic viruses (Stojd| et
al, 2000; Haralambieva et al, 2007).

In addition to directly lysing the tumor, the virus serves as an activator of
the immune system (Prestwich et al, 2008; Boisgerault et al, 2010). Migrating

immature cells of the immune system such as dendritic cells detect viral and

10
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tumor-associated antigens produced by infected tumor cells and become
activated (Moehler et al, 2005; Greiner et al, 2006). In turn, they recruit further
immune cells (especially CD8+ T cells and NK cells), which attack the tumor
cells, induce production of IFN and other signaling molecules (Errington et al,
2008; Lech & Russell, 2010).

This fact was also confirmed by Diaz et al, when tumor bearing mice,
lacking either CD8+ T cells or NK cells, were treated with oncolytic vesicular
stomatitis virus (VSV). Both led to decreased oncolytic efficacy (Diaz et al,
2007), compared to fully immune competent mice. Activation of the adaptive
immune system therefore contributes an important part to the oncolytic

virotherapy.

1.3.4. Enhancing oncolytic effects

As already explained, a monotherapy with oncolytic viruses is insufficient
and has to be enhanced (Liu et al, 2007). For this purpose, there are several

approaches:

Combination with drugs is one possibility. With regard to virus clearance
by the immune system, immunosuppressive drugs are being investigated. One
of them is cyclophosphamide (CPA), a DNA-alkylating and immunosuppressive
drug (Cattaneo et al, 2008). It has been shown that the combination with onco-
lytic viruses is synergistic. This is thought to be due to the fact that CPA
reduces the concentration of antibodies (especially IgG), eliminates and inhibits
proliferation of B- and T-lymphocytes and represses cellular innate antiviral
immunity (lkeda et al, 1999; Fulci et al, 2006; Qiao et al, 2008; Kottke et al,
2009; Lun et al, 2009).

With respect to mechanic barriers hindering the delivery of drugs and also onco-
lytic viruses to the tumor site, there are approaches to increase vascular
permeability and lower interstitial pressure within the tumor (Jain &
Stylianopoulos, 2010). Administration of VEGF-repressor derivatives were

shown to increase vascular permeability and hence reovirus infection of tumor

11
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endothelium (Kottke et al, 2010). This could also be demonstrated by applying
IL-2 in a mouse model of lung metastases, treated with VSV virotherapeutics
(Kottke et al, 2008).

A combination of virotherapy with histone deacetylase inhibitors (HDACI) to
decrease response of tumor cells to IFN and therefore increase susceptibility to

viral infection also showed promising results (Nguyen et al, 2008).

Targeting is a concept that aims to direct viruses even more precisely to
cancerous tissues. Due to either expression of different or overexpression of
common proteins, tumor cells can be addressed more specifically. Using this
basic principle, viruses can be modified to target such differentially expressed
proteins. For example, Jing et al modified MeV's H-protein to bind to urokinase-
type plasminogen activator receptor (UPAR), which is frequently overexpressed
in breast cancer, and could show a prolonged survival in a xenograft breast

cancer model when treating with a targeted virus (Jing et al, 2009).

Another concept is to arm viruses by genetic manipulation (also called
"arming"). Prodrug convertases, for example, can be transferred to the virus,
which in turn brings the enzymes into the selectively infected tumor cells. The
general idea is that these enzymes locally convert non-toxic to highly toxic
substances (Knox & Connors, 1997; Cattaneo et al, 2008).

I H
U NH
F F
NH, O

Figure 1.4. Chemical structure of 5-Fluorocytosine (5-FC) (left) and 5-Fluorouracil (5-FU)
(right). Taken from (Vermes et al, 2000).

12
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One system, which also has been used in this thesis, works with a fusion
protein consisting of the enzymes cytosine deaminase (CD) and uracil phospho-
ribosyltransferase (UPRT), both derived from certain bacteria (E. coli) or fungi
(Saccharomyces cerevisiae). CD catalyzes deamination of cytosine to uracil or
5-fluorocytosine to 5-fluorouracil, respectively (Kilstrup et al, 1989). In contrast,
neither do mammalian cells contain those enzymes, nor do they metabolize
cytosine to uracil (Mullen et al, 1992). UPRT catalyzes the conversion of uracil
to uracil monophosphate (UMP) and of 5-FU to 5-FUMP, which is an inter-
mediate step in the utilization of 5-FU (Kanai et al, 1998). This extra enzyme
has been introduced because of the observation that some 5-FU resistant tumor
entities revealed mutations downstream in the pathway of 5-FU. With UPRT,
this intermediate step and simultaneously this cause of 5-FU resistance can be
evaded (Kanai et al, 1998; Erbs et al, 2000). Richard et al could also
demonstrate that the intracellular prodrug conversion leads to far higher intra-
cellular concentrations of 5-FU than achievable by systemic administration.
Therefore even slowly dividing tumor cells could be killed efficiently (Richard et
al, 2007). The complete activation pathway of 5-FU is described in section

1.2.2.

13
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Figure 1.5 5-FC activation and mechanisms of action.

5-FC = 5-fluorocytosine, 5-FU = 5-fluorouracil, 5-FUMP = 5-fluorouridine 5° monophosphate, 5-
FUDP = 5-fluorouridine 5° diphosphate, 5-FUTP = 5-fluorouridine 5° triphosphate, CD = cytosine
deaminase, NK = nucleotide kinase, OPRT = orotate phosphoribosyltransferase, RNR =
ribonucleotide reductase, TS = thymidylate synthase, UK = uridine kinase, UP = uridine
phosphorylase, UPRT = uracil phosphoribosyltransferase. Figure based on (Cory et al, 1979;
Piper & Fox, 1982; Thorn et al, 2011; Valeriote & Santelli, 1984).

These effects are highly toxic to mammalian cells but only occur in prodrug
convertase-bearing cells. Those not being transformed escape the cytotoxicity
(Mullen et al, 1992).

A chimeric protein, developed by Erbs et al, shows the activity of both enzymes
and proved to be more efficient than the single enzymes (Erbs et al, 2000).
Encoded by a replication-competent adenovirus (AdV) in combination with 5-
FC, treatment of breast, pancreas and colon cancer cells revealed to be
efficient (Erbs et al, 2000; Chung-Faye et al, 2001).

14



Introduction

A similar approach was undertaken with vaccinia virus to investigate the effect
on HCC, liver metastases, breast, pancreas, colon and lung cancer and was
also confirmed to show a potent enhancement of oncolysis (Erbs et al, 2008;
Foloppe et al, 2008).

Additionally, 5-FU is highly diffusible and can kill non-infected surrounding cells
(“bystander effect”). Huber et al could show that significant regressions in xeno-
graft models can be observed when as few as 2 % of all tumor cells express the
prodrug convertases (Huber et al, 1994).

In conclusion oncolysis can be strongly enhanced by local prodrug toxification
and diffusion of the toxified product to neighboring cells. This has already been
confirmed in several in vitro and in vivo studies (Huber et al, 1994; Kanai et al,
1998; Topf et al, 1998; Erbs et al, 2000).

A second example is a thymidine kinase-system. Thymidine kinase (TK)
catalyzes phosphorylation of guanosine analogs like aciclovir (ACV) or
ganciclovir (GCV) to the correspondent monophosphates. Cellular kinases
further phosphorylate those resulting in metabolites, which then inhibit DNA
synthesis (Moolten et al, 1990; Knox & Connors, 1997). When Boviatsis et al
treated gliosarcoma-bearing rats with herpes simplex virus (HSV) with or
without TK and added GCV, they could significantly prolong survival of those
treated with TK and GCV (Boviatsis et al, 1994).

With the purpose to avoid early viral clearance and directing the virus to
the tumor site, there are approaches to use carriers that naturally migrate to the
tumor (so-called cell-mediated virus shielding approaches). This process is
called “tumor cell homing” and can be used to deliver the virus to the tumor
more efficiently, simultaneously protecting the virus from early clearance by the
immune system. Therefore, suitable carriers (e.g. dendritic cells, leukocytes or
even tumor cells) are infected ex vivo and administered before expression of
viral antigens on their cell surface so that they can accumulate at the tumor site
and locally produce high numbers of progenies (Harrington & Vile, 2006; Power
& Bell, 2008; llett et al, 2011).
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Cytokine-induced killer cells, for example, can be obtained from the patient,
infected with the oncolytic virus and then be reinfused. This principle was shown
to be synergistic when treating tumor-bearing mice (Thorne et al, 2006).
Another example is the usage of lethally irradiated myeloma cells, which were
able to carry and protect MeV in mice exhibiting anti-measles antibodies (Liu et
al, 2010). Similar results could be obtained with activated T-cells as carriers of
MeV (Ong et al, 2007).

There are also approaches to lower the clearance by the
reticuloendothelial system by simply increasing the dose of administered virus
to saturate uptake or by shielding it with polymer coating (Fisher et al, 2001;
Green et al, 2004; Manickan, 2006; Manickan et al, 2006). Depletion by
monocytes could be decreased by simultaneous therapy with anticoagulants,
clodronate, gadolinium and IgG (Ziegler et al, 2002; Shashkova et al, 2008).
Additionally, monocyte receptors may be saturated by preincubation with

polyinosinic acid (Haisma et al, 2008).

1.3.5. Clinical trials

The first clinical trials employing viruses to treat cancer began in the
1950s. One of them was based on case reports about remission of Hodgkin's
disease after onset of viral hepatitis. 21 patients were treated with sera and
tissues extracts containing hepatitis virus and examined up to 12 months.
However, it was concluded that "[...] the induction of viral hepatitis at the
present time cannot be recommended as a therapeutic measure and should not
be used as a substitute for x-ray or nitrogen mustard therapy [...]" (Hoster et al,
1949).

In contrast to such dissatisfying trials, results of current investigations are

much more promising.

So far, numerous viruses have been under investigation and administered to

patients suffering from various tumor entities. Most importantly, latest trials
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demonstrated acceptable, minimal or even no toxicity of any applied virus and
safety could therefore be confirmed. According to Russell et al., AdV,
Coxsackievirus, HSV, MeV, New castle disease virus, parvovirus, poliovirus,
reovirus, Seneca valley virus, retrovirus, different vaccinia viruses and VSV are
currently being investigated in phase |, Il or lll trials for the treatment of various
solid tumors (Russell et al, 2012).

In the following, selected clinical trials are presented in short.

Onyx-015 is a modified AdV that selectively replicates in and kills cells which
harbour p53 mutations, which is often the case in tumor cells. It was the first
engineered virus to be used in phase | and Il clinical trials for the treatment of
various tumors. In fact, therapy was very well tolerated in all cases. However,
efficacy of single-agent therapy was disappointing, whereas response to
chemotherapy could be enhanced in combination with Onyx-015 (Kirn, 2001;
Liu et al, 2007). Another variant of AdV named H101 was approved for the
treatment of head and neck cancer in combination with chemotherapy by
Chinese authorities in 2005 (Garber, 2006). Tumor response could be
significantly increased by combinational treatment with viruses and chemo-
therapy (Liu et al, 2007).

In a phase Il clinical trial, patients with unresectable metastatic melanoma were
treated with oncolytic HSV type 1. The virus had been genetically engineered to
block antigen presentation, to express GM-CSF (vector depicted as T-Vec or
Talimogene laherparepvec) in order to enhance the immune response and to
selectively replicate in tumor cells. Final data clearly confirmed effectiveness
with a 26 % objective response rate and an overall 1-year survival rate of 40 %.
Therefore, a phase lll study is already ongoing (Senzer et al, 2009) and
approval of T-Vec by FDA and EMA as a first “Western® virotherapeutic is to be
awaited for 2015.

20 patients with primary or metastatic liver cancer were treated in a phase | trial

with a modified vaccinia virus Ankara, bearing prodrug convertases CD and
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UPRT (MVA-FCU1). The virus was injected intratumorally with doses of 10 to 4
x 108 into the tumor and subsequently the prodrug 5-FC was administered.
Tumor response and the maximal tolerated dose should be investigated.

However, study results have not yet been published (http://www.transgene.fr).
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1.4. Armed oncolytic measles viruses

1.4.1. Introduction

In 1971, Bluming and Ziegler from the “Lymphoma Treatment Center of
the Uganda Cancer Institute” published a case report on an eight year old boy
suffering from a histologically diagnosed Burkitt's lymphoma at the right orbita.
Before any antineoplastic therapy could have been started, the patient had
been naturally infected with wild-type MeV. Surprisingly, the orbital swelling dis-
appeared and the boy was in total remission for at least four months after
infection (Bluming & Ziegler, 1971).

Fig. 1.6 Wildtype measles infection associated with remission of Burkitt’s lymphoma. The
first picture was taken on the 1 of December 1970 showing a swelling of the right orbita,
histologically diagnosed as Burkitt's lymphoma. Before the second picture has been taken on
the 21° of December 1970, the boy had undergone an infection with wildtype MeV and had then
shown a detumescence. On the third picture, taken on the 6" of January 1971, there was
neither a sign of the measles exanthema nor of the tumor. Taken from (Bluming & Ziegler,
1971).

However, wildtype measles is still a dangerous disease and may cause
severe complications (Schneider-Schaulies & ter Meulen, 2002). In contrast, the
vaccine strains are safe (Liu et al, 2007; Msaouel et al, 2012), but show similar
anti-tumor activity though (Anderson et al, 2004).

This also applies to the MeV Edmonston vaccine strain, which already

revealed to specifically infect and kill tumor cells, while hardly affecting normal

19



Introduction

cells making the virus a tumor-selective agent (Anderson et al, 2004).
Additionally, the vaccine strain indicated to be safe and to be efficiently
oncolytic when treating first tumor patients in phase | / Il clinical trials (Liu &
Kirn, 2008; Galanis et al, 2010; Msaouel et al, 2012). Patients with
subcutaneous T-cell ymphomas (Heinzerling et al, 2005) and patients with
ovarian carcinoma (Galanis et al, 2010) were successfully treated. Therapy of
further entities, such as glioblastoma multiforme and multiple myeloma, are

under clinical investigation (Lech & Russell, 2010).
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1.4.2. Measles virus

Measles is a highly contagious viral disease that is caused by the
homonymous measles virus. Before the successful vaccination was introduced,
the virus had been responsible for approximately 2.6 million deaths per year
(WHO, 2015).

Fig 1.7 Schematic structure of measles virus. Directly underneath the lipid envelope (dark
grey) with its embedded F- and H-proteins, the M-protein (yellow) surrounds the
ribonucleoparticle, consisting of the P- and L-proteins (both blue) and the negative (-) stranded
viral RNA (not shown), associated with the N-protein (black). Modified from (Springfeld, 2005).

The single virions are between 100 and 300 nm of size. From the outside
to the center of the virion, there is a phospholipid bilayer envelope, which is
derived from budding off the host’s cell, containing hemagglutinin (H-protein)
and the fusion (F-protein) protein. These integrated proteins are about 9 - 15
nm long (Lamb and Kolakofsky, 2001). The H-protein, a type Il glycoprotein,
binds to cellular receptors SLAM, Nectin-4 and CD46 and it, together with the F-
protein, mediates membrane fusion for primary infection and formation of
syncytia (Nussbaum et al, 1995).

At the inside of the envelope, the matrix protein (M-protein) surrounds the
helical nucleocapsid, which consists of the nucleoprotein (N-protein), phospho-
protein (P-protein) and the large protein (L-protein). Together with the MeV

nonsegmented, single stranded and negatively orientated RNA, the nucleo-

21



Introduction

capsid forms the ribonucleoparticle (RNP) (Griffin, 2001). Proteins V and C are
non-structural and are not required for replication (Radecke & Billeter, 1996;
Schneider et al, 1997).

leader trailer

3 N P/C/V M F H L —5'

Fig 1.8 Schematic diagram of measles virus' genomic structure. The genes are shown in

their exact order, but the sizes are not drawn to scale.

Measles mostly occur during winter and spring and are spread via droplet
infection. This highly contagious disease takes about 10 - 14 days of incubation,
until symptoms like cough, coryza, fever, a typical maculopapular rash and red
spots at the buccal mucosa, called Koplik’s spots, emerge (Griffin, 2001). The
severity of the disease and its symptoms is very much determined by the
patient’s health status, age and immunocompetence (Schneider-Schaulies & ter
Meulen, 2002).

In 1954, T.C. Peebles (1921 - 2010) and J.F. Enders (1897 - 1985) were
able to grow MeV on human kidney cell cultures from whole blood and throat
washings of an infected 11 years old child called David Edmonston (Enders et
al, 1957; Griffin, 2001; Msaouel et al, 2012). This isolated virus was then named
“Edmonston strain” or MeV-Edm. By transferring the virus to foreign hosts like
chicken embryo cells, it slowly adapted to the new conditions and therefore
became attenuated and able to be used as a live vaccine (Griffin, 2001;
Msaouel et al, 2012), not giving any cause of concern about its safety
(Schneider-Schaulies & ter Meulen, 2002; Liu et al, 2007). The strain being
mostly used for vaccination all over the world obtained licence in 1965 (Griffin,
2001). A reversal so that the virus retrieves its former pathogenic abilities, for
example to spread among other individuals, has never been observed or
reported so far (Msaouel et al, 2012). Moreover, the measles vaccine has been
used for about one billion people during the last 40 years, confirming its

harmlessness (Msaouel et al, 2012). Only patients with a severe immuno-
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deficiency (e.g. AIDS) may develop a serious infection and should therefore not
be vaccinated (Kaplan et al, 1992; Lech & Russell, 2010).

The Edmonston vaccine strain is also very suitable for genetical
manipulation, as it can accept huge genetic insertions (> 6 kb) and maintain

stability in vitro as well as in vivo.

1.4.3. Oncolytic characteristics of measles vaccine virus

Malignant cells have defects in their innate antiviral immunity, making
them susceptible for viral infections (see section 1.3.3.). In return, MeV-Edm is
attenuated in its ability to suppress the IFN induced antiviral state in healthy
cells and is therefore easily repelled by untransformed cells. In contrast, tumor
cells are just lacking these characteristics und are unable to establish an anti-

viral state, which makes them an ideal target for measles vaccine virus.

Another feature of measles vaccine virus is its receptor tropism. CD46
serves as the main receptor for infection and it has been found that, compared
to normal cells, most tumor cells overexpress CD46. This might be due to the
protective effect of CD46 against mechanisms of complement-mediated lysis
(Fishelson et al, 2003; Anderson et al, 2004), constituting a clear advantage for
malignant over normal cells.

This difference in CD46 receptor density makes cancer tissues a suitable target
for MeV therapy, in particular for the Edmonston vaccine lineage with its distinct
receptor tropism. This way, cancer cells can be selectively infected and lysed,
whereas non-malignant cells are relatively unaffected, showing only little and
negligible signs of infection (Anderson et al, 2004).

Moreover, not only the primary infection rate is increased, but also viral spread
via formation of syncytia is enhanced significantly. Neighboring tumor cells
which are not infected primarily are then likely to be gathered into cytopathic

syncytia, which is also due to overexpression of CD46 (Anderson et al, 2004).
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Certainly, measles vaccine virus has a clear disadvantage. In contrast to
other oncolytic viruses, almost everyone has already had contact to measles
(mostly the vaccine) and is therefore likely to have preexisting antibodies. Even
low titers would intercept systemically applied virus thus lowering or even

completely eliminating the therapeutic agent.

1.4.4. Arming of oncolytic measles vaccine virus

To enhance the oncolytic activity of measles vaccine virus, the virus can
be modified genetically. Importantly, the genetic modification of the virus doesn’t

impair its oncolytic activity (Msaouel et al, 2012).

One approach is to modify measles vaccine virus with a gene encoding
the soluble marker protein CEA. Measuring its levels can therefore monitor real-
time viral gene expression kinetics.

Another possibility to trace local viral spread and replication is to deliver
the thyroidal sodium iodide symporter (NIS), a membrane ion channel that
transports radioisotopes into cells. Isotopes can therefore be used for detection
and also for therapeutical local radiation therapy approaches (Msaouel et al,
2009).

In this thesis, an armed MeV virotherapeutic vector encoding a
combinational fusion protein of CD and UPRT, called super cytosine deaminase
(SCD), was used. (The mechanism of action has already been explained in
section 1.3.4.) The gene encoding the SCD is expressed from the leader
position at the 3' ending within the measles genome.

leader trailer

»—SCD N P/CIV M F H L =

Fig. 1.9 Genome of engineered measles vaccine virus MeV-SCD. The gene encoding for the
fusion protein super cytosine deaminase (SCD), which has a combined and enhanced activity of
cytosine deaminase and uracil phosphoribosyltransferase, is expressed from the leader position

at the 3' ending.
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1.4.5. Clinical trials with oncolytic measles virus

In the first phase | clinical trial with measles vaccine virus, 5 patients with
cutaneous T-cell ymphoma (CTCL) received intratumoral injections of an
unmodified measles Edmonston-Zagreb vaccine strain after pretreatment with
IFN-y. CTCL are known to have defects in their IFN signaling and were
therefore considered as an ideal target for the oncolytic virotherapy.
Pretreatment with IFN-y should avoid uncontrolled virus spread.

In addition to demonstrating tolerance and safety, four tumors showed a partial
response whereas one lesion even resulted in total remission (Heinzerling et al,
2005).

In another phase | clinical trial, for the first time an engineered measles
vaccine virus was administered. 21 patients with refractory and peritoneally
metastasized ovarian cancer were treated with MeV expressing the soluble
marker protein CEA (MeV-CEA). The virus was injected intraperitoneally and
viral gene expression could be monitored by measuring CEA levels. Safety was
confirmed, expression of the CEA marker gene could be detected in some

patients and expected median survival has been doubled (Galanis et al, 2010).

MeV-CEA is currently also applied in patients with recurrent glioblastoma
multiforme. The virus is either administered directly after surgical resection of
the tumor (Group A) or 5 days before surgery with an implanted catheter (Group
B). Tumors of group B are then resected and virus is readministered. The study
is still running and has not yet been completed
(http://www.clinicaltrials.gov/ct2/show/NCT00390299).

Patients with refractory or recurrent multiple myeloma are currently
treated with MeV-NIS (encoding for a thyroidal sodium iodide symporter) with or
without addition of CPA in a clinical phase | trial. Imaging by '?I administration
is performed to observe biodistribution and kinetics of viral spread
(http://www.clinicaltrials.gov/ct2/show/NCT00450814). In 2014, Russell and
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colleagues reported on a durable complete remission of a heavily pretreated
multiple myeloma patient after a single-shot intravenous infusion of MeV-NIS
(Russell et al, 2014). This was the first documented in-human case to prove the
so called “oncolytic paradigm” (Russell et al, 2012) that systemically
administered oncolytic viruses selectively infect disseminated sites of cancer
with subsequent tumor-destruction and further detectable replication as self-
amplifying biologicals. This hallmark case documents the possibility to cure
cancer patients with a single infusion of MeV-based, but circumstances for this
specific patient obviously were rather exceptional than being the rule for other
cancer patients. For example, multiple myeloma showed to be a tumor entity
being very well qualified for oncolytic measles vaccine therapy due to its distinct
tumor biology and the patient described in the study has been seronegative for
anti-measles antibodies at the onset of virotherapeutic treatment, thereby likely

avoiding any rapid neutralization of infused measles vectors.
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1.5. Objective

Oncolytic virotherapy with measles vaccine virus has already been
demonstrated to be safe. However, early clinical results pointed out the
necessity for an enhancement of oncolytic effectiveness of MeV-based
virotherapeutics.

In our work, we are developing an armed measles vaccine virus MeV-
SCD encoding a suicide fusion gene of yeast cytosine deaminase and uracil
phosphoribosyltransferase, converting the non-toxic prodrug 5-FC to the
chemotherapeutic drug 5-FU (European patent EP2605783 granted for MeV-
SCD on 2015-03-25).

To preclinically investigate how an optimal prodrug-assisted therapeutic
regimen could look like, we added 5-FC at different time points after infection
with MeV-SCD and either let the prodrug remain in the tumor cell culture
medium continuously for different time periods (“continuous” 5-FC application)
or applied it only temporarily for defined shorter time periods (“pulsed” 5-FC
application). We also varied the time point at which 5-FC was added after
infection with MeV-SCD.

To be able to compare direct treatment with 5-FU to our SCD-armed viro-
therapeutic approach (based on enzymatic conversion of 5-FC to 5-FU), all
tumor cell lines were also tested for their “base-line” sensitivity to 5-FU.

In addition, we examined the influence of prodrug addition on viral (MeV-
SCD) replication. Treatment with cytostatic compounds such as 5-FU could not
only kill tumor cells, but possibly influence replication of virotherapeutic vectors
as well. In order to find out whether 5-FC prodrug conversion compounds might
exert an impact on virotherapeutic replication, viral growth curves were

performed.
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2. Material and Methods

2.1. Material

If not described in any other way, all mentioned materials have been
used in the highest achievable purity. These were either directly obtained in a
sterile state from the cited companies or treated by autoclaving at 2 bar
pressure and 121 °C for 20 minutes.

Only water that has been deionized and filtered (H.Oq44) was used for

experiments, unless declared differently.

2.1.1. Consumables

Cell scrapers

Cell strainer 40 pm

Combitips 2.5 ml, 12.5 ml
Conical-bottom tube 15 ml
Conical-bottom tube 50 ml

Cryotubes 1 ml

Pasteur pipettes, 230 mm long size
Pipettes 5 ml, 10 ml, 25 ml, 50 ml
Pipette tips 100 pl, 200 pl, 1000 ul, 1250 pl
Reaction tubes 1.5 ml, 2.0 ml
Reaction tubes 1.5 ml, 2.0 ml (amber)
Tissue culture flask 75 cm?, 150 cm?
Tissue culture plate 6 well

Tissue culture plate 24 well

Tissue culture plate 96 well
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Corning Inc.

BD Falcon
Eppendorf
Greiner Bio One
BD Falcon
Corning Inc.
WU Mainz
Corning Inc.
Biozym / Peqlab
Eppendorf
Eppendorf
Greiner Bio One
Corning Inc.
TPP

TPP / Corning Inc.
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2.1.2. Chemicals

5-Fluorocytosine Roche
5-Fluorouracil Pharmaceutical Department,

Universitatsklinikum Tubingen

Acetic Acid Merck

Descosept Dr. Schuhmacher GmbH
DMSO AppliChem

Isopropanol (70%) SAV Liquid Production
Paraformaldehyde (PFA), 4.0 % Otto Fischar GmbH
Secusept ECOLAB
Sulforhodamine B Sigma Aldrich
Trichloroacetic acid Carl Roth

TRIS Carl Roth

Trypan blue SIGMA
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2.1.3. Antibodies

Alexa Fluor® 546 Invitrogen
Goat Anti Mouse IgG (H+L), A11003

MeV N-Protein NP clone 120
Mouse 1gG2

2.1.4. Media, Sera and Buffer
DMEM

EDTA Trypsin

Fetal Calf Serum

Opti-MEM

PBS (cell culture use)

RPMI 1640

Tween-20

self-made solutions:

PBS (non cell culture use)

SRB dye (0.4 % in 1 % acetic acid)

10 x TBS (Tris-buffered saline)
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ECACC

BIOCHROME

Lonza

Gibco

Gibco / Life Technologies
PAA

PAA

Carl Roth

NaCl 137 mM (8 g)
KCI 2.7 mM (0.2 g)
Na,HPO, 10 mM (1.44 g)
KH,PO, 1.8 mM (0.24 g)
Hzodd filled up to11
SRB 49

Acetic acid 10 ml

Hzodd filled up to11
NaCl 1.5M (438.3 g)
TRIS 0.5 M (302.85 g)
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TBS-Tween (0.02 %)

TCA solution (10 %)

TRIS base
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pH
HZOdd

Tween-20
10 x TBS
HZOdd

TCA
H204q

TRIS
H204q
pH

7.4, adjusted with HCI
filedupto 51

5 ml of 20 %
500 ml
filedupto 51

100 g
filedupto 11

10 mM (1.21 g)
filedupto 11
10.5
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2.1.5. Cell lines

COLO205

HCC2998

HCT116

HCT15

Hep3B

antigen

HT29

HuCCT-1

KM12

SW620

colorectal adenocarcinoma (Duke’s Type D) with
ascites metastases and CEA production, taken from
a 70 year-old male of Caucasian origin, who has
been treated with 5-FU 4-6 weeks prior to cell
rescue. Purchased from ATCC (NCI).

colorectal adenocarcinoma

colorectal adenocarcinoma

colorectal adenocarcinoma

hepatocellular carcinoma, containing hepatitis B

virus genome and producing hepatitis B surface
(HBsAg) therefore requiring laboratory safety level 2.
Cells taken from an 8 year-old, coloured boy

purchased from ATCC (NCI).

colorectal adenocarcinoma, grade 3 taken from a 44

year-old woman

human bile duct carcinoma, producing CA19-9 and
with ascites metastases taken from a 56 year-old
male

purchased from Riken Biosource Center

colorectal adenocarcinoma

colorectal adenocarcinoma, with metastases, taken
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from a 51 year-old male

Vero african green monkey kidney cells

purchased from the German Collection of

Microorganisms and Cell Cultures (DSMZ,

Braunschweig, Germany)

2.1.6. Virus

MeV-SCD

2.1.7. Laboratory Equipment

Autoclave 3850 EL
Centrifuge

Fluorescence microscope
Haemocytometer
Incubator

Laminar Flow Work Bench
Light microscope
Multichannel pipette
Handystep

Photometer Genios Plus
Pipette Boy

Pipettes

Refrigerator (-18 °C, -80 °C, -120 °C)

Rotational Vacuum Concentrator
Vortexer
Water bath 3042 (37 °C)

Wolfgang Neubert
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Systec

Eppendorf, Heraeus
Olympus

Hecht Assistant

Heraeus / Integra / Memmert
Heraeus

Olympus

Eppendorf

Brand

Tecan

Integra

BioHit / Eppendorf

Liebherr

Christ

Janke + Kunkel IKA Labortechnik

Koéttermann
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2.2. Methods

2.2.1. Safety

The laboratory, in which all experiments have been performed, complies
with Biosafety Level 2 of the Directive 2000/54/EC — biological agents at work
from the European Parliament from the year 2000. Therefore, working with
potentially infectious or hazardous biological particles was performed under a
laminar flow hood (HERAsafe®). Afterwards, all materials were thoroughly
desinfected, irradiated with UV-light for at least 15 minutes and additionally

autoclaved.

2.2.2. Software

Calculations were done with Microsoft Excel 2003 and afterwards
depicted and statistically analyzed with GraphPad Prism4 and GraphPad
Prism6 (GraphPad Software).

2.2.3. Cell culture

Cells were cultivated in either DMEM or RPMI medium, supplemented
with 5% or 10 % fetal calf serum (FCS) and kept in 75 cm? tissue culture flasks
with vented caps. Flasks were stored in incubators at 37 °C in a humid
atmosphere, containing 5 % CO.. Treatment was done under sterile conditions

in a HERAsafe® workbench.
2.2.3.1. General cell culture

To harvest or split cells, they were first washed with warmed (37 °C) PBS
and then incubated with EDTA-Trypsin, until the cells detached from the bottom.

Trypsin was inactivated with FCS-supplemented medium. Single cell

suspensions were generated by properly resuspending with a pipette. If
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necessary, the suspension was additionally filtered through a 40 um cell
strainer.
After harvesting the required amount of cells, fresh medium was added

and the flask was again stored in the incubator.

2.2.3.2. Counting cells with a haemocytometer

In order to determine the concentration of cells in a suspension, a
haemocytometric technique was used. The improved Neubauer counting
chamber has engraved squares of different sizes. A large square, consisting of
16 smaller squares, measures 1 mm?>.

To use the Neubauer haemocytometer, the covering glass was put onto
the moistened haemocytometer and rubbed carefully along the two elevated
glass edges, until so called "Newton rings" appeared. These colours of
interference indicate that between the glass edges and the counting chamber,
there’s only enough space for the light to pass through, which means that this
distance can be neglected, whereas the gap between the coverglass and the
counting chamber is exactly 0.1 mm big.

When the coverglass was properly fixed, a small amount (approximately
10 pl) was pipetted closely beside the coverglass. The capillary force then
soaked the liquid just into the gap.

Using a microscope with a 10x objective, it was possible to count the
cells in each large square. The number of cells counted in one square is diluted
in a defined volume of 0.1 pl, which results from the size of the square (1 mm?)
and the height of the gap (0.1 mm). The calculated volume equates to exactly
0.1 mm?3, which is 0.1 pl.

Additionally, a colouring chemical could be added to exclude dead cells
from the counting. Trypan blue (also Benzamineblue or 3,3'-Dimethyl-4,4'-bis(5-
amino-4-hydroxy- 2,7-disulfonaphtyl-3-azo)-[1,1"-biphenyl]) is a diazo dye.
Trypan blue allows distinguishing between dead and living cells, as the intact

membrane of living cells doesn’t let the chemical pass whereas it can enter the
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dead cells and colour their protein. Under the microscope, dead cells appear
dark blue.
Using this technique, the factor of dilution was considered when

counting.

2.2.3. Cryoconservation and thawing

To store cells for a longer time they were cryoconserved at
-145 °C. Therefore, the harvested and medium-suspended cells were
sedimented by centrifuging at 1200 rpm for 2 minutes. The supernatant was
removed and the remaining cell pellet was resuspended in cryomedium (90%
RPMI (+20%FCS), 10% dimethyl sulfoxide (DMSQO)). After apportioning to
several cryotubes of 1 ml each, everything was packed into a styrofoam box or
an isopropanol bath to assure a slow cool-down to -80 °C. The following day,
the frozen cryotubes were transferred to a -145 °C freezing cabinet.

When thawing single cryotubes to recultivate the frozen cells, they were
thawed in a water bath. Cells were added to 9 ml prewarmed medium and
centrifuged at 1200 rpm for 2 minutes to remove toxic DMSO. After
resuspending the cell pellet in fresh and warmed medium, the cells were

transferred into a new tissue culture flask.

2.2.4. Virological methods

2.2.4.1. Infection of cells and application of 5-FC

Cells were seeded in 24 well plates at a density of 3 x 10* cells per well
and allowed to adhere overnight. On the infection day, the virus was thawed
carefully, vortexed and, depending on the needed MOI (multiplicity of infection),
diluted in room-tempered Opti-MEM.

The medium was then removed and cells were washed with warmed

PBS once. After that, the virus was added to the cells and incubated for 3 hours
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at 37 °C. Every 20 minutes, the plates were carefully swayed in order to ensure
a sufficient contact of virus to cells.

Three hours post infection (hpi), the inoculum was removed and replaced
by warmed medium. If intended, the prodrug 5-FC was either added to the
medium before pipetting into each well or directly pipetted into the wells.
Importantly, the factor of dilution was considered.

If the prodrug should be added only for a certain period of time (e.g. 6
hour pulse) and taken off afterwards, the medium from the respective well was
transferred to an empty plate, which was also stored and incubated under same
conditions for the time of prodrug application. When the time had passed, the
prodrug containing medium was removed and replaced by the medium which
had been set aside.

The advantage of this technique compared to replacing the prodrug-
containing medium by fresh medium was clearly to observe as the medium was
preserved in each state of consumption and hence not induced proliferation as
much as fresh medium does. In addition, no virus was lost.

As 5-FC is light sensitive, the light was switched off while working with

the substance.

2.2.4.2. Creating a virus growth curve

In order to determine the viral growth kinetics in an experimental
approach, samples were taken at certain time points post infection.
Therefore, cells were seeded in 6 well plates at a density of 1 x 10° cells per
well in 2 ml RPMI + 10 % FCS. On the following day they were infected at an
MOI of 0.03 or 0.3 in 1 ml Opti-MEM. 3 hpi, the inoculum was removed and
cells were washed three times with warmed PBS to remove all unbound virus.
Then 1.5 ml RPMI + 5 % FCS was added. Notably, the medium contained only
5 % FCS, as cellular proliferation shouldn’t be induced too much.

At different time points post infection, samples were taken.
For this purpose, first the supernatant of a suitable well was transferred to a 2

ml reaction tube, then 1 ml room-tempered Opti-MEM was added to gather cells
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and nascent virus when scraping the cells off the well’s ground. After
resuspending properly, the solution was transferred into another 2 ml reaction
tube. Samples were then frozen at -80 °C without adding any anti-freezing

agent to make the cells burst open and release the intracellular virus.

2.2.4.3. Titration of virus

One day prior to titration, Vero cells were plated in a 96 well plate at a
density of 1 x 10* cells per well in 200 yl DMEM supplemented with 5 % FCS. If
the Vero cells looked healthy and properly attached to the well's ground titration
of virus was performed. For this purpose, the samples obtained as described
above (2.2.7.2.) were thawed in a waterbath at 37 °C, vortexed for at least 15
seconds and then centrifuged for 2 minutes at 3000 rpm. The supernatant was
then used as the virus-containing sample that should be examined.

To identify an unknown concentration of virus, basically a serial of 1:10
dilution of the undefined virus sample is used to infect a for the virus optimal
system (Vero cells in case of measles). To prepare the dilution serial, 300 pl
supernatant of a centrifuged reaction tube was pipetted to the first well of each
8 well row of an empty 96 well plate. The following 7 wells were filled with 270 pl
DMEM + 5 % FCS. By transferring 30 pl from one well to the following,
suspending properly and changing pipette tips after each step, a 1:10 serial
dilution of each aliquot with 8 different concentrations was obtained.

With a multichannel pipette, each row of dilution was transferred to four
rows of a 96-well Vero cell plate with 50 ul for each well. That way, each aliquot
with 8 different dilutions was given to prepared Vero cells, so that, if containing
virus at its state of dilution, it was able to infect the Vero cells.

After 96 hours of incubation cells were first washed with 200 yl PBS once
and then fixed with 50 ul 4 % paraformaldehyde, dissolved in PBS and
incubated for ten minutes at room temperature. Following fixation, the plate was
again washed with 200 pl PBS twice.

The next step was to block with 100 pl 1 % FCS in TBS-Tween to avoid

unspecific binding. This was followed by incubation with an anti-MeV-N protein
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antibody, diluted 1:1000 in TBS-Tween for 30 minutes. After 3 steps of washing
with TBS-Tween, the secondary antibody goat anti-mouse, also diluted 1:1000
in TBS-Tween, was added. The 30 minutes of incubation with the secondary
antibody were performed in the dark to preserve the fluorescent potential and
were then followed by another 3 steps of washing with TBS-Tween. At last, the
wells were filled up with 100 ul PBS each to avoid drying out.

Using a fluorescence microscope, replication competent MeV infection
could be detected and all measles-positive wells identified. As soon as there
were more than single cells showing fluorescence, the well was determined as
“positive”, whereas isolated single fluorescent signals were seen as replication
incompetent measles and therefore excluded. The extent of viral spread and
cytopathic effect was not considered.

With these information, the titer could be expressed with the “tissue
culture infective dose 507, describing the amount of virus causing 50 % positive
inoculations of all (Condit, 2001). To make the unit more descriptive, it was
transformed to pfu / ml. The titer was calculated by the Spearman-Karber
Method (Spearman, 1908; Karber, 1931).

2.2.5. Microscopy

To control a certain treatment or culturing of cells, these were
continuously examined under the microscope to guarantee sterile and proper
conditions. Therefore, the phase contrast microscope CK40 from Olympus was
used.

If any fluorescence had to be detected, the fluorescence microscope

IX50 from Olympus has been used.

2.2.6. Sulforhodamine B Assay

The sulforhodamine B assay (SRB-assay) is a technique to quantify the

amount of cells by staining cellular protein unspecifically. Therefore, it is
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possible to monitor the cytotoxicity of a given drug or intervention when
comparing mock-treated with drug or virus treated cells.

SRB, an aminoxanthene dye with two sulfonic groups, attaches to basic
amino acids of cellular proteins under mild acidic conditions.
When dissolved, the coloured cells can be measured photometrically. The

colorimetric extinction is linear to the amount of cellular protein (Skehan, 1990).

In order to prepare cells for analysis via SRB-Assay, the medium was
removed, the cells were washed with cold PBS (4 °C) and covered with cold
TCA. After incubating for at least 30 minutes at 4 °C, the fixed cells were rinsed
with tap water four times and dried overnight at 40 °C.

Then cells were stained with SRB solution for 10 minutes and subsequently
washed with 1 % acetic acid until the washout became colourless. The plates
were again dried and thereafter dissolved in 1000 ul Tris base.

From each well, 80 pl were transferred in duplicates to a 96-well plate. The
photometrical extinction was then measured in a microtiter plate reader (Tecan
Genios Plus) at a wavelength of 564 nm. Treated cells were compared to the

corresponding mock-treated and the relation was given in percent.
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3. Results

In order to establish an optimized application scheme for the prodrug 5-
FC to treat tumor cells of gastrointestinal origin, which have been infected with
an armed oncolytic measles vaccine virus, the following data were collected.

First of all, it was necessary to determine suitable dosages of infections,
i.e. multiplicities of infection (MOls), and appropriate prodrug concentrations for
each and every tumor cell line. The two lowest MOls that were just not able to
kill the cells in the course of sole infections (threshold MOls) were chosen.
Additionally, also a threshold concentration of 5-FC moderately enhancing the
oncolytic effect was identified. With these information, shown in section 3.1., it
was possible to compare different approaches for prodrug application. Basically,
a continuous versus a pulsed addition was examined, which is illustrated in
sections 3.2. and 3.3. (Yurttas et al, 2014).

Secondly, the sensitivity to 5-FU was surveyed, so that differences in
response to chemotherapy with 5-FU alone and virotherapy with prodrug
conversion could be identified, shown in part 3.4. (Yurttas et al, 2014).

Thirdly, the effect of prodrug conversion not only on the tumor cells, but
also on virus replication was examined. For this purpose, virus growth curves

(section 3.5.) were performed (Yurttas et al, 2014).

3.1. Identification of threshold MOls

To find out which two MOls of MeV-SCD were suitable for further
experiments with each tumor cell line, each of them was infected with
ascending virus concentrations (MOls 0.01, 0.1, 1, and 10). At 3 hours post
infection (hpi) medium alone or medium supplemented with 5-FC (0.1 or 1 mM)
was added.

At 144 hpi, all tumor cells were fixed for analysis via SRB viability assay.
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Figure 3.1. Application scheme for the determination of suitable (threshold) MOls for
each tumor cell line. Tumor cells were plated and infected or mock treated the following day.
Additional medium with or without 0.1 mM 5-FC was added at 3 hours post infection (hpi) and
remained there until the end of the experiment at 144 hpi, followed by quantification of remnant
tumor cell masses by SRB viability assay. mM = millimolar, 5-FC = 5-fluorocytosine, hbi = hours

before infection, hpi = hours post infection.

As a result, the oncolytic effect of the viral infections was found to be
increased when using higher MOls. Most of the tumor cell lines (except for
SW620 and Hep3B) showed little response to the lowest MOI of 0.01. Whereas
SW620 and Hep3B cells were almost completely eradicated with increasing
MOls, the other tumor cell lines were less sensitive.

However, addition of the prodrug 5-FC significantly enhanced oncolysis.
At a concentration of 1 mM 5-FC the tumor cell mass was reduced already too
much, so that even at the lowest MOls tumor cells were hardly found left over at
the end of the experiment. Therefore 0.1 mM 5-FC was used for all further tests.

By purpose, two MOls to be used in further experiments were defined for
each tumor cell line. For tumor cell lines HCT116, HT29, SW620, HCC2998,
Hep3B, HUCCT-1, and COLO205, infection with MOI 0.01 alone showed little
response but was already effectively killing most tumor cells when adding 0.1
mM 5-FC. For this reason, although not tested in this setting, MOI 0.001 was
chosen as the second MOI to be used in the following investigations.

For KM12, MOls 0.01 and 0.1 were determined and for HCT15, being the
least responsive tumor cell line, MOls 0.1 and 1 were found to be most

adequate. All given MOls and 5-FC concentration are listed in table 3.1.
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Figure 3.2. Determination of suitable MOIs for each tumor cell line. Tumor cells were mock
treated or infected with MeV-SCD at MOI 0.01, 0.1, 1, and 10. Additional medium with or
without 0.1 mM 5-FC was added at 3 hpi and remained there until the end of the experiment at
144 hpi; then, all remaining tumor cells were fixed with TCA. Remnant tumor cell mass was
quantified via SRB assay. Values: mean of three independent experiments performed in
triplicates. Error bars: SEM.
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Table 3.1. Results of the pre-test with two suitable MOIls and 5-FC concentrations for

each tumor cell line. MOI = multiplicity of infection, 5-FC = 5-fluorocytosine, mM = millimolar.

cell line MOls 5-FC concentration
(virus / cell) (mM)

HCT116 0.001 0.01 0.1
HT29 0.001 0.01 0.1
HCT15 0.1 1 0.1
HCC2998 0.001 0.01 0.1
COLO205 0.001 0.01 0.1
SW620 0.001 0.01 0.1
KM12 0.01 0.1 0.1
Hep3B 0.001 0.01 0.1
HuCCT-1 0.001 0.01 0.1

3.2. Continuous application of 5-FC

With the findings from the pre-testing depicted in section 3.1., different
approaches for the prodrug application could be investigated next. Each tumor
cell line was infected with the two afore ascertained MOls and 0.1 mM 5-FC
was added either at 3 hpi, 24 hpi, 48 hpi or 72 hpi. At 144 hpi, all cells were
fixed with TCA for analysis. This way, the time point post infection at which
prodrug application shows the most effective oncolysis should be identified
(Yurttas et al, 2014).
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Figure 3.3. Application scheme for the continuous prodrug treatment of MeV-SCD
infected tumor cells. Tumor cells were plated and infected or mock treated the following day.
Additional medium with or without 0.1 mM 5-FC was added at 3 hpi, 24 hpi, 48 hpi or 72 hpi,
respectively, and remained there until the end of the experiment at 144 hpi, followed by
quantification of remnant tumor cell masses.
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Figure 3.4. Effect of continuous prodrug application. Cells were mock treated or infected
with MeV-SCD at MOI 0.01 or 1, respectively. Additional medium with or without 0.1 mM 5-FC
was added at 3 hpi, 24 hpi, 48 hpi or 72 hpi (from left to right) and remained there until the end
of the experiment at 144 hpi; then, all remaining cells were fixed with TCA. Remnant tumor cell
mass was quantified via SRB assay. Values: mean of three independent experiments
performed in triplicates. Error bars: SEM. (Yurttas et al, 2014)

Each cell line was treated in 6 different groups. The first group,
represented by the first 4 columns in each graph, was mock treated and
received extra medium without 5-FC at 3 hpi, 24 hpi, 48 hpi or at 72 hpi,
respectively. The second and third group were infected with the two MOls,
which had been defined for each cell line. The fourth to sixth group were treated
in the same way as the first to third, but received medium containing 0.1 mM 5-
FC at 3 hpi, 24 hpi, 48 hpi, or 72 hpi.

The mock treated first group was set to 100 % cell mass. Groups two

and three, which were infected with the two corresponding MOls only, differed
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only slightly from the mock treated, which complies with the defined conditions
from the pre-test.

Group four was given extra medium with 0.1 mM 5-FC at the mentioned
time points only, demonstrating no cytotoxicity. Quite the contrary, most cell
lines proliferated marginally.

In contrast, virus and prodrug treated groups five and six clearly
demonstrated enhanced oncolysis, compared to the corresponding groups two
and three, which were infected without addition of 5-FC. In fact, cell lines
HCT116, HT29, COL0O205, SW620 and HUCCT-1 hardly responded to infection
with corresponding lower MOI and prodrug addition at all, but HCT15,
HCC2998, Hep3B and KM12 were already killed efficiently.

Infection with the higher MOI, combined with prodrug application,
demonstrated oncolytic activity in all cell lines. Clearly, the time point post
infection when 5-FC was added made a difference. The earlier and longer 5-FC
was appended, the less the remaining cell mass 144 hpi, compared to mock
treated. Whereas treatment of SW620 exhibited to be the least time-dependent,

all other cell lines confirmed the observation (Yurttas et al, 2014).

However, it was not possible to determine, whether the enhanced effect
was due to the duration of incubation with 5-FC only, the time point of prodrug
addition only or because of both of them. As all cells were fixed at 144 hpi, 5-FC
was not only added at different points of time, but also for variable time periods.
As the mock treated wells were already overgrown at 144 hpi and the medium
therefore almost used up, it was impossible to prolong incubation periods
beyond 144 hpi. To circumvent this problem, a new approach was chosen.

As treatment with the corresponding higher MOI and prodrug addition 3
hpi and 24 hpi showed best results, only these conditions were further
investigated. Also, only cell lines HCT116 and HCT15 were used for the
following experiments. The cells were infected and 3 hpi or 24 hpi, 5-FC was
added. Starting 24 hours after application of the prodrug, every 24 hours until
144 hpi one sample was fixed and analysed by SRB-Assay. This way, a kinetic

of the remaining cell mass could be created (Yurttas et al, 2014).
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Figure 3.5. Application scheme for the time-dependent effect of continuous prodrug
treatment at 3 hpi. Tumor cells were plated and infected or mock treated the following day.
Additional medium with or without 0.1 mM 5-FC was added at 3 hpi and remained until the end
of the experiment at 24, 48, 72, 96, 120 and 144 hpi. Remnant tumor cell masses were

quantified by SRB assay.
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Figure 3.6. Application scheme for the time-dependent effect of continuous prodrug
treatment at 24 hpi. Tumor cells were plated and infected or mock treated the following day.
Additional medium with or without 0.1 mM 5-FC was added at 24 hpi and remained until the end
of the experiment at 48, 72, 96, 120 and 144 hpi. Remnant cell masses were quantified by SRB

assay.
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Figure 3.7. Time-dependent effect of continuous prodrug application. Cells were mock
treated or infected with MeV-SCD at MOI 0.01 or 1, respectively. Additional medium with or
without 0.1 mM 5-FC was added either at 3 hpi (panels to the left) or at 24 hpi (panels to the
right) and remained on target cells continuously. Incubations were stopped at 24 hpi (panels to
the left: only when 5-FC was added already 3 hpi), or at 48, 72, 96, 120 and 144 hpi (all
panels); remaining cells were fixed with TCA and remnant cell masses were determined by SRB
assay. Values: mean of three independent experiments performed in triplicates. Error bars:
SEM. (Yurttas et al, 2014)

The columns of each group show the remaining cell mass in percent of
mock treated developing along the time up to 144 hpi. At every time point, the
control was set to 100 %. Virus infection alone caused a constantly decreasing
cell mass in HCT116, whereas HCT15 reached a minimum approximately at 72
hpi to 96 hpi, hereon showing increasing cell mass.

Addition of 5-FC at 3 hpi or 24 hpi to mock infected control cells resulted
in slightly increased cell mass, as already noticed.
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Infected and prodrug treated cells again revealed enhanced oncolysis.
Whereas cell mass of HCT116 was constantly reduced to roughly 75 % until
144 hpi, the cellular mass of HCT15 mainly decreased shortly after prodrug
addition. Besides, application of 5-FC at 24 hpi led to a comparable effect after
144 hpi as seen when given 3 hpi. The incubation period for 5-FC added at 24
hpi was indeed shorter; however, the relative reduction of cellular mass per 24
hours until 144 hpi was larger, seen especially shortly after addition (Yurttas et
al, 2014).

To contemplate time points of prodrug application in an isolated manner,
data from cells, which were treated with 5-FC for an equal time period, but
where treatment was started at different time points (3 hpi, 24 hpi, 48 hpi, or 72
hpi) were compared (Yurttas et al, 2014).
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Figure 3.8. Comparison of the oncolytic effectiveness of MeV-SCD infected tumor cells
after early (3 hpi) or later (24 hpi) addition of the prodrug 5-FC. 0.1 mM 5-FC was added
either at 3 hpi (bars to the left) or at 24 hpi (bars to the right) and incubated for 24, 48, 72, 96
and 120 h. Remnant tumor cell masses were quantified by SRB assay. Values: mean of three

independent experiments performed in triplicates. Error bars: SEM. (Yurttas et al, 2014)
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The cell mass in percent of mock treated of both cell lines was
decreased by infection and prodrug application. It was again possible to
observe that the longer the incubation period and therefore 5-FC availability, the
more striking the oncolytic effect.

However, when comparing different time points of prodrug addition post
infection (3 hpi, 24 hpi, 48 hpi and 72 hpi), in case of HCT116, the remaining
cell mass of those, which were treated with 5-FC at 24 hpi was always the
lowest. HCT15 showed similar results when 5-FC was present for 24, 48 or 72
hours. After 96 and 120 hours, addition of 5-FC at 3 hpi led to a lower cell mass
than any other (Yurttas et al, 2014).

Taken together, 5-FC seems to be most effective when being available
as long as possible. Moreover, prodrug addition at 24 hpi was found to be most
effective. When the presence of prodrug was limited to a defined duration,
addition at 24 hpi seemed to work best. If there is no time restriction to prodrug
availability, the results imply to apply 5-FC earlier and hence longer (Yurttas et
al, 2014).
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3.3. Pulsed application of 5-FC

There were also other options how 5-FC could be administered. One
approach was to add 5-FC only for a certain period of time and to remove it
afterwards, so that the tumor cells can proliferate and make themselves
therefore more susceptible for chemotherapy. Also, periods in which there is no
5-FU available might support viral spread by not killing too many (progeny virus
producing) tumor cells in the first place. Possible inhibition of viral replication by

5-FU could be altered by pulsed applications as well (Yurttas et al, 2014).

To examine single and multiple pulses of 5-FC, HCT116 and HCT15

tumor cells were treated as described in the following:

single pulses

medium or 0.1 mM 5-FC

infection 6h or Bh or or

w P

Eh
|
| T T T 1

24 hbi 3 hpi 24 hpi 48 hpi 72 hpi 98 hpi 120hpi 144 hpi

Figure 3.9. Application scheme for single pulsed prodrug treatment of MeV-SCD infected
tumor cells. Tumor cells were plated and infected or mock treated the following day. Medium
with or without 0.1 mM 5-FC was added at 3 hpi or 24 hpi or 48 hpi or 72 hpi and remained for a
defined period of 6 h each. Then, at 144 hpi remaining cells were fixed with TCA. Remnant

tumor cell masses were quantified by SRB assay.
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multiple pulses
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Figure 3.10. Application scheme for multiple pulsed prodrug treatment of MeV-SCD
infected tumor cells. Tumor cells were plated and infected or mock treated the following day.
Medium with or without 0.1 mM 5-FC was added (i) at 3, 24, 48, and 72 hpi, (ii) at 24, 48, and
72 hpi, (iii) at 24 and 72 hpi, or (iv) at 3 and 48 hpi; each 5-FC pulse remained there for a
defined period of 6 h. Then, at 144 hpi remaining cells were fixed with TCA. Remnant cell

masses were quantified by SRB assay.
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Figure 3.11. Effect of pulsed prodrug application. Tumor cells were mock treated or infected
with MeV-SCD at MOI 0.01 or 1, respectively.

Single pulses (upper panels): medium with or without 0.1 mM 5-FC was added at 3 hpi or 24
hpi or at 48 hpi or 72 hpi (from left to right) and remained for a defined period of 6 h each.
Multiple pulses (lower panels): medium with or without 0.1 mM 5-FC was added (i) at 3, 24,
48, and 72 hpi, (ii) at 24, 48 and 72 hpi, (iii) at 24 and 72 hpi, or (iv) at 3 and 48 hpi; each 5-FC
pulse remained there for a defined period of 6 h. Then, at 144 hpi remaining cells were fixed
with TCA. Remnant tumor cell masses were quantified by SRB assay. Values: mean of three

independent experiments performed in triplicates. Error bars: SEM. (Yurttas et al, 2014)

Similar to the continuous application of 5-FC as described in section 3.3.,
the pulsed application consisted of 6 groups. The four columns of each group
describe the time points, at which 5-FC has been administered for 6 hours.
From left to right, single pulses were added at 3 hpi, 24 hpi, 48 hpi or 72 hpi
respectively. Multiple 6 h pulses were applied at 3 hpi, 24 hpi, 48 hpi and 72 hpi
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in the first group, in the second at 24 hpi, 48 hpi and 72 hpi. The third group
received 6 h of 5-FC at 24 hpi and 72 hpi and the fourth at 3 hpi and 48 hpi
(Yurttas et al, 2014).

Mock treated cells in group one were set to 100 %. Viral infections with addition
of 5-FC free medium showed only slight differences compared to the mock
treated control.

Administration of single or multiple pulses of 5-FC to uninfected cells
caused no measurable effect. Also, single pulses had no effect on HCT116
tumor cells being infected at MOI 0.001 and 0.01. Even multiple pulses led to
only little oncolysis. Merely three or four 6 hour-pulses were able to reduce the
cell mass in the range of about 20 %.

In contrast, HCT15 showed more response. Single pulses applied to
infected cells (MOI 1) caused a significant tumor cell killing, which was most
effective with a 6 hours 5-FC pulse applied at 24 hpi. Multiple pulses to MOI 1
infected HCT15 cells caused even more killing. The effect of four pulses with
one pulse each at 3 hpi, 24 hpi, 48 hpi, and 72 hpi led to the same result as
three pulses with one pulse each at 24 hpi, 48 hpi, and 72 hpi or 2 pulses given
at 24 hpi and 72 hpi. However, two pulses with one being applied at 3 hpi and
one at 48 hpi was not as effective as the other approaches.

Taken together, 5-FC pulsing for periods of 6 hours did not show any
advantage in reducing the cell mass compared to a continuous application of 5-

FC, neither single pulses nor multiple pulses with up to four repeats.
3.4. Sensitivity to 5-FU

To compare single treatment with 5-FU to armed virotherapy with
prodrug addition, all tumor cell lines were tested for their sensitivity to the

chemotherapeutic drug. Therefore, ascending concentrations from 10°to 1 mM
5-FU were administered for 72 h, 96 h and 120 h (Yurttas et al, 2014).
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addition of 105 mM - 1 mM 5-FU
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Figure 3.12. Time and dose dependent effects of 5-FU on tumor viabilities. Tumor cells
were mock treated or with rising concentrations of 5-FU (10 - 1 mM, from left to right) and
incubated for defined time periods of 72, 96 and 120 h. Remaining tumor cell masses were
determined by SRB assays. Values: mean of three independent experiments performed in

triplicates. Error bars: SEM.
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Figure 3.13. Time and dose dependent effects of 5-FU on tumor cell viabilities. Tumor
cells were mock treated or with rising concentrations of 5-FU (10 - 1 mM, from left to right)
and incubated for defined time periods of 72, 96 and 120 h. Remaining tumor cell masses
were determined by SRB assays. Values: mean of three independent experiments performed
in triplicates. Error bars: SEM. (Yurttas et al, 2014)

In general, concentrations up to 10* mM 5-FU only had little or even no
effect at all. After 72 h of treatment with 10 mM, tumor cell lines COLO205,
HCC2998, KM12 and HuCCT-1 began to respond to the drug. For cell lines
Hep3B, it took 96 h of incubation with 10 mM 5-FU to cause an effect and 120
h for HT29 and SW620. When adding 5-FU in a concentration of 102 mM for 72
h, a reduction of cell mass was visible in all cell lines. However, not all of them
could be killed more efficiently by extending the duration of treatment
significantly. This was for example the case for HCT116 and HCT15. In

contrast, all other cell lines did react to a prolongation. By all means, higher
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concentrations enhanced cytotoxicity so that 1 mM 5-FU killed tumor cells
almost completely (Yurttas et al, 2014).

In the following table, for each tumor cell line and for each duration of 5-
FU treatment, the lowest concentration of 5-FU is given, which was able to

reduce the tumor cell mass to less than 50 %.
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Table 3.2. Results of the dose and time dependent effect of 5-FU on tumor cell viability.
Shown are the concentrations of 5-FU causing a tumor cell mass reduction of > 50 % when
appended for the durations of time given at the top of each column. 5-FU = 5-fluorouracil, mM =

milimolar, h = hours.

concentration of 5-FU (mM) causing cell reduction of >50 %

72 h 96 h 120 h
cell line

HCT116 102 102 102
HT29 101 102 102
HCT15 102 102 102
HCC2998 103 103 103
COLO205 102 103 103
SW620 1 101 102
KM12 102 102 102
Hep3B 1 102 102
HuCCT-1 102 102 102
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3.5.  Virus growth curves

The cytostatic compound 5-FU possibly not only kills tumor cells, but also
could have an influence on viral replication. In order to investigate whether the
converted prodrug might inhibit virus production, viral growth curves were
performed with cell lines HCT116, HCT15, Hep3B and HUCCT-1. Cells were
infected with MOls of 0.03 and 0.3 respectively and 0.1 mM 5-FC or medium
without 5-FC was added at 3 hpi or 24 hpi (Yurttas et al, 2014).

The following application scheme explains how the experiment was

performed in detail.

infecton 0.1 mM 5-FC
|l
Ll
plating ‘
| L | | | | | |
| UL I I I I I |
24 hbi 3 hoi 24 hpi 48 hpi 72 hpi 98 hpi 120 hpi 144 hpi

IR

asservation of supernatant and Opti-MEM disscheed lysale

Fig 3.14. Application and harvesting scheme for virus growth curves of MeV-SCD with
prodrug addition. Tumor cells were plated and infected the following day. Additional medium
with or without 0.1 mM 5-FC was added at 3 hpi or at 24 hpi and remained there until sample
taking. Samples of supernatant and Opti-MEM dissolved lysate were taken at the time points

shown below the time bar.
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Figure 3.15. Virus growth behavior in dependence of prodrug 5-FC incubation onset and
duration. Cells were infected with MeV-SCD at MOI 0.03 (HCT116, Hep3B, HUCCT-1) or 0.3
(HCT15), respectively. Additional medium with or without 0.1 mM 5-FC was added at 3 hpi or at
24 hpi and remained until the end of the experiment at 144 hpi. At 24, 48, 72, 96, 120, and 144
hpi, samples of supernatants and cell lysates were taken and analysed by titration on Vero cells
for quantification of the amounts of newly produced progeny virus particles. FFU = fluorescence
forming units. Values: mean of three independent experiments. Error bars: SEM. (Yurttas et al,
2014)

In all approaches, virus concentration increased in the first 48 hours, in
supernatants as well as in the cell lysates.

With regard to results from HCT116, the titer reached a maximum of
more than 10* pfu / ml in the supernatant and lysate without addition of 5-FC.
Hereon after, the titer constantly decreased. Compared to the results in the
presence of prodrug, the concentration was partly 10- to 100-fold higher.
Whereas the addition of 5-FC at 3 hpi led to lower titers from 24 hpi on, 5-FC
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addition at 24 hpi caused a virus reduction at 48 hpi. In general, the
concentrations of infectious virus particles being detected within the supernatant
and in tumor cell lysates were found to be similar (Yurttas et al, 2014).

In contrast, viral titers in the supernatant in all approaches with HCT15
were constantly about 10-fold lower than those in cell lysates. Without addition
of 5-FC, the concentrations reached a maximum of 10° pfu / ml in the lysate and
102 pfu / ml in the supernatant at 48 hpi and later on were found to decrease.
The addition of the prodrug at 3 hpi resulted in quite similar viral titers, except
for the maximum at 72 hpi and a less abrupt drop then on. The highest viral
titers at 48 hpi were reached when 5-FC was added at 24 hpi, consequently
ending up in comparable titers to the approach with prodrug addition 3 hpi.

The highest viral titers overall were reached with the tumor cell line
Hep3B without addition of 5-FC. The titer constantly increased to a maximum of
10° pfu / ml in both, supernatant and lysate at 144 hpi. Although the
concentration was about 10-fold lower in all supernatant samples before 144
hpi, final data/yields were found to be almost identical. In combination with 5-
FC, regardless of addition at 3 or 24 hpi, the titer was always lower than 10*
pfu / ml. Concentration within the tumor cell lysate temporarily reached a
maximum of 10* pfu / ml at 72 hpi and subsequently decreased. Titers in the
supernatants were about 10- to 100-fold lower at early time points (24 hpi, 48
hpi, and 72 hpi), but converged at later time points (Yurttas et al, 2014).

Viral growth curves of HUCCT-1 were all found to be quite similar.
Addition of 5-FC, whether at 3 or at 24 hpi, had no obvious effect on the titer
compared to the approach without 5-FC application. Besides, the curves of
supernatant and cell lysate are almost identical in all growth curves from
HuCCT-1 (Yurttas et al, 2014).
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3.6. Summary

Taken together, a continuous and early application of 5-FC was found to
be most effectively enhancing the oncolytic effect, especially when compared to
an intermittent treatment. This was despite the observation, that the prodrug
addition caused an inhibitory effect on the generation of infectious progeny virus

particles.
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4, Discussion

Oncolytic virotherapy is a novel approach for the therapy of cancer. The
employed viruses selectively infect and replicate in tumor cells and have
therefore no effect on non-malignant cells (Russell et al, 2007). Measles
vaccine virus also meets with these criteria (Msaouel et al, 2009). However,
virotherapy when given alone has been shown to be mostly insufficient so far,
so that current treatment modalities have to be improved (Liu et al, 2006). There
are many approaches to enhance the oncolytic effect of administered viruses.
One is based on the suicide gene therapy technology, which employs one or
more viral, bacterial or fungal genes which allow the conversion of non-toxic
compounds (prodrugs) into lethal drugs when being encoded in the respective
virus genome (Lal et al, 2000). Due to the selective infection of tumor cells, the
toxification only takes place within infected tumor cells (Cattaneo et al, 2008).
Although suicide gene therapy has been used in the context of solid tumors in a
large number of preclinical and also some clinical studies (mostly employing
adenoviral or vaccinia virotherapeutics in solid cancer patients such as
NCT00415454, NCT00583492, NCT00844623, NCT00964756 and
NCT00978107), its application to cancer patients so far has not reached any
clinical significance (Duarte et al, 2012).

One of the current limitations can be referred to the missing knowledge
on how to optimally apply the respective prodrugs following application of viro-
therapeutic vectors encoding distinct suicide genes. Of note, when looking at
the literature, there are not many investigations so far which aim at dissecting
which timing of prodrug addition would be optimal in an in vivo setting or in a
clinical trial when making use of a vector encoded suicide gene function by
systemic application of a respective prodrug. However, in order to design a
clinical study employing MeV-SCD, an effective dosing scheme for prodrug 5-
FC is required and also claimed by German authorities (Paul-Ehrlich Institute,
Langen, Germany). Therefore, the aim was to investigate and compare different
prodrug application schemes for the treatment of MeV-SCD infected tumor cells

and to determine the most effective one.
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Accordingly, this in vitro study has set out to provide a systematic data
basis for the design of potential future prodrug application regimens, focussing
on the time for our prototypic measles vaccine virus vector MeV-SCD which
encodes a suicide fusion protein consisting of CD and UPRT (Erbs et al, 2000;
Berchtold et al, 2013). Notably, we particularly looked for potential interferences
of the prodrug being enzymatically converted into nucleoside analogs thereby

potentially impairing virotherapeutic replication.

From the sketch book, there are several possibilities for the design of
clinical prodrug application regimens: (i) to start with the prodrug application
quite early after the application of the virotherapeutic vector, or (ii) to first let the
virotherapeutic vectors replicate for a defined time span before initiating a
prodrug-mediated enhanced killing of tumor cells (which unavoidably includes
killing of vector producing tumor cells), (iii) to apply the prodrug continuously
intravenously, thereby being able to ensure constant plasma levels of the pro-
drug over time, or (iv) to apply the prodrug repeatedly orally, mostly resulting in
a noncontinuous plasma level of the prodrug (e.g., due to permanent renal
elimination of the prodrug).

In order to simulate these scenarios in vitro, we initiated application of the pro-
drug 5-FC at different time points post infection and we either let the prodrug
remain in the tumor cell culture medium continuously for different time spans
(“continuous” 5-FC application) or applied it temporarily for defined shorter
periods of time (“pulsed” 5-FC application), using changes of the culture

medium at defined time points (Yurttas et al, 2014).

1. The enhanced oncolytic effect by prodrug addition is dependent on the

time point and duration of prodrug application

Numerous studies dealt with the enhancement of oncolytic effectiveness
by arming viruses with prodrug convertases. Especially AdV, HSV, VV and MeV
were equipped with CD, UPRT, CD in combination with UPRT, TK or purine

nucleoside phosphorylase (PNP). All of these studies reported an improved rate
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of oncolysis both under in vitro and in vivo conditions. At the same time
however, their results posed the question at which time prodrug addition might
yield the best anti-tumoral effects.

Wildner et al treated mice bearing s.c. melanoma or cervical carcinoma with an
armed AdV. Mice received intratumoral injections of AdV-TK, followed by 7 days
of GCV application. Their survival was prolonged significantly, but the outcome
of GCV addition being initiated at 24 hpi or at 72 hpi differed largely, showing
that prodrug application beginning at 72 hpi was far more effective (Wildner et
al, 1999).

Another group studied the ability of AdV, armed with UPRT, to infect and
replicate in mice xenograft models of peritoneally disseminated biliary cancer.
Treatment with 5-FU was found to be beneficial when administered 10 or 15
days after infection. Any earlier addition erased the virus and in consequence
did not prolong survival. It was thus concluded that prodrug timing is a highly
crucial factor (Seo et al, 2005).

Similar observations were made by Ungerechts et al, who armed MeV with PNP
to convert fludarabine phosphate into its active metabolite 2-fluoroadenine,
which interferes with DNA, RNA and protein synthesis. In a lymphoma xenograft
model, MeV-PNP effectively infected tumor cells. Prodrug addition however only
enhanced tumor cell killing when added not too early after infection (< 24 hpi),
otherwise viral replication and spread were found to be inhibited significantly
(Ungerechts et al, 2007).

These authors assumed that prodrug addition at the peak of convertase
expression would be most beneficial. However, in a clinical scenario it would not
be easy to determine the peak of convertase expression in a non-invasive

manner.

To determine an optimal prodrug application scheme, in this thesis multiple
tumor cell lines were infected with MeV-SCD and the prodrug 5-FC was added
at different time points (3 hpi, 24 hpi, 48 hpi or 72 hpi) and remained
continuously until the end of the experiment at 144 hpi. As a result, this

experimental setting showed much higher effectiveness the earlier the prodrug
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was applied (Yurttas et al, 2014). However, it was not possible to ascribe the
effects to the earlier administration only as prodrug availability differed as well.
Therefore, it was necessary to examine the conditions separately. Cell lines
HCT116 and HCT15 were infected and treated with 5-FC from 3 or 24 hpi on
and incubated for 24, 48, 72, 96 or 120 h. The results of prodrug addition at 3 or
24 hpi but for the same time periods were compared. As a result, incubation
with 5-FC from 24 hpi on proved to be more effective compared to application
from 3 hpi on (Yurttas et al, 2014).

A specific investigation of prodrug timing in coordination with viral gene
expression was also performed by Yamada et al. HSV-1 was armed with pro-
drug convertases CD and UPRT and used to infect human and mouse colon
cancer cell lines in vitro and in a xenograft mouse colon cancer model. The in
vitro data showed that tumor cell killing was the more effective the earlier 5-FC
was administered after infection.

These data were quite similar to the results of the continuous prodrug
application in this thesis. The most effective time point for addition of 5-FC was
found to be the earliest as well (Yurttas et al, 2014). However, in the
experimental approach of Yamada et al, it was not possible to distinguish
whether the effect was due to an earlier or longer availability of the prodrug or a
combination of both. These authors determined tumor cell killing at 5 days post
infection. In contrast, in this thesis, tumor cell killing was determined at 6 days
after infection, in order to provide more time for the read out of the different
effects finally leading to tumor cell killing (i.e. high level replication of the study
virus in tumor cells as well as suicide gene-mediated effects).

To separately examine the effect of prodrug addition at different time points in
this thesis, the incubation period after prodrug application was kept the same.
With this experimental setting, it became obvious that the increased
effectiveness was due to a longer, but not to an earlier availability of the prodrug
5-FC. Tumor cell killing after prodrug addition at 24 hpi compared to addition at
3 hpi was found to be more effective, when comparing the same duration of

prodrug availability (Yurttas et al, 2014).
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These results are also in line with the assumption that prodrug conversion is
most effective when viral gene expression (here: suicide gene expression) is at
its height.

The in vivo data of Yamada et al confirm this: in the first experimental setting, 5-
FC was added for 6 days at different time points post infection (0 days, 3 days,
6 days). Inhibition of tumor growth was most effective when 5-FC was added 3
days post infection. With this finding, the next group was treated for different
time periods (6, 12 or 18 days) but from the same time point on (3 days post
infection). Enhanced efficacy was achieved with a period of 12 days, whereas
longer treatment did not improve the outcome anymore. Consistent with the
assumption that prodrug treatment should be started when the expression of
the prodrug convertase is at its peak, viral titers and DNA copy numbers were
found to be highest on the third day (Yamada et al, 2012).

In this thesis, the most effective time point to start with prodrug treatment was
found to be at 24 hpi (Yurttas et al, 2014), whereas Yamada et al showed that
in vivo infection of mouse colon cancer with HSV-CD-UPRT takes 3 days for
maximal gene expression; therefore, prodrug application was initiated at 3 days

post virotherapy by these authors.

All these observations indicate that optimal prodrug timing depends on
the individual setting of employed virus and treated tumor entity, but that pro-
drug application probably yields its maximal effect when administered at the
peak of prodrug convertase expression (Seo et al, 2005; Ungerechts et al,
2007; Yamada et al, 2012).

Hence, future investigations and also clinical trials employing suicide gene
encoding viruses should consider to monitor viral replication to individually
determine the maximum of viral gene expression and replication and therefore
the optimal time point of prodrug administration. Possible approaches could be
to utilize viruses expressing soluble marker proteins (e.g. MeV-CEA) in addition
to their prodrug convertase, being then used as surrogate parameters indicating

the optimal time point for prodrug addition.
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2. A pulsed prodrug application did not demonstrate any advantage over a

continuous prodrug treatment

The idea of a pulsed 5-FC application was to let tumor cells proliferate
first in the absence of 5-FU (being generated by conversion of the prodrug 5-
FC), so that they could be hit in their highly vulnerable cell cycling phase by
pulses of high 5-FU concentrations. A bigger percentage of tumor cells was
therefore thought to be killed. Furthermore, a pulsed prodrug application was
considered also to possibly enhance viral replication and thus overall
effectiveness.

To investigate these hypotheses, tumor cell lines HCT116 and HCT15
were infected with MeV-SCD and 5-FC was administered at different time points
(3 hpi, 24 hpi, 48 hpi or 72 hpi) and remained for a period of 6 hours in the
culture medium. These prodrug pulses were either appended once or up to four
times (Yurttas et al, 2014).

However, the results clearly showed that a pulsed application is not
superior to an early and continuous prodrug treatment (Yurttas et al, 2014). This
might be due to various reasons: prodrug convertase expressing tumor cells
were shown to produce far higher 5-FU concentrations after prodrug application
than achievable by systemic 5-FU therapy, thus being unable to elude the effect
of 5-FU (Richard et al, 2007). A pulsed application to ensure proliferation of as
many cancer cells as possible would therefore not be required to sufficiently Kill
them.

A second reason might be that the 6 hours pulses were too short to achieve the
necessary effect. It could be investigated, whether pulses of 12 or 24 hours are
more effective than a continuous application.

Finally, the removal of culture medium after each pulse could lead to the loss of
a crucial percentage of diluted virus thus decreasing the number of progeny
viruses and therefore further infectious and oncolytic particles (Yurttas et al,
2014).
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Certainly, a continuous prodrug application enhances the oncolytic viro-
therapy significantly. Chalikonda et al treated human ovarian tumor cells in a
xenograft model with vaccinia virus, armed with CD. A continuous application of
5-FC enhanced the efficacy at every time point, compared to the infection alone
(Chalikonda et al, 2008).

The effectiveness of continuous prodrug availability was also observed by
Yamada et al, who showed that HSV-TK persisted for at least 2 weeks intra-
tumorally after infection with a constantly detectable expression of transgenes
(Yamada et al, 2012). Hence, the continuous expression of prodrug
convertases could efficiently convert continuously administered prodrugs.
Similar conclusions were drawn by Tai et al and Lu et al. They used a
replicating retrovirus (RRV) genetically modified to express CD and performed
infections in a mouse model of HCC. Tumors revealed a long-term persistence
and stable expression of RRYV, indicating that a continuous application of a pro-
drug could result in a continuous conversion of the prodrug over time (Tai et al,
2010; Lu et al, 2012). Finally, also Foloppe et al were able to detect expression
of CD up to 30 days in xenograft mouse models of colon cancer after systemic

delivery of a vaccinia virus encoding CD and UPRT (Foloppe et al, 2008).

Taken together, the stable expression of suicide transgenes after infection and
the ability to achieve far higher concentrations of converted prodrug within the
tumor cells support the approach to continuously administer the prodrug.
Application schedules to assure cellular proliferation or that the majority of cells
is in a specific phase of the cell cycle are apparently not necessary to
sufficiently enhance the oncolytic effect. On this basis, the design of future

clinical trials is made much easier (Yurttas et al, 2014).

3. Prodrug addition enhances oncolysis but has an inhibitory effect on the

generation of infectious progeny virus particles

The enhanced oncolytic effect by prodrug addition could be confirmed in

numerous studies and also in this thesis (Yurttas et al, 2014). At the same time
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however, some authors reported about an inhibitory effect on viral replication by

prodrug conversion.

In this thesis, it was not possible to make a general statement about the
inhibitory effect of converted 5-FC on viral replication and spread of MeV-SCD.
In cell lines HCT116 and Hep3B, a decrease in viral titers was obvious,
whereas in cell lines HCT15 and HUCCT-1 only moderate or even no effects on
virus replication were visible. It was not clear, whether the virus titers measured
in HCT116 and Hep3B tumor cells were lower because of (i) a direct inhibition
of viral replication or because (ii) the prodrug addition enhanced oncolysis and
therefore withdrew the virus' breeding grounds. In contrast to the first
assumption, viral titers in HUCCT-1 tumor cells were found to be constant,
although oncolysis was found to be enhanced by prodrug addition. A production
of 5-FU may therefore be assumed and should have had an influence on viral
replication, if 5-FU was really inhibitory. What speaks against the second
hypothesis is that HCT116 tumor cells were killed only moderately after prodrug
addition but showed an obvious drop of viral titers, whereas the cell mass of
HCT15 tumor cells was reduced to a much larger extent, but concentrations of
virus were not found to be altered (Yurttas et al, 2014).

To separately investigate whether converted 5-FC has an influence on MeV-
SCD, it would have been necessary to enable viral infection in a host cell in the
simultaneous presence of 5-FU without lysis of the host cell by neither 5-FU nor

viral replication.

Seo et al, who used AdV-UPRT and 5-FU for the treatment of disseminated
biliary cancer, noticed an inhibitory effect on adenoviral expression at even sub-
toxic doses of 5-FU (Seo et al, 2005). In another study, replication of AdV-CD
was suppressed in melanoma cells when 5-FC was added at 0, 24 or 48 hpi,
but it could not be decided whether the effect was directly inhibitory on viral
replication or indirectly by effectively killing the virus host cells (Liu &

Deisseroth, 2006). The observations were not only restricted to effects of 5-FC
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prodrug conversion to 5-FU, but also TK-armed AdV titers in glioma models
were lowered after addition of GCV (Nanda et al, 2001).

Similar results were shown by Bernt et al when administering high doses of 5-
FU (> 0.25 mM) to AdV-CD-UPRT infected colon and cervix carcinoma cells. In
contrast, they noticed increased viral titers after administration of low 5-FU
doses (0.25 - 50 yM) to in vitro infected tumor cells and also enhanced viral
spread in liver metastases after infection and prodrug addition (Bernt et al,
2002).

Comparable with the results of Bernt et al, treatment of pancreatic cancer cell
lines with HSV in combination with 5-FU in vitro increased viral progeny
production in a dose dependent fashion (1 - 5 yM 5-FU). Possible explanations
suppose that chemotherapeutic stress makes the host cell more susceptible to
viral infection and therefore may contribute to increased viral replication
(Eisenberg et al, 2005).

In contrast to inhibitory effects of prodrug application on AdV, investigations with
HSV-CD (Nakamura et al, 2001) and HSV-CD-UPRT (Simpson et al, 2006;
Simpson et al, 2012; Yamada et al, 2012) revealed that 5-FC addition directly
after infection had only minimal effects on viral replication. However, if
metabolites of converted prodrug 5-FC were added at the time of infection, viral
replication was found to be suppressed significantly (Simpson et al, 2012).
These data indicate that the prodrug does not inhibit early HSV replication when
added from the beginning, but that its activated metabolites indeed lower viral

titers.

Studies on CD-armed VV were all consistent with the finding that converted 5-
FC, dependent on the dose and expression of prodrug convertase, caused a
dramatic decrease in replication of vaccinia virus. Observations were made by
McCart et al, when treating murine colon carcinoma in vitro and in vivo (McCart
et al, 2000). Similar results were obtained with VV-CD and 5-FC by Chalikonda
et al and Foloppe et al (Chalikonda et al, 2008; Foloppe et al, 2008). In vitro

infection of human colon carcinoma cells with VV-CD and treatment with 5-FC
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directly after infection or at 48 hpi showed that viral titers were decreased 500-
fold, when 5-FC was added directly and 35-fold when administered at 48 hpi
(Foloppe et al, 2008).

Replication of MeV-PNP was shown to be totally arrested after in vitro infections
of Vero cells, when the prodrug was administered directly after infection and
lowered 1000-fold when added at 12 or 24 hpi. These results were confirmed by
in vivo experiments: intracranial MeV-PNP administration without prodrug
addition caused lethal meningoencephalitis in mice, whereas prodrug addition
from 24 hpi on avoided disease development. It was therefore concluded that
early prodrug availability could control viral replication and spread (Ungerechts
et al, 2007).

It is possible that the inhibitory effect of converted 5-FC on MeV-SCD replication
is not as noticeable as reported in studies with other viruses, because MeV is
an RNA virus, which could be less affected by the inhibitory effects of 5-FU
metabolites than DNA viruses (AdV, HSV, VV). In fact, none of the studies
published so far employed an RNA virus with CD and reported about an

inhibition of virus replication after prodrug administration.

Combining all those results suggests that numbers of progeny viruses are
somehow lower, when high concentrations of cyctostatics (such as 5-FU and its
metabolites) are available, whereas relatively low doses could possibly even
enhance viral replication and spread. This might be due to induced susceptibility
of tumor cells to viral infection and replication (Eisenberg et al, 2005) or to a
fostering of the release and dissemination of viruses from their host tumor cells
(Foloppe et al, 2008). Nonetheless, despite the lowered number of viral
particles, oncolysis is significantly enhanced by high-dose prodrug addition, if
not applied too early. Ideally, administration starts, when the expression of
prodrug convertases is at its peak, as any earlier addition could decrease
infection, replication and suicide gene-expression, thus lowering the

effectiveness of such suicide gene-armed approaches.
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4. Translating the in vitro study results to potential clinical settings

The findings from the in vitro experiments clearly demand further in vivo
investigations to determine when and how to ideally administer the prodrug after
virotherapeutic infection. If there is the possibility for a continuous intravenous
application of 5-FC (here simulated by our “continuous” 5-FC application
regimens), our results would imply that tumor cell killing is the more efficient the
longer the overall time span of the 5-FC presence is (Fig. 1); if 5-FC steady-
state plasma levels can be maintained only for limited time spans (maybe due
to practical reasons) it seems to be preferable to initiate the addition of 5-FC at
24 hpi and not at 3 hpi (Fig. 2); (2) when applying 5-FC orally (here simulated
by our 6 hours “ON” pulses of 5-FC), addition of 5-FC at 24 hpi seems to be

superior over a much earlier application at 3 hpi (Fig. 3) (Yurttas et al, 2014).

So far, there is no full publication on the clinical quantification of concentrations
of prodrug conversion products (such as 5-FU) in plasma and/or in malignant
tissues of study patients with solid tumors (Table 1). This for example is true for
study NCT00415454 (“Phase | Study Combining Replication-Competent
Adenovirus-Mediated Suicide Gene Therapy With Chemoradiotherapy for the
Treatment of Non-Metastatic Pancreatic Adenocarcinoma”) in which a single
intratumoral injection of an adenoviral vector encoding suicide genes CD and
HSV-TK was followed by a 3 week period of (oral) 5-FC + valganciclovir
(VGCV) prodrug therapy, which began at 72 hpi.

In the study “Phase | Trial of Replication-competent Adenovirus-mediated
Suicide Gene Therapy Combined with IMRT for Prostate Cancer” the same
adenoviral vector was employed via a single intraprostatic injection on day 1
(Freytag et al, 2007). Three days later, patients (n=9) were administered 2.6
weeks (13 days, weekdays only) of 5-FC (150 mg/kg/day; given orally in four
equally divided doses every 6 hours) and VGCV (1800 mg/day; given orally in
two equally divided doses every 12 hours) prodrug therapy. As some patients

(cohort 3 of this study) were scheduled to receive a second adenovirus injection
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on day 22, 13 days rather than 15 days of prodrug application were used in this
regime to preclude the possibility that the first prodrug therapy cycle would
inhibit viral replication following the second adenovirus injection (see our own

discussion above).

In the subsequent phase Il study (n=280) NCT00583492 (“A Randomized,
Controlled Trial of Replication-Competent Adenovirus-Mediated Suicide Gene
Therapy in Combination With IMRT Versus IMRT Alone for the Treatment of
Newly-Diagnosed Prostate Cancer With an Intermediate Risk Profile”) the same
adenoviral vector was employed again via a single intraprostatic injection; in this
case, two days later (day 3), patients received a two week course (10 days,
weekdays only) of (oral) 5-FC and VGCV prodrug therapy (Lu et al, 2011).

Unfortunately, neither in the phase | nor in the phase Il study was any reporting
on the determination of concentrations of prodrug conversion products (such as
5-FU) in plasma and/or in malignant tissues of the study patients exhibiting

newly-diagnosed prostate cancer.

In a phase | trial on hepatocellular carcinoma (NCT00844623; “Phase | Clinical
Trial Of Gene Therapy For Hepatocellular Carcinoma By Intratumoral Injection
Of TK99UN (An Adenoviral Vector Containing The Thymidine Kinase (TK) Of
Herpes Simplex Virus”) five consecutive cohorts of two patients received
increasing doses of an HSV-TK suicide gene encoding adenoviral vector by
intratumoral injection; subsequently, equal doses of either intravenous GCV or
oral VGCV were applied; albeit no specific information on dosages or duration

of prodrug therapies was provided.

In a further phase | study on ovarian cancer (NCT00964756; “A Phase | Study
of AD5.SSTR/TK.RGD; A Tropism Modified Adenovirus Vector for Intra-
peritoneal Delivery of Therapeutic Genes and Additional Capability of Non-
invasive Imaging of Gene Transfer in Patients With Recurrent Ovarian and

Other Selected Gynecologic Cancers (Infectivity Enhanced Adenoviral Vectors
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for Ovarian CA)”) patients were treated intraperitoneally for 3 days with an HSV-
TK suicide gene encoding adenoviral vector followed by intravenous application
of GCV (5 mg/kg BID; at a constant rate for more than 1 hour) for 14 days (Kim

et al, 2012).

In another phase | study in patients with head and neck cancer and other
malignant tumors, single intratumoral injections of an adenoviral vector
encoding HSV-TK were performed on day 1 followed by systemic (intravenous)
administration of GCV (50 mg/kg BID) from days 2 to 15 (Xu et al, 2009). Again,

no data were provided on prodrug plasma levels or prodrug conversion rates.

In a most recent phase | trial, a modified vaccinia virus Ankara vector encoding
the FCU-1 suicide gene (TG4023) was employed in patients exhibiting primary
or metastatic unresectable liver tumors via a single intratumoral injection
followed by a 2-week dosing period of the 5-FC prodrug (200 mg/kg/day; given
intravenously for the first days (not specified exactly), then orally)
(NCT0097810). Severe adverse events being related to the application of 5-FC
were identified as diarrhea, hypertension, and alkaline phosphatase increase.
Most interestingly, in this study, a first time comprehensive analysis on plasma
and tumor 5-FC and 5-FU concentrations was performed. As a result, 5-FU
concentrations were reported to be 5630 ng/g in tumor biopsies and 1.9+ 2.6
ng/mL in plasma at day 8. Thereby, a first time proof-of-concept of the in vivo
conversion of the prodrug 5-FC into 5-FU was obtained in liver cancer patients.
This hallmark clinical study paves the way for further clinical trials employing
state-of-the-art virotherapeutic vectors armed with potent suicide genes, such
as MeV-SCD.

In this context, our own study on “pulsed" versus "continuous" application of the
prodrug 5-FC for enhancing oncolytic effectiveness of a measles vaccine virus
armed with a suicide gene is of great help in designing the respective study
protocols, especially when the timing and duration of the prodrug 5-FC have to
be fixed (Yurttas et al, 2014).
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5. Summary

Oncolytic virotherapy is a novel approach for the therapy of cancer that
stems from the observation that tumor patients who simultaneously developed a
viral infection would occasionally experience a complete remission of their
disease. Meanwhile, different viruses have been preclinically and clinically
investigated for the treatment of various neoplastic diseases. These viruses are
characterized by their ability to selectively infect and replicate in tumor cells
while sparing non-cancerous and normal cells. To further enhance the natural
and innate oncolytic potency of those viruses, there are approaches to arm
such viruses by incorporation of therapeutic transgenes via genetical
modification.

One such concept is the complementation of the virus genome with the
genetic sequence of a combinational prodrug-converting enzyme of cytosine
deaminase and uracil phosphoribosyltransferase (MeV-SCD) that toxifies the
prodrug 5-FC to the highly potent chemotherapeutic compound 5-FU. The fact
that tumor cells are infected by virotherapeutics and that the suicide genes of
the respective virotherapeutics are expressed in tumors selectively enables an
additional local and highly concentrated chemotherapeutic treatment. Although
this system has been shown to efficiently enhance the basic virus-mediated
oncolytic effect, to date optimization of prodrug application schedules has never
been undertaken.

The aim of this thesis was to utilize a suicide gene-armed measles vaccine
virus for oncolytic virotherapy and to compare different application schemes
("PULSED" versus "CONTINUOUS") to identify the conditions being required for
an optimal tumor treatment (Yurttas et al, 2014).

After having chosen suitable amounts of virus for each tumor cell line
according to the results of an extensive pre-testing, the following treatment
plans were investigated: 5-FC was applied at different time points after infection
with armed measles vaccine virus and the prodrug remained (i) either

continuously for different time periods ("continuous" application of 5-FC) or (ii)
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only temporarily for defined shorter periods ("pulsed" application of 5-FC) in the
tumor cell culture medium (Yurttas et al, 2014).

The results clearly indicate that a continuous presence of the prodrug 5-FC
is most effective in terms of the anti-tumoral effect and that this regime is much
superior to any pulsed application of 5-FC (Yurttas et al, 2014).

However, prodrug addition was found to exert an inhibitory effect on viral
replication, but it is yet not clear whether viral titers were lowered by inhibition of
viral replication directly or indirectly by enhancing oncolysis and therefore
detracting the virus’ host cells (needed for the production of progeny virus
particles). Despite this inhibitory effect on generating viral progeny particles, an
early and continuous addition of 5-FC was found to enhance oncolysis
significantly (Yurttas et al, 2014).

Knowingly, our experimental in-vitro setting is naturally highly artificial
and hence not directly convertible to clinical practice. We therefore consider our
results as tentative evidence for designing clinical application regimes with a
timely defined virotherapeutic treatment of MeV-SCD and the prodrug 5-FC,
which we plan to hand in to the responsible German authorities (Paul-Ehrlich-
Institute, Langen) for approval. Data of a corresponding clinical phase | study
will then give further insight into security and antitumor efficiency of this

innovative and highly promising approach.
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5. Zusammenfassung

Die onkolytische Virotherapie stellt einen neuen Therapieansatz dar, der
seinen Ursprung in gut dokumentierten Beobachtungen von Krebspatienten hat,
die nach einer sich zufallig zeitgleich zur Tumorerkrankung ereignenden Virus-
infektion eine komplette Remission ihrer Erkrankung erfuhren.

Mittlerweile wurden verschiedene Virusarten praklinisch und klinisch far
die Behandlung unterschiedlicher Tumorerkrankungen untersucht. Diese Viren
zeichnen sich durch ihre Eigenschaft aus, Tumorzellen selektiv zu infizieren und
sich in ihnen rasant zu vermehren, was innerhalb kurzer Zeit zu deren virusver-
mittelter Zerstorung (“Onkolyse”) fuhrt. Gesunde Zellen bleiben dagegen unbe-
troffen. Um die onkolytische Wirksamkeit dieser Viren noch zusatzlich zu ver-
bessern, gibt es Ansatze, durch Insertion von Fremdgenen in das Virus-Genom
(sog. “Armierung”) eine weiter verbesserte Tumorzellabtétung zu erreichen. Ein
solcher Ansatz kann beispielsweise in der Armierung mit einem Fusionsgen
bestehen, das fur eine Enzymkombination aus Cytosindeaminase und Uracil-
phosphoribosyltransferase (sog. “SCD-Suizidenzym”) kodiert, die das Pro-Phar-
makon (sog. “Prodrug”) 5-FC in das hochpotente Chemotherapeutikum 5-FU
umwandelt. Die Tatsache, dass die Infektion und Suizidgen-Expression selektiv
Tumorzellen trifft, ermdglicht somit eine zusatzliche lokale Hochdosis-Chemo-
therapie ohne begleitende sytemische Nebenwirkungen. Obwohl gezeigt wurde,
dass diese Armierungs-Methode den onkolytischen Effekt signifikant verstarkt,
wurde bisher kein optimales Dosierungsschema auf der Basis einer systemati-
schen Variation der Applikationsbedingungen erarbeitet.

Das Ziel dieser Arbeit war es dementsprechend, Suizidgen-verstarkte
Masernimpfviren flr die onkolytische Virotherapie einzusetzen, verschiedene
Regime der Pro-Pharmakongabe zu vergleichen und im Resultat ein optimales
Anwendungsschema zu ermitteln (Yurttas et al, 2014).

Nachdem in einem umfangreichen Vorversuch fir jede Tumor-Zelllinie
eine fur Folgeversuche jeweils am besten geeignete Virusmenge ermittelt
wurde, konnten die entworfenen Behandlungsplane untersucht werden: 5-FC

wurde zu verschiedenen Zeitpunkten nach der Infektion mit den Suizidgen-ver-
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starkten Masernimpfviren zugegeben und das Pro-Pharmakon blieb entweder
kontinuierlich und fir unterschiedliche Zeitspannen (kontinuierliche 5-FC Gabe)
oder nur temporar und fur definierte, kurze Zeitspannen (gepulste 5-FC Gabe)
auf den Tumorzellen. Die Ergebnisse zeigen, dass eine kontinuierliche Pro-
Pharmakongabe die effektivste anti-tumorale Wirkung bewirkt und einer
gepulsten Applikationsweise deutlich Uberlegen ist (Yurttas et al, 2014).

Es wurde jedoch weiterhin festgestellt, dass die Pro-Pharmakonzugabe
einen unterdrickenden Effekt auf die Virusvermehrung hat. Allerdings ist
bislang nicht erkenntlich, ob die erniedrigten Virustiter unter Einwirkung von 5-
FC durch direkte Hemmung der Virusvermehrung oder indirekt durch die
verstarkte Onkolyse und damit durch den Entzug von Wirtszellmasse fur das
Virus zustande kommt. Interessanterweise zeigte eine frihe und kontinuierliche
5-FC Zugabe trotz des blockierenden Effekts auf die Bildung von
Virusnachkommen eine signifikante Verstarkung des onkolytischen Effekts
(Yurttas et al, 2014).

Unser experimenteller in vitro-Ansatz ist wohlwissend von Natur aus sehr
kinstlich und damit nicht direkt auf die klinische Anwendung Ubertragbar. Wir
betrachten unsere Ergebnisse daher als vorlaufige Anhaltspunkte, um
nachfolgend in Kooperation mit einem Sponsor aus der biopharmazeutischen
Industrie ein entsprechendes klinisches Anwendungsregime mit zeitlich optimal
getakteter Behandlung mit unserem Virotherapeutikum MeV-SCD und dem
Prodrug-Medikament 5-FC zu erarbeiten. Wir planen auRerdem, dieses der
zustandigen Bundesoberbehdrde (Paul-Ehrlich-Institut) zur Genehmigung
vorzulegen. Die Daten einer entsprechenden ersten klinischen Phase I-Studie
werden dann weiteren Aufschluss Uber Sicherheit und anti-tumorale Effizienz

dieses sehr vielversprechenden Ansatzes erbringen.
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5. Perspectives

Oncolytic virotherapy with measles vaccine virus has already been
proved to be safe and efficient. Insufficient virotherapeutic approaches can be
enhanced by arming with a prodrug-converting enzyme. This thesis aimed to
investigate and compare different prodrug application schemes to identify an
optimal treatment plan for the novel approach of suicide gene-enhanced

virotherapy.

Following infection of tumor cells with our prototypic suicide gene-enhanced
vector MeV-SCD (European patent EP2605783 granted for MeV-SCD on 2015-
03-25), it could be shown that a continuous and long-term availability of 5-FC
yields superior oncolytic effects compared to any pulsed application of 5-FC.
Further studies with cell lines of other tumor entities could be performed in the
same way to investigate whether these findings are conferrable also to other
solid tumors. Additionally, to also gather further data on patterns of in vivo bio-
distribution, a suitable xenograft model should be chosen to examine and, if

applicable, confirm these data.

With reference to the assumption of other authors that prodrug addition might
be most effective when applied at the peak of converting-enzyme (here: SCD)
expression, an appropriate method to track virus replication and spread should
be utilized. One possible approach would be to use a modified MeV vector that
expresses soluble marker proteins (e.g. MeV-CEA) or a radionuclide trans-
porting protein (e.g. MeV-NIS) to adjust timing of prodrug addition with viral
spread and suicide gene expression (termed as “peak replication guided suicide

gene virotherapy”).
Although the pulsed application of 5-FC did not show any advantage over a

continuous treatment (Yurttas et al, 2014), the application scheme could be

varied and other conditions investigated. A prolonged pulse-period of 12 or 24
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hours might have a beneficial effect. Quantities of multiple pulses could also be
increased.

Growth curves indicated that prodrug addition and conversion had an inhibitory
effect on the generation of viral progenies (Yurttas et al, 2014). However, it was
not evident, whether this was due to a direct or indirect suppression of virus
growth. It would hence be important to make these possibilities distinguishable.
A possible yet difficult approach would be to infect a tumor cell line, which is
resistant to both viral oncolysis and the cytostatic effects of 5-FU, but allows
viral replication and gene expression. Addition of 5-FC in such a scenario then

could help to read out its specific influence on viral replication.
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6. Appendix

6.1. Abbreviations

5-FC
5-FdUDP
5-FAUMP
5-FdUTP
5-FU
5-FUDP
5-FUMP
5-FUTP
ACV
AdV
AIDS

CD

CEA
CPA
CRC
CTCL
DMEM
DMSO
EDTA
F-Protein
FCS

FFU
GCV
HBV
HCC
HCV

hpi
H-Protein

5-fluorocytosine
5-fluoro-2'-deoxyuridine-5'-diphosphate
5-fluoro-2'-deoxyuridine-5'-monophosphate
5-fluoro-2'-deoxyuridine-5'-triphosphate
5-fluorouracil
5-fluorouridine-5'-diphosphate
5-fluorouridine-5'-monophosphate
5-fluorouridine-5'-triphosphate

aciclovir

adenovirus

acquired immune deficiency syndrome
cytosine deaminase

carcinoembryonic antigen
cyclophosphamide

colorectal cancer

cutaneous T-cell lymphoma
Dulbecco’s Modified Eagle Medium
dimethylesulfoxide
ethylendiamintetraacetate

fusion protein

fetal calf serum

fluorescence forming units

ganciclovir

hepatitis B virus

hepatocellular carcinoma

hepatitis C virus

hours post infection

hemagglutinin protein
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HSV
ICTV

IFN
GM-CSF
HPLC

IJA

ITP
L-Protein
M-Protein
MeV
MeV-CEA
MeV-Edm
MeV-SCD
MOI
NASH
NIS

NK cells
N-Protein
OPRT
P-Protein
PBS

PFA

RNA
RNP

rrm
RPMI
RRV
SCD
SLAM
SRB
SSPE
TBS

herpes simplex virus

International Committee on Taxonomy of Viruses
interferon

granulocyte macrophage colony-stimulating factor
high-performance liquid chromatography
idiopathic juvenile arthritis

idiopathic thrombocytopenic purpura

large protein

matrix protein

measles virus

measles virus expressing carcinoembryonic antigen
measles virus Edmonston strain

measles virus expressing super cytosine deaminase
multiplicity of infection

non-alcoholic steatohepatitis

sodium jodid symporter

natural killer cells

nucleoprotein

orotate phosphoribosyltransferase
phosphoprotein

phosphate buffered saline

paraformaldehyde

ribonucleoacid

ribonucleoparticle

rounds per minute

Rosswell Park Memorial Institute

replicating retrovirus

super cytosine deaminase

signaling lymphocyte activation molecule
sulforhodamine B

subacute sclerosing panencephalitis
TRIS-buffered saline
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TCA
TRIS
TS
UMP
uPAR
UPRT
VGCV
VEGF
VSV
\AY
WHO

trichloroacetate
tris(hydroxymethyl)-aminomethane
thymidylate synthase

uracil monophosphate

urokinase-type plasminogen activator receptor
uracil phosphoribosyltransferase
valganciclovir

vascular endothelial growth-factor

vesicular stomatitis virus

vaccinia virus

World Health Organization

88



References

7. References

Akbulut H, Tang Y, Maynard J, Zhang L, Pizzorno G, Deisseroth A (2004)
Vector targeting makes 5-fluorouracil chemotherapy less toxic and more
effective in animal models of epithelial neoplasms. Clin Cancer Res 10(22):
7738-46

Anderson BD, Nakamura T, Russell SJ, Peng KW (2004) High CD46 receptor
density determines preferential killing of tumor cells by oncolytic measles virus.
Cancer Res 64(14): 4919-26

Andrejeva J, Childs KS, Young DF, Carlos TS, Stock N, Goodbourn S, Randall
RE (2004) The V proteins of paramyxoviruses bind the IFN-inducible RNA
helicase, mda-5, and inhibit its activation of the IFN-beta promoter. Proceedings
of the National Academy of Sciences of the United States of America 101(49):
17264-9

Atkin WS, Edwards R, Kralj-Hans I, Wooldrage K, Hart AR, Northover JM,
Parkin DM, Wardle J, Duffy SW, Cuzick J (2010) Once-only flexible
sigmoidoscopy screening in prevention of colorectal cancer: a multicentre
randomised controlled trial. Lancet 375(9726): 1624-33

Aversa G, Carballido J, Punnonen J, Chang CC, Hauser T, Cocks BG, De Vries
JE (1997) SLAM and its role in T cell activation and Th cell responses.
Immunology and cell biology 75(2): 202-5

Baker KA, Dutch RE, Lamb RA, Jardetzky TS (1999) Structural basis for
paramyxovirus-mediated membrane fusion. Molecular cell 3(3): 309-19

Bellini WJ, Englund G, Rozenblatt S, Arnheiter H, Richardson CD (1985)
Measles virus P gene codes for two proteins. J Virol 53(3): 908-19

Bernt KM, Steinwaerder DS, Ni S, Li ZY, Roffler SR, Lieber A (2002) Enzyme-
activated Prodrug Therapy Enhances Tumor-specific Replication of Adenovirus
Vectors. Cancer Res 62(21): 6089-98

Bluming AZ, Ziegler JL (1971) Regression of Burkitt's lymphoma in association
with measles infection. Lancet 2(7715): 105-6

Boisgerault N, Tangy F, Gregoire M (2010) New perspectives in cancer
virotherapy: bringing the immune system into play. Immunotherapy 2(2): 185-
199

Bolt G, Pedersen IR (1998) The role of subtilisin-like proprotein convertases for

cleavage of the measles virus fusion glycoprotein in different cell types.
Virology 252(2): 387-98

89



References

Breitbach CJ, Paterson JM, Lemay CG, Falls TJ, McGuire A, Parato KA, Stojdl
DF, Daneshmand M, Speth K, Kirn D, McCart JA, Atkins H, Bell JC (2007)
Targeted inflammation during oncolytic virus therapy severely compromises
tumor blood flow. Mol Ther 15(9): 1686-93

Cathomen T, Mrkic B, Spehner D, Drillien R, Naef R, Pavlovic J, Aguzzi A,
Billeter MA, Cattaneo R (1998) A matrix-less measles virus is infectious and
elicits extensive cell fusion: consequences for propagation in the brain. EMBO J
17(14): 3899-908

Cattaneo R, Miest T, Shashkova EV, Barry MA (2008) Reprogrammed viruses
as cancer therapeutics: targeted, armed and shielded. Nature reviews
Microbiology 6(7): 529-40

Condit (2001) Principles of Virology. In Fields Virology, 4™ edition (Lippincott
Williams & Wilkins, Philadelphia, PA), p. 25 - 58

Chalikonda S, Kivlen MH, O'Malley ME, Eric Dong XD, McCart JA, Yin XY,
Brown CK, Zeh HJ, Guo ZS, Bartlett DL (2008): Oncolytic virotherapy for
ovarian carcinomatosis using a replication-selective vaccinia virus armed with a
yeast cytosine deaminase gene. Cancer Gene Ther 15(2): 115-25

Chazal N, Gerlier D (2003) Virus entry, assembly, budding, and membrane
rafts. Microbiology and molecular biology reviews : MMBR 67(2): 226-37, table
of contents

Chung-Faye GA, Chen MJ, Green NK, Burton A, Anderson D, Mautner V,
Searle PF, Kerr DJ (2001) In vivo gene therapy for colon cancer using
adenovirus-mediated, transfer of the fusion gene cytosine deaminase and uracil
phosphoribosyltransferase. Gene Ther 8(20): 1547-54

Claessen MM, Vleggaar FP, Tytgat KM, Siersema PD, van Buuren HR (2009)
High lifetime risk of cancer in primary sclerosing cholangitis. J Hepatol 50(1):
158-64

Clemens MJ, McNurlan MA (1985) Regulation of cell proliferation and
differentiation by interferons. Biochem J 226(2): 345-60

Cocks BG, Chang CC, Carballido JM, Yssel H, de Vries JE, Aversa G (1995) A
novel receptor involved in T-cell activation. Nature 376(6537): 260-3

Cohen SS, Flaks JG, Barner HD, Loeb MR, Lichtenstein J (1958) The mode of

action of 5-fluorouracil and its derivatives. Proceedings of the National
Academy of Sciences of the United States of America 44(10): 1004-12

90



References

Colamonici OR, Domanski P, Platanias LC, Diaz MO (1992) Correlation
between interferon (IFN) alpha resistance and deletion of the IFN alpha/beta
genes in acute leukemia cell lines suggests selection against the IFN system.
Blood 80(3): 744-9

Cory JG, Breland JC, Carter GL (1979) Effect of 5-fluorouracil on RNA
metabolism in Novikoff hepatoma cells. Cancer Res 39(12): 4905-13

Coukos G, Makrigiannakis A, Kang EH, Rubin SC, Albelda SM, Molnar-Kimber
KL (2000) Oncolytic herpes simplex virus-1 lacking ICP34.5 induces p53-
independent death and is efficacious against chemotherapy-resistant ovarian
cancer. Clin Cancer Res 6(8): 3342-53

Cripe TP, Wang PY, Marcato P, Mahller YY, Lee PW (2009) Targeting cancer-
initiating cells with oncolytic viruses. Mol Ther 17(10): 1677-82

Cunningham D, Atkin W, Lenz HJ, Lynch HT, Minsky B, Nordlinger B, Starling N
(2010) Colorectal cancer. Lancet 375(9719): 1030-47

Danenberg PV (1977) Thymidylate synthetase - a target enzyme in cancer
chemotherapy. Biochim Biophys Acta 473(2): 73-92

de Gramont A, Bosset JF, Milan C, Rougier P, Bouche O, Etienne PL, Morvan
F, Louvet C, Guillot T, Francois E, Bedenne L (1997) Randomized trial
comparing monthly low-dose leucovorin and fluorouracil bolus with bimonthly
high-dose leucovorin and fluorouracil bolus plus continuous infusion for
advanced colorectal cancer: a French intergroup study. J Clin Oncol 15(2): 808-
15

Devaux P, Cattaneo R (2004) Measles virus phosphoprotein gene products:
conformational flexibility of the P/V protein amino-terminal domain and C protein
infectivity factor function. J Virol 78(21): 11632-40

Diaz RM, Galivo F, Kottke T, Wongthida P, Qiao J, Thompson J, Valdes M,
Barber G, Vile RG (2007) Oncolytic immunovirotherapy for melanoma using
vesicular stomatitis virus. Cancer Res 67(6): 2840-8

Dorig RE, Marcil A, Chopra A, Richardson CD (1993) The human CD46
molecule is a receptor for measles virus (Edmonston strain). Cell 75(2): 295-
305

Eisenberg DP, Adusumilli PS, Hendershott KJ, Yu Z, Mullerad M, Chan MK,
Chou TC, Fong Y (2005) 5-Fluorouracil and gemcitabine potentiate the efficacy
of oncolytic herpes viral gene therapy in the treatment of pancreatic cancer. J
Gastrointest Surg 9(8): 1068-77

91



References

Enders JF, Peebles TC, McCarthy K, Milovanovic M, Mitus A, Holloway A
(1957) Measles virus: a summary of experiments concerned with isolation,
properties, and behavior. Am J Public Health Nations Health 47(3): 275-82

Erbs P, Findeli A, Kintz J, Cordier P, Hoffmann C, Geist M, Balloul JM (2008)
Modified vaccinia virus Ankara as a vector for suicide gene therapy. Cancer
Gene Ther 15(1): 18-28

Erbs P, Regulier E, Kintz J, Leroy P, Poitevin Y, Exinger F, Jund R, Mehtali M
(2000) In vivo cancer gene therapy by adenovirus-mediated transfer of a
bifunctional yeast cytosine deaminase/uracil phosphoribosyltransferase fusion
gene. Cancer Res 60(14): 3813-22

Erlenhofer C, Duprex WP, Rima BK, ter Meulen V, Schneider-Schaulies J
(2002) Analysis of receptor (CD46, CD150) usage by measles virus. J Gen
Virol 83(Pt 6): 1431-6

Errington F, Steele L, Prestwich R, Harrington KJ, Pandha HS, Vidal L, de Bono
J, Selby P, Coffey M, Vile R, Melcher A (2008) Reovirus activates human
dendritic cells to promote innate antitumor immunity. J Immunol 180(9): 6018-
26

Farber S, Diamond LK (1948) Temporary remissions in acute leukemia in
children produced by folic acid antagonist, 4-aminopteroyl-glutamic acid. N Engl/
J Med 238(23): 787-93

Ferlay J, Soerjomataram |, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M,
Parkin DM, Forman D, Bray, F., GLOBOCAN 2012 v1.0, Cancer Incidence and
Mortality Worldwide: IARC CancerBase No. 11 [Internet].

Lyon, France: International Agency for Research on Cancer; 2013. Available
from: http://globocan.iarc.fr, accessed on 23/04/2015.

Ferreira CS, Frenzke M, Leonard VH, Welstead GG, Richardson CD, Cattaneo
R (2010) Measles virus infection of alveolar macrophages and dendritic cells
precedes spread to lymphatic organs in transgenic mice expressing human
signaling lymphocytic activation molecule (SLAM, CD150). J Virol 84(6): 3033-
42

Fisher KD, Stallwood Y, Green NK, Ulbrich K, Mautner V, Seymour LW (2001)
Polymer-coated adenovirus permits efficient retargeting and evades neutralising
antibodies. Gene Ther 8(5): 341-8

Follett EA, Pringle CR, Pennington TH (1976) Events following the infections of
enucleate cells with measles virus. J Gen Virol 32(2): 163-75

92



References

Foloppe J, Kintz J, Futin N, Findeli A, Cordier P, Schlesinger Y, Hoffmann C,
Tosch C, Balloul JM, Erbs P (2008) Targeted delivery of a suicide gene to
human colorectal tumors by a conditionally replicating vaccinia virus. Gene
Ther 15(20): 1361-71

Fulci G, Breymann L, Gianni D, Kurozomi K, Rhee SS, Yu J, Kaur B, Louis DN,
Weissleder R, Caligiuri MA, Chiocca EA (2006) Cyclophosphamide enhances
glioma virotherapy by inhibiting innate immune responses. Proceedings of the
National Academy of Sciences of the United States of America 103(34): 12873-
8

Galanis E, Hartmann LC, Cliby WA, Long HJ, Peethambaram PP, Barrette BA,
Kaur JS, Haluska PJ, Jr., Aderca |, Zollman PJ, Sloan JA, Keeney G, Atherton
PJ, Podratz KC, Dowdy SC, Stanhope CR, Wilson TO, Federspiel MJ, Peng
KW, Russell SJ (2010) Phase | trial of intraperitoneal administration of an
oncolytic measles virus strain engineered to express carcinoembryonic antigen
for recurrent ovarian cancer. Cancer Res 70(3): 875-82

Garber K (2006) China approves world's first oncolytic virus therapy for cancer
treatment. Journal of the National Cancer Institute 98(5): 298-300

Glazer RI, Lloyd LS (1982) Association of cell lethality with incorporation of 5-
fluorouracil and 5-fluorouridine into nuclear RNA in human colon carcinoma
cells in culture. Mol Pharmacol 21(2): 468-73

Glazer RI, Peale AL (1979) The effect of 5-fluorouracil on the synthesis of
nuclear RNA in L1210 cells in vitro. Mol Pharmacol 16(1): 270-7

Gluer AM, Cocco N, Laurence JM, Johnston ES, Hollands MJ, Pleass HC,
Richardson AJ, Lam VW (2012) Systematic review of actual 10-year survival
following resection for hepatocellular carcinoma. HPB : the official journal of the
International Hepato Pancreato Biliary Association 14(5): 285-90

Green NK, Herbert CW, Hale SJ, Hale AB, Mautner V, Harkins R, Hermiston T,
Ulbrich K, Fisher KD, Seymour LW (2004) Extended plasma circulation time
and decreased toxicity of polymer-coated adenovirus. Gene Ther 11(16): 1256-
63

Greiner S, Humrich JY, Thuman P, Sauter B, Schuler G, Jenne L (2006) The
highly attenuated vaccinia virus strain modified virus Ankara induces apoptosis
in melanoma cells and allows bystander dendritic cells to generate a potent
anti-tumoral immunity. Clinical and experimental immunology 146(2): 344-53

Griffin DE (2001) Measles Virus. In Fields Virology, 4™ edition (Lippincott
Williams & Wilkins, Philadelphia, PA), p. 1401 — 1428)

Gross S (1971) Measles and leukaemia. Lancet 20(7695): 397-398

93



References

Haisma HJ, Kamps JA, Kamps GK, Plantinga JA, Rots MG, Bellu AR (2008)
Polyinosinic acid enhances delivery of adenovirus vectors in vivo by preventing
sequestration in liver macrophages. J Gen Virol 89(Pt 5): 1097-105

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell
144(5): 646-74

Hansen RM, Libnoch JA (1978) Remission of chronic lymphocytic leukemia
after smallpox vaccination. Archives of internal medicine 138(7): 1137-8

Haralambieva |, lankov |, Hasegawa K, Harvey M, Russell SJ, Peng KW (2007)
Engineering oncolytic measles virus to circumvent the intracellular innate
immune response. Mol Ther 15(3): 588-97

Hardwick JM, Bussell RH (1978) Glycoproteins of measles virus under reducing
and nonreducing conditions. J Virol 25(2): 687-92

Harrington K, Vile R (2006) Virus smuggling, tax evasion and tumor
assassination. Nat Med 12(5): 507-9

Heidelberger C, Ansfield FJ (1963) Experimental and clinical use of fluorinated
pyrimidines in cancer chemotherapy. Cancer Res 23: 1226-43

Heidelberger C, Chaudhuri NK, Danneberg P, Mooren D, Griesbach L,
Duschinsky R, Schnitzer RJ, Pleven E, Scheiner J (1957) Fluorinated
pyrimidines, a new class of tumour-inhibitory compounds. Nature 179(4561):
663-6

Heinzerling L, Kunzi V, Oberholzer PA, Kundig T, Naim H, Dummer R (2005)
Oncolytic measles virus in cutaneous T-cell ymphomas mounts antitumor
immune responses in vivo and targets interferon-resistant tumor cells. Blood
106(7): 2287-94

Hilleman MR (2001) Current overview of the pathogenesis and prophylaxis of
measles with focus on practical implications. Vaccine 20(5-6): 651-65

Hirano A, Wang AH, Gombart AF, Wong TC (1992) The matrix proteins of
neurovirulent subacute sclerosing panencephalitis virus and its acute measles
virus progenitor are functionally different. Proceedings of the National Academy
of Sciences of the United States of America 89(18): 8745-9

Hoster HA, Zanes RP, Jr., Von Haam E (1949) Studies in Hodgkin's syndrome;
the association of viral hepatitis and Hodgkin's disease; a preliminary report.
Cancer Res 9(8): 473-80

Hsu EC, lorio C, Sarangi F, Khine AA, Richardson CD (2001) CDw150(SLAM)

is a receptor for a lymphotropic strain of measles virus and may account for the
immunosuppressive properties of this virus. Virology 279(1): 9-21

94



References

Huber BE, Austin EA, Richards CA, Davis ST, Good SS (1994) Metabolism of
5-fluorocytosine to 5-fluorouracil in human colorectal tumor cells transduced
with the cytosine deaminase gene: significant antitumor effects when only a
small percentage of tumor cells express cytosine deaminase. Proceedings of
the National Academy of Sciences of the United States of America 91(17):
8302-6

Ikeda K, Ichikawa T, Wakimoto H, Silver JS, Deisboeck TS, Finkelstein D,
Harsh GRt, Louis DN, Bartus RT, Hochberg FH, Chiocca EA (1999) Oncolytic
virus therapy of multiple tumors in the brain requires suppression of innate and
elicited antiviral responses. Nat Med 5(8): 881-7

llett EJ, Barcena M, Errington-Mais F, Griffin S, Harrington KJ, Pandha HS,
Coffey M, Selby PJ, Limpens RW, Mommaas M, Hoeben RC, Vile RG, Melcher
AA (2011) Internalization of oncolytic reovirus by human dendritic cell carriers
protects the virus from neutralization. Clin Cancer Res 17(9): 2767-76

Iwasaki M, Takeda M, Shirogane Y, Nakatsu Y, Nakamura T, Yanagi Y (2009)
The matrix protein of measles virus regulates viral RNA synthesis and assembly
by interacting with the nucleocapsid protein. J Virol 83(20): 10374-83

Jain RK (2001) Delivery of molecular medicine to solid tumors: lessons from in
vivo imaging of gene expression and function. Journal of controlled release :
official journal of the Controlled Release Society 74(1-3): 7-25

Jain RK, Stylianopoulos T (2010) Delivering nanomedicine to solid tumors. Nat
Rev Clin Oncol 7(11): 653-64

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D (2011) Global cancer
statistics. CA Cancer J Clin 61(2): 69-90

Jing Y, Tong C, Zhang J, Nakamura T, lankov |, Russell SJ, Merchan JR (2009)
Tumor and vascular targeting of a novel oncolytic measles virus retargeted
against the urokinase receptor. Cancer Res 69(4): 1459-68

Karber G (1931) Beitrag zur kollektiven Behandlung pharmakologischer
Reihenversuche. Naunyn-Schmiedeberg's Archives of Pharmacology 162, pp.
480-483

Kanai F, Kawakami T, Hamada H, Sadata A, Yoshida Y, Tanaka T, Ohashi M,
Tateishi K, Shiratori Y, Omata M (1998) Adenovirus-mediated transduction of
Escherichia coli uracil phosphoribosyltransferase gene sensitizes cancer cells
to low concentrations of 5-fluorouracil. Cancer Res 58(9): 1946-51

Kaplan LJ, Daum RS, Smaron M, McCarthy CA (1992) Severe measles in

immunocompromised patients. JAMA : the journal of the American Medical
Association 267(9): 1237-41

95



References

Kelly E, Russell SJ (2007) History of oncolytic viruses: genesis to genetic
engineering. Mol Ther 15(4): 651-9

Khuri FR, Nemunaitis J, Ganly |, Arseneau J, Tannock IF, Romel L, Gore M,
Ironside J, MacDougall RH, Heise C, Randlev B, Gillenwater AM, Bruso P,
Kaye SB, Hong WK, Kirn DH (2000) a controlled trial of intratumoral ONYX-015,
a selectively-replicating adenovirus, in combination with cisplatin and 5-
fluorouracil in patients with recurrent head and neck cancer. Nat Med 6(8): 879-
85

Kilstrup M, Meng LM, Neuhard J, Nygaard P (1989) Genetic evidence for a
repressor of synthesis of cytosine deaminase and purine biosynthesis enzymes
in Escherichia coli. Journal of bacteriology 171(4): 2124-7

Kirn D (2001) Clinical research results with dI1520 (Onyx-015), a replication-
selective adenovirus for the treatment of cancer: what have we learned? Gene
Ther 8(2): 89-98

Knox RJ, Connors TA (1997) Prodrugs in Cancer Chemotherapy. Pathology
oncology research : POR 3(4): 309-324

Kottke T, Galivo F, Wongthida P, Diaz RM, Thompson J, Jevremovic D, Barber
GN, Hall G, Chester J, Selby P, Harrington K, Melcher A, Vile RG (2008) Treg
depletion-enhanced IL-2 treatment facilitates therapy of established tumors
using systemically delivered oncolytic virus. Mol Ther 16(7): 1217-26

Kottke T, Hall G, Pulido J, Diaz RM, Thompson J, Chong H, Selby P, Coffey M,
Pandha H, Chester J, Melcher A, Harrington K, Vile R (2010) Antiangiogenic
cancer therapy combined with oncolytic virotherapy leads to regression of
established tumors in mice. The Journal of clinical investigation 120(5): 1551-60

Kottke T, Thompson J, Diaz RM, Pulido J, Willmon C, Coffey M, Selby P,
Melcher A, Harrington K, Vile RG (2009) Improved systemic delivery of
oncolytic reovirus to established tumors using preconditioning with
cyclophosphamide-mediated Treg modulation and interleukin-2. Clin Cancer
Res 15(2): 561-9

Lamb RA, Kolakofsky D (2001) Paramyxoviridae: The Virus and Their
Replication. In Fields Virology, 4" edition, Lippincott Williams & Wilkins,
Philadelphia, PA, p. 1305 - 1340

Lau SH, Lau WY (2012) Current therapy of hilar cholangiocarcinoma.
Hepatobiliary Pancreat Dis Int 11(1): 12-7

Lech PJ, Russell SJ (2010) Use of attenuated paramyxoviruses for cancer
therapy. Expert review of vaccines 9(11): 1275-302

96



References

Lemon K, de Vries RD, Mesman AW, McQuaid S, van Amerongen G, Yuksel S,
Ludlow M, Rennick LJ, Kuiken T, Rima BK, Geijtenbeek TB, Osterhaus AD,
Duprex WP, de Swart RL (2011) Early target cells of measles virus after aerosol
infection of non-human primates. PLoS Pathog 7(1): e1001263

LiY, Yu DC, Chen Y, Amin P, Zhang H, Nguyen N, Henderson DR (2001) A
hepatocellular carcinoma-specific adenovirus variant, CV890, eliminates distant
human liver tumors in combination with doxorubicin. Cancer Res 61(17): 6428-
36

Liston P, Briedis DJ (1994) Measles virus V protein binds zinc. Virology 198(1):
399-404

Liszewski MK, Post TW, Atkinson JP (1991) Membrane cofactor protein (MCP
or CD46): newest member of the regulators of complement activation gene
cluster. Annual review of immunology 9: 431-55

Liu C, Russell SJ, Peng KW (2010) Systemic therapy of disseminated myeloma
in passively immunized mice using measles virus-infected cell carriers. Mol
Ther 18(6): 1155-64

Liu TC, Deisseroth A (2006) Oncolytic adenoviral vector carrying the cytosine
deaminase gene for melanoma gene therapy. Cancer Gene Ther 13(9): 845-55

Liu TC, Galanis E, Kirn D (2007) Clinical trial results with oncolytic virotherapy:
a century of promise, a decade of progress. Nature clinical practice Oncology
4(2): 101-17

Liu TC, Kirn D (2008) Gene therapy progress and prospects cancer: oncolytic
viruses. Gene Ther 15(12): 877-84

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, de Oliveira AC,
Santoro A, Raoul JL, Forner A, Schwartz M, Porta C, Zeuzem S, Bolondi L,
Greten TF, Galle PR, Seitz JF, Borbath |, Haussinger D, Giannaris T, Shan M,
Moscovici M, Voliotis D, Bruix J (2008) Sorafenib in advanced hepatocellular
carcinoma. N Engl J Med 359(4): 378-90

Lu YC, Chen YJ, Yu YR, Lai YH, Cheng JC, Li YF, Shen CH, Tai CK (2012)
Replicating retroviral vectors for oncolytic virotherapy of experimental
hepatocellular carcinoma. Oncol Rep 28(1): 21-6

Lun XQ, Jang JH, Tang N, Deng H, Head R, Bell JC, Stojdl DF, Nutt CL,
Senger DL, Forsyth PA, McCart JA (2009) Efficacy of systemically administered
oncolytic vaccinia virotherapy for malignant gliomas is enhanced by
combination therapy with rapamycin or cyclophosphamide. Clin Cancer Res
15(8): 2777-88

97



References

Mahller YY, Williams JP, Baird WH, Mitton B, Grossheim J, Saeki Y, Cancelas
JA, Ratner N, Cripe TP (2009) Neuroblastoma cell lines contain pluripotent
tumor initiating cells that are susceptible to a targeted oncolytic virus. PLoS
One 4(1): e4235

Maluccio M, Covey A (2012) Recent progress in understanding, diagnosing,
and treating hepatocellular carcinoma. In CA Cancer J Clin Vol. 62. pp 394-9

Manickan (2006) Rapid Kupffer cell death after intravenous injection of
adenovirus vectors. Mol Ther

Manickan E, Smith JS, Tian J, Eggerman TL, Lozier JN, Muller J, Byrnes AP
(2006) Rapid Kupffer cell death after intravenous injection of adenovirus
vectors. Mol Ther 13(1): 108-17

Manie SN, de Breyne S, Vincent S, Gerlier D (2000) Measles virus structural
components are enriched into lipid raft microdomains: a potential cellular
location for virus assembly. J Virol 74(1): 305-11

Mazzaferro V, Regalia E, Doci R, Andreola S, Pulvirenti A, Bozzetti F, Montalto
F, Ammatuna M, Morabito A, Gennari L (1996) Liver transplantation for the
treatment of small hepatocellular carcinomas in patients with cirrhosis. N Engl J
Med 334(11): 693-9

McCart JA, Puhimann M, Lee J, Hu Y, Libutti SK, Alenxader HR, Bartlett DL
(2000) Complex interactions between the replicating oncolytic effect and the
enzyme/prodrug effect of vaccinia-mediated tumor regression. Gene Ther 7(14):
1217-23

Ming L, Thorgeirsson SS, Gail MH, Lu P, Harris CC, Wang N, Shao Y, Wu Z,
Liu G, Wang X, Sun Z (2002) Dominant role of hepatitis B virus and cofactor

role of aflatoxin in hepatocarcinogenesis in Qidong, China. Hepatology 36(5):
1214-20

Moehler MH, Zeidler M, Wilsberg V, Cornelis JJ, Woelfel T, Rommelaere J,
Galle PR, Heike M (2005) Parvovirus H-1-induced tumor cell death enhances
human immune response in vitro via increased phagocytosis, maturation, and
cross-presentation by dendritic cells. Hum Gene Ther 16(8): 996-1005

Moolten FL, Wells JM, Heyman RA, Evans RM (1990) Lymphoma regression
induced by ganciclovir in mice bearing a herpes thymidine kinase transgene.
Hum Gene Ther 1(2): 125-34

Moore AE (1954) Effects of viruses on tumors. Annu Rev Microbiol 8: 393-410

Mota HC (1973) Infantile Hodgkin's disease: remission after measles. Br Med J
2(5863): 421

98



References

Msaouel P, Dispenzieri A, Galanis E (2009) Clinical testing of engineered
oncolytic measles virus strains in the treatment of cancer: an overview. Current
opinion in molecular therapeutics 11(1): 43-53

Msaouel P, lankov ID, Dispenzieri A, Galanis E (2012) Attenuated oncolytic
measles virus strains as cancer therapeutics. Current pharmaceutical
biotechnology 13(9): 1732-41

Muhlebach MD, Mateo M, Sinn PL, Prufer S, Uhlig KM, Leonard VH,
Navaratnarajah CK, Frenzke M, Wong XX, Sawatsky B, Ramachandran S,
McCray PB, Jr., Cichutek K, von Messling V, Lopez M, Cattaneo R (2011)
Adherens junction protein nectin-4 is the epithelial receptor for measles virus.
Nature 480(7378): 530-3

Mullen CA, Kilstrup M, Blaese RM (1992) Transfer of the bacterial gene for
cytosine deaminase to mammalian cells confers lethal sensitivity to 5-
fluorocytosine: a negative selection system. Proceedings of the National
Academy of Sciences of the United States of America 89(1): 33-7

Naik S, Russell SJ (2009) Engineering oncolytic viruses to exploit tumor specific
defects in innate immune signaling pathways. Expert Opin Biol Ther 9(9): 1163-
76

Nakamura H, Mullen JT, Chandrasekhar S, Pawlik TM, Yoon SS, Tanabe KK
(2001) Multimodality therapy with a replication-conditional herpes simplex virus
1 mutant that expresses yeast cytosine deaminase for intratumoral conversion
of 5-fluorocytosine to 5-fluorouracil. Cancer Res 61(14): 5447-52

Nanda D, Vogels R, Havenga M, Avezaat CJ, Bout A, Smitt PS (2001)
Treatment of malignant gliomas with a replicating adenoviral vector expressing
herpes simplex virus-thymidine kinase. Cancer Res 61(24): 8743-50

Naniche D, Yeh A, Eto D, Manchester M, Friedman RM, Oldstone MB (2000)
Evasion of host defenses by measles virus: wild-type measles virus infection
interferes with induction of Alpha/Beta interferon production. J Virol 74(16):
7478-84

Nguyen TL, Abdelbary H, Arguello M, Breitbach C, Leveille S, Diallo JS,
Yasmeen A, Bismar TA, Kirn D, Falls T, Snoulten VE, Vanderhyden BC, Werier
J, Atkins H, Vaha-Koskela MJ, Stojdl DF, Bell JC, Hiscott J (2008) Chemical
targeting of the innate antiviral response by histone deacetylase inhibitors
renders refractory cancers sensitive to viral oncolysis. Proceedings of the
National Academy of Sciences of the United States of America 105(39): 14981-
6

Noyce RS, Richardson CD (2012) Nectin 4 is the epithelial cell receptor for
measles virus. Trends Microbiol 20(9): 429-39

99



References

Nussbaum O, Broder CC, Moss B, Stern LB, Rozenblatt S, Berger EA (1995)
Functional and structural interactions between measles virus hemagglutinin and
CD46. J Virol 69(6): 3341-9

Oglesby TJ, Allen CJ, Liszewski MK, White DJ, Atkinson JP (1992) Membrane
cofactor protein (CD46) protects cells from complement-mediated attack by an
intrinsic mechanism. J Exp Med 175(6): 1547-51

Ong HT, Hasegawa K, Dietz AB, Russell SJ, Peng KW (2007) Evaluation of T
cells as carriers for systemic measles virotherapy in the presence of antiviral
antibodies. Gene Ther 14(4): 324-33

Papac RJ (2001) Origins of cancer therapy. Yale J Biol Med 74(6): 391-8

Pasquinucci G (1971) Possible effect of measles on leukaemia. Lancet
16(7690): 136

Parks CL, Lerch RA, Walpita P, Wang HP, Sidhu MS, Udem SA (2001) Analysis
of the noncoding regions of measles virus strains in the Edmonston vaccine
lineage. J Virol 75(2): 921-33

Pattanathien P, Khuntikeo N, Promthet S, Kamsa-Ard S (2013) Survival rate of
extrahepatic cholangiocarcinoma patients after surgical treatment in Thailand.
Asian Pacific journal of cancer prevention : APJCP 14(1): 321-4

Patterson JB, Thomas D, Lewicki H, Billeter MA, Oldstone MB (2000) V and C
proteins of measles virus function as virulence factors in vivo. Virology 267(1):
80-9

Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP (2006) The
contributions of hepatitis B virus and hepatitis C virus infections to cirrhosis and
primary liver cancer worldwide. J Hepatol 45(4): 529-38

Piper AA, Fox RM (1982) Biochemical basis for the differential sensitivity of
human T- and B-lymphocyte lines to 5-fluorouracil. Cancer Res 42(9): 3753-60

Power AT, Bell JC (2008) Taming the Trojan horse: optimizing dynamic carrier
cell/oncolytic virus systems for cancer biotherapy. Gene Ther 15(10): 772-9

Prestwich RJ, Errington F, Diaz RM, Pandha HS, Harrington KJ, Melcher AA,
Vile RG (2009) The case of oncolytic viruses versus the immune system:
waiting on the judgment of Solomon. Hum Gene Ther 20(10): 1119-32

Prestwich RJ, Harrington KJ, Pandha HS, Vile RG, Melcher AA, Errington F

(2008) Oncolytic viruses: a novel form of immunotherapy. Expert review of
anticancer therapy 8(10): 1581-8

100



References

Qiao J, Wang H, Kottke T, White C, Twigger K, Diaz RM, Thompson J, Selby P,
de Bono J, Melcher A, Pandha H, Coffey M, Vile R, Harrington K (2008)
Cyclophosphamide facilitates antitumor efficacy against subcutaneous tumors
following intravenous delivery of reovirus. Clin Cancer Res 14(1): 259-69

Radecke F, Billeter MA (1996) The nonstructural C protein is not essential for
multiplication of Edmonston B strain measles virus in cultured cells. Virology
217(1): 418-21

Reid T, Galanis E, Abbruzzese J, Sze D, Wein LM, Andrews J, Randlev B,
Heise C, Uprichard M, Hatfield M, Rome L, Rubin J, Kirn D (2002) Hepatic
arterial infusion of a replication-selective oncolytic adenovirus (dI1520): phase |l
viral, immunologic, and clinical endpoints. Cancer Res 62(21): 6070-9

Reutter GL, Cortese-Grogan C, Wilson J, Moyer SA (2001) Mutations in the
measles virus C protein that up regulate viral RNA synthesis. Virology 285(1):
100-9

Richard C, Duivenvoorden W, Bourbeau D, Massie B, Roa W, Yau J, Th'ng J
(2007) Sensitivity of 5-fluorouracil-resistant cancer cells to adenovirus suicide
gene therapy. Cancer Gene Ther 14(1): 57-65

Rozenblatt S, Koch T, Pinhasi O, Bratosin S (1979) Infective substructures of
measles virus from acutely and persistently infected cells. J Virol 32(1): 329-33

Russell SJ, Peng KW, Bell JC (2012) Oncolytic virotherapy. Nat Biotechnol
30(7): 658-70

Schneider-Schaulies S, ter Meulen V (2002) Measles virus and
immunomodulation: molecular bases and perspectives. Expert Rev Mol Med
4(13): 1-18

Schneider H, Kaelin K, Billeter MA (1997) Recombinant measles viruses
defective for RNA editing and V protein synthesis are viable in cultured cells.
Virology 227(2): 314-22

Schneider U, Bullough F, Vongpunsawad S, Russell SJ, Cattaneo R (2000)
Recombinant measles viruses efficiently entering cells through targeted
receptors. J Virol 74(21): 9928-36

Senzer NN, Kaufman HL, Amatruda T, Nemunaitis M, Reid T, Daniels G,
Gonzalez R, Glaspy J, Whitman E, Harrington K, Goldsweig H, Marshall T,
Love C, Coffin R, Nemunaitis JJ (2009) Phase Il clinical trial of a granulocyte-
macrophage colony-stimulating factor-encoding, second-generation oncolytic
herpesvirus in patients with unresectable metastatic melanoma. J Clin Oncol
27(34): 5763-71

101



References

Seo E, Abel M, Wakayama M, Fukuda K, Ugai H, Murata T, Todoroki T,
Matsuzaki Y, Tanaka N, Hamada H, Yokoyama KK (2005) Effective gene
therapy of biliary tract cancers by a conditionally replicative adenovirus
expressing uracil phosphoribosyltransferase: significance of timing of 5-
fluorouracil administration. Cancer Res 65(2): 546 - 52

Shaffer JA, Bellini WJ, Rota PA (2003) The C protein of measles virus inhibits
the type | interferon response. Virology 315(2): 389-97

Shashkova EV, Doronin K, Senac JS, Barry MA (2008) Macrophage depletion
combined with anticoagulant therapy increases therapeutic window of systemic
treatment with oncolytic adenovirus. Cancer Res 68(14): 5896-904

Sheshberadaran H, Norrby E, McCullough KC, Carpenter WC, Orvell C (1986)
The antigenic relationship between measles, canine distemper and rinderpest
viruses studied with monoclonal antibodies. J Gen Virol 67 ( Pt 7): 1381-92

Shin HR, Oh JK, Masuyer E, Curado MP, Bouvard V, Fang YY, Wiangnon S,
Sripa B, Hong ST (2010) Epidemiology of cholangiocarcinoma: an update
focusing on risk factors. Cancer Sci 101(3): 579-85

Simpson GR, Han Z, Liu B, Wang Y, Campbell G, Coffin RS (2006)
Combination of a fusogenic glycoprotein, prodrug activation, and oncolytic

herpes simplex virus for enhanced local tumor control. Cancer Res 66(9):4835-
42

Simpson GR, Horvath A, Annels NE, Pencavel T, Metcalf S, Seth R, Peschard
P, Price T, Coffin RS, Mostafid H, Melcher AA, Harrington KJ, Pandha HS
(2012) Combination of a fusogenic glycoprotein, pro-drug activation and
oncolytic HSV as an intravesical therapy for superficial bladder cancer. Br J
Cancer 106(3):496-507

Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D, Warren JT,
Bokesch H, Kenney S, Boyd MR (1990) New colorimetric cytotoxicity assay for
anticancerdrugscreening. J Natl Cancer Inst 82: 1107-1112.

Spearman C (1908) The method of 'right and wrong cases' (‘constant stimuli')
without Gauss's formulae. British Journal of Psychology, 1904-1920 2, 227-242

Springfeld C, Fielding AK, Peng KW, Galanis E, Russell SJ, Cattaneo R (2005)
Measles virus: improving natural oncolytic properties by genetic engineering. In:
Horvath JC, Sinkovics JG (Eds.), Virus Therapy of Human Cancers. Marcel
Dekker Inc, New York, pp. 459-480

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD (1998) How cells
respond to interferons. Annu Rev Biochem 67: 227-64

102



References

Stojdl DF, Lichty B, Knowles S, Marius R, Atkins H, Sonenberg N, Bell JC
(2000) Exploiting tumor-specific defects in the interferon pathway with a
previously unknown oncolytic virus. Nat Med 6(7): 821-5

Sun WH, Pabon C, Alsayed Y, Huang PP, Jandeska S, Uddin S, Platanias LC,
Rosen ST (1998) Interferon-alpha resistance in a cutaneous T-cell lymphoma
cell line is associated with lack of STAT1 expression. Blood 91(2): 570-6

Suryanarayana K, Baczko K, ter Meulen V, Wagner RR (1994) Transcription
inhibition and other properties of matrix proteins expressed by M genes cloned
from measles viruses and diseased human brain tissue. J Virol 68(3): 1532-43

Tahara M, Takeda M, Seki F, Hashiguchi T, Yanagi Y (2007) Multiple amino
acid substitutions in hemagglutinin are necessary for wild-type measles virus to
acquire the ability to use receptor CD46 efficiently. J Virol 81(6): 2564-72

Tai CK, Wang W, Lai YH, Logg CR, Parker WB, Li YF, Hong JS, Sorscher EJ,
Chen TC, Kasahara N (2010) Enhanced efficiency of prodrug activation therapy
by tumor-selectively replicating retrovirus vectors armed with the Escherichia
coli purine nucleoside phosphorylase gene. Cancer Gene Ther 17(9): 614-23

Takaki H, Watanabe Y, Shingai M, Oshiumi H, Matsumoto M, Seya T (2011)
Strain-to-strain difference of V protein of measles virus affects MDA5-mediated
IFN-beta-inducing potential. Mol Immunol 48(4): 497-504

Takeuchi K, Takeda M, Miyajima N, Ami Y, Nagata N, Suzaki Y, Shahnewaz J,
Kadota S, Nagata K (2005) Stringent requirement for the C protein of wild-type
measles virus for growth both in vitro and in macaques. J Virol 79(12): 7838-44

Tatsuo H, Okuma K, Tanaka K, Ono N, Minagawa H, Takade A, Matsuura Y,
Yanagi Y (2000) Virus entry is a major determinant of cell tropism of Edmonston
and wild-type strains of measles virus as revealed by vesicular stomatitis virus
pseudotypes bearing their envelope proteins. J Virol 74(9): 4139-45

Taylor AW (1953) Effects of glandular fever infection in acute leukaemia. Br
Med J 1(4810): 589-93

Thorn CF, Marsh S, Carrillo MW, McLeod HL, Klein TE, Altman RB (2011)
PharmGKB summary: fluoropyrimidine pathways. Pharmacogenet Genomics
21(4): 237-42

Thorne SH, Negrin RS, Contag CH (2006) Synergistic antitumor effects of
immune cell-viral biotherapy. Science 311(5768): 1780-4

Tober C, Seufert M, Schneider H, Billeter MA, Johnston IC, Niewiesk S, ter
Meulen V, Schneider-Schaulies S (1998) Expression of measles virus V protein
is associated with pathogenicity and control of viral RNA synthesis. J Virol
72(10): 8124-32

103



References

Topf N, Worgall S, Hackett NR, Crystal RG (1998) Regional 'pro-drug' gene
therapy: intravenous administration of an adenoviral vector expressing the E.
coli cytosine deaminase gene and systemic administration of 5-fluorocytosine
suppresses growth of hepatic metastasis of colon carcinoma. Gene Ther 5(4):
507-13

Tyson GL, EI-Serag HB (2011) Risk factors for cholangiocarcinoma.
Hepatology 54(1): 173-84

Ungerechts G, Springfeld C, Frenzke ME, Lampe J, Jonhston PB, Parker WB,
Sorscher EJ, Cattaneo R (2007) Lymphoma chemovirotherapy: CD20-targeted
and convertase-armed measles virus can synergize with fludarabine. Cancer
Res 67(22): 10939-47

Valeriote F, Santelli G (1984) 5-Fluorouracil (FUra). Pharmacol Ther 24(1): 107-
32

Verdecchia A, Francisci S, Brenner H, Gatta G, Micheli A, Mangone L, Kunkler |
(2007) Recent cancer survival in Europe: a 2000-02 period analysis of
EUROCARE-4 data. Lancet Oncol 8(9): 784-96

Vermes, A., Guchelaar, H.J., Dankert, J. (2000). Flucytosine: a review of its
pharmacology, clinical indications, pharmacokinetics, toxicity and drug
interactions. J Antimicrob Chemother 46: 171-179.

Vidal S, Kolakofsky D (1989) Modified model for the switch from Sendai virus
transcription to replication. J Virol 63(5): 1951-8

Watanabe M, Hirano A, Stenglein S, Nelson J, Thomas G, Wong TC (1995)
Engineered serine protease inhibitor prevents furin-catalyzed activation of the
fusion glycoprotein and production of infectious measles virus. J Virol 69(5):
3206-10

Weh HJ, Wilke HJ, Dierlamm J, Klaassen U, Siegmund R, llliger HJ, Schalhorn
A, Kreuser ED, Hilgenfeld U, Steinke B, et al. (1994) Weekly therapy with folinic
acid (FA) and high-dose 5-fluorouracil (5-FU) 24-hour infusion in pretreated
patients with metastatic colorectal carcinoma. A multicenter study by the
Association of Medical Oncology of the German Cancer Society (AlO). Ann
Oncol 5(3): 233-7

White CL, Twigger KR, Vidal L, De Bono JS, Coffey M, Heinemann L, Morgan
R, Merrick A, Errington F, Vile RG, Melcher AA, Pandha HS, Harrington KJ
(2008) Characterization of the adaptive and innate immune response to
intravenous oncolytic reovirus (Dearing type 3) during a phase | clinical trial.
Gene Ther 15(12): 911-20

104



References

WHO (2015) Measles fact sheet N° 286 [Internet].

Available from: http://www.who.int/mediacentre/factsheets/fs286/en/, accessed
on 24/04/2015.

Wildner O, Morris JC, Vahanian NN, Ford H Jr, Ramsey WJ, Blaese RM (1999)
Adenoviral vectors capable of replication improve the efficacy of HSVtk/GCV
suicide gene therapy of cancer. Gene Therapy, 6(1), p. 57-62

Wilkinson DS, Pitot HC (1973) Inhibition of ribosomal ribonucleic acid
maturation in Novikoff hepatoma cells by 5-fluorouracil and 5-fluorouridine. J
Biol Chem 248(1): 63-8

Yamada S, Kuroda T, Fuchs BC, He X, Supko JG, Schmitt A, McGinn CM,
Lanuti M, Tanabe KK (2012) Oncolytic Herpes simplex virus expressing yeast
cytosine deaminase: relationship between viral replication, transgene
expression, prodrug bioactivation. Cancer Gene Ther 19(3): 160-70

Yurttas C, Berchtold S, Malek NP, Bitzer M, Lauer UM (2014) Pulsed versus
continuous application of the prodrug 5-fluorocytosine to enhance the oncolytic

effectiveness of a measles vaccine virus armed with a suicide gene. Hum Gene
Ther Clin Dev 25(2): 85-96

Zahreddine H, Borden KL (2013) Mechanisms and insights into drug resistance
in cancer. Front Pharmacol 4: 28

Ziegler RJ, Li C, Cherry M, Zhu Y, Hempel D, van Rooijen N, loannou YA,
Desnick RJ, Goldberg MA, Yew NS, Cheng SH (2002) Correction of the
nonlinear dose response improves the viability of adenoviral vectors for gene
therapy of Fabry disease. Hum Gene Ther 13(8): 935-45

105



Erklarungen zum Eigenanteil

8. Erklarungen zum Eigenanteil der Dissertationsschrift

Die Arbeit wurde in der Abteilung fur Gastroenterologie, Hepatologie und
Infektiologie der Universitatsklinik Tubingen unter Betreuung von Herrn Prof. Dr.
med. Ulrich M. Lauer durchgeflnhrt.

Die Konzeption der Studie erfolgte in Zusammenarbeit mit Herrn Prof. Dr.
Ulrich M. Lauer (Leiter der Forschungsgruppe “Virotherapie”) und Frau Dr. med.
Susanne Berchtold (Postdoktorandin).

Samtliche Versuche wurden von mir eigenstandig durchgeflihrt (nach
Einarbeitung durch die Labormitarbeiterinnen Frau Dr. med. Susanne
Berchtold, Frau Irina Smirnow, Frau Andrea Schenk und Frau Christine

Geisler).

Ich versichere, das Manuskript selbststandig verfasst und keine weiteren,

als die von mir angegebenen Quellen, verwendet zu haben.

Die zentralen Anteile dieser Doktorarbeit wurden bereits in folgender
Originalarbeit veroffentlicht: Yurttas C, Berchtold S, Malek NP, Bitzer M, Lauer
UM (2014) Pulsed versus continuous application of the prodrug 5-fluorocytosine
to enhance the oncolytic effectiveness of a measles vaccine virus armed with a
suicide gene. Hum Gene Ther Clin Dev 25(2):85-96. doi:
10.1089/humc.2013.127. PMID: 24933569

Tldbingen, den 13. Juni 2016

Can Yurttas

106



Acknowledgement

9. Acknowledgement

Allen voran mdchte ich meinem Doktorvater Herrn Prof. Dr. Ulrich M.
Lauer fir die Uberlassung des Themas, die exzellente Betreuung und
Unterstlitzung danken. Nicht weniger gilt mein Dank meiner Betreuerin Frau Dr.
Susanne Berchtold, die mir zu jeder Zeit mit unermudlicher Hilfe und Beratung
zur Seite stand. Ebenso bin ich Irina Smirnow, Andrea Schenck, Christine
Geildler, Dr. Julia Beil, Dr. Martina Zimmermann, Dr. Dr. Sascha Venturelli,
Christian Leischner und Dr. Alexander Berger dankbar fir jeglichen Beistand
und Ratschlag. Bedanken mdéchte ich mich auRerdem bei meinen Mitstreitern
Milena Meinhardt, Constantin Klein, Severin Schricker, Markus Noll, Christian
Raff, Luisa Kdllhofer, Verena May, Eike Binz und Dr. Jonas Hoffmann.

Weiterhin méchte ich Frau Prof. Dr. Knipper und allen weiteren
Beteiligten des IZKF-Promotionskollegs fur die Unterstitzung und Inspiration
danken.

Wesentlich zum Gelingen beigetragen haben auch meine Freunde, die
mich immer wieder angespornt und mir einen Ausgleich zur Arbeit geboten
haben.

Unmdglich ware diese Arbeit gewesen, wenn ich nicht solch starken
Ruckhalt von meiner Familie erfahren hatte. Mit viel Verstandnis und
unterstitzenden Worten steuerten sie mafdgeblich zur Entstehung dieser
Dissertation bei. Insbesondere mochte ich mich bei meinen lieben Eltern sowie
meinem grof3artigen Bruder dafur bedanken, dass sie mich in meinem Leben

begleiten und mir stets eine unersetzbare Stitze sind.

107



