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1. Introduction

1.1 Neuroendocrine neoplasms

Neuroendocrine neoplasms (NENs) represent a heterogenous group of various malignancies
deriving from hormone producing (endocrine) cells that can evolve in almost every part of the
human body, with the gastrointestinal-tract (62-67 %) and the lungs (22 %) being the most
frequent primary sites [1]. If NENs are no longer a localized disease, metastases are most
often found in the liver, followed by the lungs and bones (see figure 1). Neuroendocrine tumors
(NETs) from the gastroenteropancreatic system are referred to as “GEP-NETs” and can be
further subdivided into pancreatic (pNETs), small intestinal (siNETs) and gastric NETs
(gNETS).

Originally described as “carcinoids” in the beginning of the 20" century [2], this term proved to
be problematic and multiple classifications were used ever since trying to narrow the hetero-
genous group of multiple tumors further down. Nowadays neuroendocrine neoplasms can be
further subdivided into well-differentiated neuroendocrine tumors (NETs) or poorly-differenti-
ated neuroendocrine carcinomas (NECs). This is done analyzing various specific mutations for
NETs/NECs, for example entity-defining mutations in the tumor protein 53 (TP53) gene or ret-
inoblastoma transcriptional corepressor 1 (RB1) for NECs, both famous tumor suppressor
genes, or Menin 1 (MEN1) and ATRX Chromatin Remodeler (ATRX) mutations in NETs [3],

[4].

Further histological grading of NETs is depending on their histological classification taking into
consideration their Ki-67 index (Kiel Protein), an antibody used forimmunohistochemical stain-
ing strictly correlating with cell proliferation [5]. While a well differentiated NET with a Ki-67
index < 3 % is categorized as G1, G2 NETs have Ki-67 indexes between 3-20 %. Strongly
proliferating tumors with Ki-67-indexes over 20 % are classified as G3. The current classifica-
tion for the most frequent NENs of the gastrointestinal tract and of hepatopancreatobiliary or-
gans according to the World Health Organization (WHO) 2019 classification of tumors of the
digestive system is shown in table 1 below [3].

Another, older classification categorizes NENs according to their anatomic site, therefore using
their embryonic origin during the division of the digestive tract to relate them to fore-, mid- or
hindgut [6]. Their common denominator is the expression of neuroendocrine markers such as
chromogranin A (CgA) and synaptophysin (Syn). Only one third of all NENs show hormonal
functionality, meaning the majority of NENs is functionally inactive, thus complicating early
diagnosis. However, in the minority of cases with hormone secreting NENs, patients can pre-
sent with the so called “carcinoid syndrome”, a triad consisting of a flush, diarrhea and heart-
failure.

NENSs are relatively rare, accounting for about 0.5 % of all newly diagnosed malignancies, but
a rapidly increasing incidence, for example in the USA, has been reported [7]. Another study
in Switzerland showed an increasing incidence for GEP-NETs in the last 40 years, too, while
the reasons are not entirely understood and are most likely multifactorial [8].

Around one fifth of the patients are metastatic at first presentation, yet NEN metastatic potential
varies considerably by primary site, as NENs with primary tumors in the small intestine or
pancreatohepatobiliary sites comprise the highest metastatic risk with the liver being the most
common site of metastasis [9]. While the 5-year-survival of patients with localized disease
ranges from 78 % to 93 % and thus constitutes a relatively good prognosis, 5-year-survival in
metastatic disease with 19 % to 38 % is still poor [9].




As with most localized solid tumors, surgery is the primary therapeutic curative option. If cura-
tive treatment choices such as surgery are lacking in metastatic disease, currently available
therapeutic options are somatostatin analogs, systemic chemotherapy, the mTOR inhibitor
everolimus, peptide receptor radiotherapy, radiation, the multikinase inhibitor Sunitinib, inter-
feron or debulking surgery with limited efficiency and poor prognosis [10].

NECs, which are rapidly growing and early invasive and metastatic tumors, can be subdivided
into large and small cell tumors according to their histological presentation. They are most
often found in the lung and can, if inoperable, be treated with chemotherapeutic platinum-re-
gimes due to the high cell proliferation rate, but nevertheless constitute a very poor prognosis
[11]. Fortunately, there are some studies reporting a decreasing incidence in lung NECs, which
is likely due to reduced consumption of tobacco [8].

For the experiments in this dissertation, a broad spectrum of four NET and one NEC cell line
deriving from both the lungs and the gastrointestinal tract was used to embrace the hetero-
genous group of NENs.
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Figure 1: Anatomical distribution of NETs displaying primary and metastatic sites and their frequency.
Abbreviations: Paraganglioma (Parag), Pheochromocytoma (Pheo), Medullary thyroid carcinoma (MTC). With per-
mission taken from [X1].




Classification and grading of neuroendocrine neoplasms (NENs) of the Gl tract and hepato-
pancreatobiliary organs.

Terminology Differentiation Grade Ki-67 index
NET G1 Well differentiated Low <3%

NET G2 Well differentiated Intermediate 3-20 %
NET G3 Well differentiated High > 20 %
NEC, small cell type Poorly differentiated High > 20 %
NEC, large cell type Poorly differentiated High >20 %

Table 1: Classification and grading of neuroendocrine neoplasms (NENs) of the gastrointestinal tract (Gl
tract) and hepatopancreatobiliary organs. Modified from the 2019 WHO classification of tumors of the digestive
system.

1.2 Virotherapy

1.2.1 Introduction

Immuno-oncology therapies have revolutionized the treatment for several tumor entities and
gained broad scientific interest, climaxing in the Nobel prize for medicine 2018 which was
awarded to James P. Allison and Tasuku Honjo “for their discovery of cancer therapy by inhi-
bition of negative immune regulation” [97].

Oncolytic viruses may well be the next breakthrough in cancer-immunotherapies since they
are able to both exhibit direct tumor-selective oncolysis and to trigger a virus-antigen enhanced
anti-tumoral immune reaction in a virus-induced highly inflammatory tumor micromilieu, result-
ing in a strong and long-lasting anti-tumoral systemic immune response [12, 13].

It is well known that certain viruses are oncogenic and can eventually lead to cancer, the most
famous example being human papillomaviruses, which play a central role in the development
of for example cervical carcinoma [14]. The German virologist Harald zur Hausen was awarded
the Nobel Prize for the discovery of the underlying mechanisms in 2009.

1.2.2 Brief history and underlying mechanisms

On the contrary, in the 20" century it was observed that simultaneous viral infections interfered
and sometimes even led to remission in cancer patients, exemplarily displayed in the regres-
sion of Burkitt’s Lymphoma in association with measles virus infection [15].

These “experiments by nature” soon gained scientific interest and various viruses such as
Hepatitis B virus for Hodgkin’s disease in the late 1940s or Mumps virus in the 1970s for dif-
ferent terminal cancers were tested for their ability to successfully oncolyse tumor cells [16].

Soon it became clear that viruses despite being able to exhibit strong tumoricidal effects need
specific manipulation to selectively infect tumor cells while leaving healthy tissue unharmed.

The underlying mechanisms of oncolytic virotherapy are shown exemplarily for oncolytic mea-
sles vaccine viruses that have been used in this thesis in figure 2 below.

The general idea behind virotherapy is that oncolytic viruses selectively infect and oncolyse
tumor cells, leaving healthy surrounding tissue unharmed.

This oncolysis triggers two crucial steps for a potentially successful therapy. First, oncolysis
itself reduces the tumor mass, and by the release of viral progeny, which can infect neighboring
tumor cells, this effect becomes even stronger.

The second mechanism of virotherapy, nowadays thought to be the more important one, is
that the infection and lysis of tumor cells trigger a systemic immune response. This is caused




by the release of tumor-specific neo-antigens in a highly inflammatory viral environment. This
leads to immunogenic cell death, dendritic cell activation as well as antigen presentation and
thereby priming of T cells [17]. To put it in a nutshell, infection and lysis of tumor cells by
oncolytic viruses enhances both the innate and adaptive antitumor activity, explaining why the
injection of oncolytic viruses in a single tumor lesion results in anti-tumor effects also in distant
metastases as observed in patients suffering from cutaneous melanoma [18]. Therefore, on-
colytic virotherapy is especially interesting for metastatic tumors which are difficult to treat and
cure.

Mechanisms of oncolytic virotherapy
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Figure 2: Mechanisms of oncolytic virotherapy with oncolytic measles vaccine virus. The oncolytic measles
vaccine virus selectively replicates in tumor cells while replication in normal cells is prevented by an intact innate
immune response. Viral infection and replication in tumor cells lead to both direct local tumor destruction and im-
mune activation by the release of tumor-antigens that are recognized by cells of the adaptive immune system,
ultimately leading to a systemic tumor-specific immune response.

1.2.3 Genetic modifications of oncolytic viruses

While some viruses have a natural tropism for tumor cells, for example measles virus [19] or
herpes virus for highly migratory and invasive carcinomas [20], others have to be safely
brought to the respective tumor cells to secure local and selective lysis while sparing healthy
tissue.

This brought up the idea of a genetic manipulation of viruses to make them for example suited
for selective infection [21].

Genetic manipulation of viruses aims at (i) specifically “targeting” tumor cells, thus ensuring
selective infection [22] (ii) improving their oncolytic potential by “arming” [23-25] or (iii) optimiz-
ing virus delivery by “shielding”.

Targeted viruses gain their selectivity either by specific entry into tumor cells by retargeting the
virus to surface molecules expressed by cancer cells, for example carcinoembryonic antigen
(CEA) [22] or post entry by making the expression of essential viral genes dependent on tumor-
selective promoters such as the later discussed adenovirus “AdVince” (see 1.4) [26].




Exemplary “armed” viruses are the MeV-SCD virus used in this thesis [25] as described later
in 1.3.4.2 or an oncolytic measles virus encoding IL-12 ensuring effector T cell activation and
the upregulation of key effector cytokines such as IFN-y and TNF-a [27].

While the host’'s immune system plays an essential role in successful oncolytic virotherapy as
described above in 1.2.2, high protective anti-measles antibody titers which have a high prev-
alence in the population due to vaccination, might interfere with systemically applied MeV,
which is essential for a potential treatment of metastatic cancers. Therefore, “shielding” the
virus to ensure virus delivery to the various tumor sites is another important step to optimize
results of oncolytic virotherapy [28]. Different strategies have been developed to avoid neutral-
ization by pre-existing antibodies: on the one hand infected cellular vehicles such as mesen-
chymal stem cells are a possible way of transporting for example measles vaccine virus to the
effector cells [29]. On the other hand, chemical modifications that coat the oncolytic virus and
thereby avoid neutralization by pre-existing antibodies have been developed [30]. Finally,
pseudotyping viruses is another strategy to evade neutralizing antibodies. Pseudotyping is a
strategy in which viruses are produced with envelope proteins of viruses that do not have a
high prevalence in the population. For MeV, this was successfully done pseudotyping it with
the canine distemper virus [31].

1.2.4 Clinical usage of oncolytic viruses

A broad spectrum of different potential oncolytic viruses has been assessed on a wide array
of various tumor types [13]. The prototype is the viro-immunotherapeutic agent T-VEC/IM-
LYGIC®, a genetically modified human herpes simplex virus type 1 (HSV-1) expressing gran-
ulocyte macrophage colony-stimulating factor (GM-CSF), which was the first virotherapeutic
drug being approved by both the Food and Drug Administration (FDA) and European Medi-
cines Agency (EMA) in 2015 for the treatment of advanced melanoma [32, 33]. Meanwhile, T-
VEC/IMLYGIC® showed some promising results in ongoing clinical surveillance, too, [34] and
is currently assessed in combination with other immunotherapeutic drugs for the treatment of
further solid tumors [35].

1.3 Measles virus

1.3.1 Characteristics of measles virus

Measles virus is a highly contagious, enveloped negative strand RNA-virus belonging to the
family of Paramyxoviridae and the genus Morbillivirus. Its 16 kb long genome comprises six
genes encoding eight proteins, six of them structural (fusion protein F, hemagglutinin H, large
protein L, phosphoprotein P, matrix protein M, nucleocapsid protein N) and two non-structural
(V protein, C protein) as displayed in figure 3 below. While the two surface glycoproteins he-
magglutinin and fusion protein mediate attachment (H) and subsequently membrane fusion
and viral entry into the cell (F), the P-, N- and L-proteins initiate replication within the cytoplasm
of the cell. Finally, the M protein is considered to be responsible for the assembly and budding
of the virion in the end of the replication cycle [36].

Measles virus causes a disease with fever, maculopapular exanthema, respiratory symptoms
and conjunctivitis as the typical clinical symptoms. Common complications of measles infection
include pneumonia, being the most frequent fatal complication [37] as well as severe compli-
cations affecting the central nervous system such as acute postinfectious measles encephalitis
or the highly feared subacute sclerosing panencephalitis (SSPE) [38]. Measles disease is es-
pecially common among children in developing countries with 869.770 reported total cases
with up to 207.500 estimated dead people in 2019, the highest number since 1996 [39] despite
the availability of a safe and effective vaccination.
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Figure 3: Schematic diagram of a measles virus. Measles virus particles are enveloped with a lipid bilayer mem-
brane and contain six structural proteins: Phosphoprotein P, Large protein-RNA dependent RNA-polymerase L,
Matrix protein M, Genomic RNA and Nucleoprotein N, Fusion protein F and Hemagglutinin H. Modified using Public
Domain figures from wikicommons.

1.3.2 Measles virus receptors

Wild type measles virus can enter cells via two different receptors. First, it can use the so-
called signaling lymphocyte activation molecule family member 1 (SLAMF1, also known as
CD150), mainly expressed on T and B cells. Moreover, measles virus also uses the so called
Nectin cell adhesion molecule 4 for cell entry which was found to be expressed by epithelial
cells [40].

Interestingly, measles vaccine strains such as Edmonston B strain have a further option for
cell entry, namely CD46, a ubiquitously expressed type 1 transmembrane protein, playing an
important role in complement activation [41]. Of note, CD46 was found to be overexpressed
on several tumor cells [19], making measles virus an interesting option for oncolytic virother-
apy. Lately, CD46 has been targeted in more than 20 clinical trials to treat various types of
cancers [42].

1.3.3 Measles virus as an oncolytic virotherapeutic agent

As mentioned in 1.2.2, doctors in the 20" century observed several cases in which simultane-
ous viral infection in cancer patients led to a reduced tumor burden or even resulted in partial
remission. This observation is true for measles virus, too, and most prominently displayed in a
case of an eight-year old patient in Uganda [15], whose orbital swelling, which was histologi-




cally diagnosed as a Burkitt lymphoma, began to decrease significantly after the patient devel-
oped a typical generalized measles exanthema. Following measles infection, the patient re-
mained in remission for four months without any further anti-tumor therapy.

Since measles is a highly contagious and dangerous infectious disease as described in 1.3.1,
wild-type measles virus cannot be used as an oncolytic virotherapeutic agent. However, alt-
hough the use of a replication-competent virus might cause safety concerns, the measles virus
used for oncolytic virotherapy derives from the Edmonston B vaccine lineage [43] which has
been used millions of times for vaccinations over the last decades with very few side effects.

Due to their natural tropism to tumor cells oncolytic measles vaccine viruses have been used
for a plethora of different cancer cells [44] in both preclinical and clinical studies [45]. Most
notably, a study using a measles vaccine virus genetically modified to express the sodium/io-
dide symporter for the treatment of multiple myeloma [46] showed one case of complete dura-
ble remission in a heavily pretreated patient suffering from multiple myeloma. This can be seen
as a proof of concept for oncolytic virotherapy using measles vaccine virus. Interestingly, mul-
tiple myeloma cells overexpress CD46, too [47]. Moreover, p53 was shown to regulate CD46
expression and thereby potential measles virus infection in myeloma cells [48]: while TP53wt
cells inhibit both CD46 expression and consequently measles infection, cells with mutated
TP53 overexpressed CD46 and were highly susceptible to measles virus infection.

1.3.4.1 Genetically modified measles viruses

As mentioned above in 1.2.3, there are different ways and goals for the genetic modification
of oncolytic viruses. This is true for oncolytic measles viruses as well, which were either tar-
geted, armed or shielded to enhance their therapeutic effect [49].

Genetically engineered viruses have been designed which facilitate tracking of replication be-
havior by the secretion of soluble marker peptides such as soluble human carcinoembryonic
antigen [50] or by the expression of the human thyroidal sodium/iodide symporter (NIS), which
allows non-invasive imaging in vivo and can additionally be combined with radiotherapy using
31 [51].

Measles viruses have been retargeted on both entry and post-entry level. On the entry level,
oncolytic measles viruses for instance have been retargeted to CD20 on B cells [52] or Epi-
dermal growth factor receptor variant three (EGFRUVIII) in glioblastoma cells [53], while retar-
geting on the post entry level was achieved by the insertion of microRNA-target sequences
inhibiting viral spread in healthy tissue [54].

“‘Armed” oncolytic measles viruses comprise suicide-gene armed viruses such as MeV-SCD
described in detail in the section 1.3.4.2 as well as viruses designed to increase immunother-
apeutic effects. For this purpose a transgene encoding granulocyte macrophage colony-stim-
ulating factor (GM-CSF) [55] was inserted in order to increase the anti-tumoral effect by re-
cruiting neutrophils to the tumor site or lately IL-12, resulting in strong tumoricidal effects by
activating CD3+ cells [27].

1.3.4.2 MeV-SCD

Measles viruses have been armed to enhance their oncolytic potential, one of them being MeV-
SCD, which has also been used in this dissertation. It is encoding the suicide gene Super
Cytosine Deaminase (SCD), a fusion protein of yeast uracil phosphoribosyltransferase (UPRT)
and yeast cytosine deaminase (CD). The fusion protein can locally convert the common anti-
fungal drug 5-fluorocytosine (5-FC), a pyrimidine analogue, into the common chemotherapeu-
tic drug 5-fluorouracil (5-FU) as shown in figure 4 below. Furthermore, it facilitates further con-
version of 5-fluorouracil into 5-fluorouridine monophosphate (5-FUMP). After that, 5-FUMP is




either further phosphorylated to 5-fluorouridine triphosphate (5-FUTP), which is incorporated
into RNA, thereby inhibiting protein synthesis, or further reduced to 5-fluorodeoxyuridine mono-
phosphate (5-FAUMP) which inhibits the thymidylate synthase, ultimately leading to deoxy-
thymidine triphosphate (dTTP) depletion resulting in inhibition of DNA synthesis as displayed
in figure 5. Normally, 5-FU is quickly degraded by dihydropyrimidine dehydrogenase (DPD)
into 5-fluoro-f3-alanine (5-FRAL) and subsequently renally excreted. The insertion of UPRT
serves as a competitive enzyme, reducing the degradation of 5-FU and thereby enhancing the
antitumor effect of 5-FU [56], [57]. The chemotherapeutic compound 5-FU was first discovered
in 1957 [58] and has been in use for the treatment of various cancers for decades and is still a
treatment option for NENs if systemic chemotherapy is required [10]. It is a fluoridized form of
uracil and therefore incorporated into DNA/RNA, thereby interfering with replication.

MeV-SCD and the exploitation of its suicide gene function by adding the prodrug 5-fluorocyto-
sine (5-FC) has proven to be effective in preclinical models for the treatment of various can-
cers, e.g. cholangiocarcinoma [23] or acute myeloid leukemia (AML) [25], enhancing the on-
colytic effect in comparison to measles virus alone. Moreover, the suicide gene function can
together with increasing MOls overcome resistance phenomena to oncolytic measles virus
monotherapy [59].

The great advantage of using MeV-SCD is that the non-toxic compound 5-FC, which is sys-
temically administered, does not have any negative impact on healthy cells, while the local
conversion into 5-FU in infected tumor cells lyses specifically the tumor cells, thus avoiding the
negative side effects of a systemic chemotherapy. As 5-FU is highly diffusible, neighboring
tumor cells that are not primarily infected by MeV-SCD, are damaged by 5-FU as well, which
is referred to as the so-called “bystander effect” [60].

Conversion of 5-FC into 5-FU by cytosine deaminase

0 NH,

NH SN

Cytosine
deaminase

N O

N O
H H

5-fluorocytosine S-fluorouracil

Figure 4: The cytosine deaminase converts the prodrug 5-fluorocytosine (5-FC) locally into the common
chemotherapeutic compound 5-fluorouracil (5-FU). 5-FU is further degraded by uracil phosphoribosyltransfer-
ase (UPRT) to 5-fluorouridine monophosphate which interferes with DNA/RNA/protein synthesis and DNA-repair.
Modified using Public Domain figures from wikicommons.




Effects of the CD/UPRT fusion protein on 5-FC activation and metabolism
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Figure 5: Effects of the CD/UPRT fusion protein on 5-FC activation and metabolism. The uracil phosphoribo-
syltransferase (UPRT) further converts 5-fluorouracil (5-FU) directly into 5-fluorouridine monophosphate (5-FUMP),
thereby accelerating 5-FU activation as well as decreasing 5-FU degradation by dihydropyrimidine dehydrogenase
(DPD) into 5-fluoro-R-alanine (5-FRAL) and subsequently renal excretion. 5-FUMP is on the one hand further me-
tabolized into 5-fluorouridine triphosphate which inhibits protein synthesis as it is incorporated into ribonucleic acid
(RNA). On the other hand, it is also converted into 5-fluorodeoxyuridine monophosphate (5-FAUMP) which inhibits
thymidylate synthase (TS). Because of that, the conversion of deoxyuridine monophosphate (dUMP) into deoxy-
thymidine monophosphate is reduced, leading to a depletion of deoxythymidine triphosphate (dTTP), ultimately
resulting in inhibition of DNA synthesis. Modified after the original publication from [57].

1.3.5 Combination therapies

Another possibility to further enhance anti-tumor effects of oncolytic measles vaccine viruses
is to combine them with other effective therapeutic modalities, a strategy that is very common
in modern oncology for various types of cancer. Therefore, oncolytic measles viruses have
been combined in vitro with chemotherapy, for example gemcitabine in pancreatic cancer cell
lines [61] in a so called “chemovirotherapy”. Moreover, experimental combination therapy re-
gimes include the other hallmarks of modern cancer therapy such as radiation in in vivo xeno-
graft models [62] and small molecules such as janus-associated kinase (JAK) inhibitors in in
vitro models [63]. Moreover, the combination of drugs inducing therapeutic senescence such
as doxorubicin or taxol with oncolytic measles vaccine viruses resulted in enhanced killing of
tumor cells in cell culture models [64]. This strategy was among others evaluated in this thesis
for neuroendocrine neoplasms as well (see 3.4.3).




1.4 Virotherapy for neuroendocrine neoplasms

1.4.1 Overview

Several viruses have been tested for the treatment of neuroendocrine neoplasms both in pre-
clinical settings as well as in some clinical trials [65]. A selection of those viruses is displayed

in table 2.

Table 2: Oncolytic viruses used for the treatment of neuroendocrine neoplasms.

Virus

Status

Modifications

Tumors

References

Seneca Valley Vi-
rus (SVv001/
NTX-010)

Adenoviruses
serotype 5 (Ad5):
Ad5fkFWKT(CgA-
E1A-miR122)

Ad5PTDf35-[A24-
sNAP]

Ad5(PTD)(CgA-
E1AmiR122)

Ad-INSM1p-HSV-
tk (K5)
Ad-INSM1p-
A24E1A-IRES-
HSV-tk

Adults:

Phase 2 Clinical
trial (prematurely
terminated)
Children:

Phase 1 Clinical
trial

Preclinical

Preclinical

Phase 1&2 Clinical
trial

Preclinical

None

Somatostatin pep-
tide in the fiber
knob, E1A gene
expression con-
trolled by Chro-
mogranin A pro-
moter, liver-spe-
cific degradation of
E1A-mRNA by
miR122
infection-en-
hanced, replica-
tion-selective
(E1AA24) armed
with soluble HP-
NAP

Protein Transduc-
tion Domain as a
cell penetrating
peptide for en-
hanced infection,
E1A gene expres-
sion controlled by
Chromogranin A
promoter, liver-
specific degrada-
tion of ETA-mRNA
by miR122

INSM1 promoter,
neuron-restrictive
silencer elements
(NRSEs),
expression of a
mutated adenovi-
rus E1A and a her-
pes simplex thymi-
dine-kinase (HSV-
tk) gene

Small cell lung
cancer, Neuroblas-
toma, Rhabdomyo-
sarcoma, other
rare tumors with
neuroendocrine
features

SI-NETs

SI-NETs

Metastatic neuro-
endocrine Tumors

Insulinomas

10

[66]

NCT00314925
NCT01017601
NCT01048892

[67]

[24]

[26]
NCT02749331

[68]



Adeno-associ-
ated viruses and
phages (AAVP):

Oct-AAVPTNF Preclinical Presenting biologi- | NETs of the pan- [69]
cally active Oc- creas
treotide on the viral
surface; apoptosis
promoting tumor
necrosis factor
Vaccinia virus Preclinical Encodes [-glucu- NET/NEC cell lines | [70]
GLV-1h68 ronidase, p-galac-
tosidase and Ruc-
GFP marker genes
for possible moni-
toring
Herpes simplex
virus type 1
Talimogene Preclinical Deletion of ICP NET/NEC cell lines | [71]
laherparepvec (T- 34.5and ICP 47 to
VEC, herpes sim- ensure tumor-spe-
plex virus type 1) cific replication as
well as reduced vi-
ral immunogenic-
ity; Insertion of
GM-CSF for stimu-
lation of the im-
mune response
T-01 (Herpes sim- | Preclinical NET cell lines, [72]

plex virus type 1) mouse model

1.4.2 Seneca valley virus

Seneca valley virus originally has been isolated from cultured cells and the identified cytolytic
agent was thus plaque-cloned and designated Seneca Valley Virus 1 (SVV-001). It belongs to
the family of Picornaviridae and revealed a potent cytolytic activity and high selectivity for tumor
cell lines carrying neuroendocrine features [73].

A first phase | study (NCT00314925: “Safety Study of Seneca Valley Virus in Patients With
Solid Tumors With Neuroendocrine Features”) employing a dose escalation scheme of single
intravenous (V) administrations of SVV-001 was initiated in 2006 and proved safety and fea-
sibility of IV delivery to adult patients with heavily pretreated and metastatic neuroendocrine
tumors [66]. Of note, all patients cleared virus within the study period and mounted immunity
with neutralizing antibodies [74].

Based on the results from this initial trial, a randomized double-blinded phase Il study of SVV-
001 in patients with extensive-stage small cell lung cancer (SCLC) was initiated in 2010
(NCT01017601: “Seneca Valley Virus-001 After Chemotherapy in Treating Patients with Ex-
tensive-Stage Small Cell Lung Cancer”). However, this study was terminated in 2013 due to
the results of an interim analysis which declared futility.

In a third pediatric trial (NCT01048892: “Seneca Valley Virus-001 and Cyclophosphamide in
Treating Young Patients With Relapsed or Refractory Neuroblastoma, Rhabdomyosarcoma,
or Rare Tumors With Neuroendocrine Features”), patients also received SVV-001 IV. How-
ever, there were no objective responses (complete or partial) reported [66].

Taken together, SVV-001 achieved great honors in becoming the first oncolytic virus to be
tested in both a pediatric and adult phase | trial for recurrent/refractory tumors and the first
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oncolytic virus ever to be tested in children worldwide. Despite encouraging preclinical data
supporting the use of this virus in tumors expressing neuroendocrine features, objective clinical
responses were lacking in both the adult and pediatric phase | studies [66].

1.4.3 Adenoviral (Ad) and Adenovirus-associated virus and phage (AAVP) vectors
Adenovirus serotype 5 has been identified as a potential biological compound for various tu-
mors and now has been tested and optimized on neuroendocrine neoplasms for over a dec-
ade, lately leading to a first clinical trial.

First, a replication-selective adenovirus serotype 5 was designed, which has its selectivity due
to a chromogranin A (CgA) promoter controlling the expression of the adenoviral E1A gene
[75]. As remnant replication in hepatocytes was regarded as a safety issue, especially in sce-
narios in which NEN metastasis to the liver should be treated, the insertion of a liver-specific
mMiRNA122 was the next consequent step in adenoviral genome modification. This led to a
virus whose replication is successfully downregulated in healthy hepatocytes but not in trans-
formed neuroendocrine tumor cells [76].

Moreover, a genetically modified armed adenovirus encoding the soluble Helicobacter pylori-
Neutrophil-activating-Protein (HP-NAP) demonstrated successful recruiting of neutrophils and
induction of a TH1-type differentiation in the neuroendocrine tumor microenvironment [24].

Finally, a triple modified adenovirus containing three of the above described modifications
(CgA promoter, miR122 target sequences, protein transduction domain (PTD)) called
Ad5(PTD)(CgA-E1AmMiR122)) was generated and denominated after the donor who funded the
“AdVince clinical trial" [26]. Importantly, AdVince did not exhibit killing of freshly isolated
hepatocytes, but of neuroendocrine tumor cells. Furthermore, AdVince did not activate the
complement system or induce considerable amounts of pro-inflammatory cytokines or chem-
okines. Accordingly, these preclinical data paved the way for a clinical trial, which already has
been started.

In March 2016, the first clinical trial treating neuroendocrine tumors with an oncolytic adenovi-
rus started in Uppsala, Sweden. It is an open-labelled, uncontrolled, single-center phase l/lla
clinical study (NCT02749331) to evaluate the safety of repeated infusions of the adenoviral
vector AdVince, which is administered into the hepatic artery in patients with metastatic neu-
roendocrine neoplasms in order to specifically address and treat liver metastases. Patients to
be included must show a progressive neuroendocrine carcinoma of gastrointestinal, pancreatic
or bronchial origin that is considered impossible to cure with any of the standard treatment
options. Study objectives are (i) to determine the maximum tolerated virus dose, (ii) to evaluate
the anti-tumoral efficacy of AdVince infusions on metastatic neuroendocrine tumors, (iii) to de-
termine the replication profile of AdVince and (iv) to determine the humoral (antibody) and
cytokine-mediated immune response to AdVince. This study is accompanied by tumor mass
monitoring using imaging techniques such as (PET)-CT, measuring hormone activity in blood
samples as well as detecting changes in the replication profile of AdVince by real time PCR.
The estimated primary completion date is August 2023.

1.4.4 GLV-1h68

Vaccinia virus GLV-1h68 is an oncolytic DNA-virus carrying three separate transgenic expres-
sion cassettes (B-glucuronidase, B-galactosidase, Ruc-GFP) and was used successfully in
both in vitro and in vivo settings for the treatment of various cancers such as human hepato-
cellular carcinoma or pancreatic adenocarcinoma in a so-called “chemovirotherapy” together
with the common chemotherapeutic drugs gemcitabine and nab-Paclitaxel [77, 78]. It also
showed promising antitumoral effects in six NET and one NEC cell line in a preclinical cell
culture model [70].
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1.4.5 T-VEC

Furthermore, T-VEC/IMLYGIC®, a genetically modified human herpes simplex virus type 1
(HSV-1) expressing GM-CSF which was approved by both FDA and EMA, displayed beneficial
tumoricidal effects in various NET/NEC cell lines [71].

1.5 Everolimus

Everolimus, sold under the brand name Afinitor, is a medication working as an inhibitor of
mammalian target of rapamycin (MTOR). It is part of the World Health Organization’s list of
Essential Medicines and is used in a variety of clinical settings, especially as an immunosup-
pressive drug after organ transplantation as well as a possible treatment strategy for various
cancers, for example advanced renal cell carcinoma [79].

Everolimus was approved by the FDA for the treatment of metastatic pancreatic neuroendo-
crine tumors in 2011 and has been studied extensively in four so called “RADIANT” trials [80].
After these trials, the approval expanded on further NETs (nonfunctional, progressive lung and
intestinal NETs) in 2016.

Pharmacologically everolimus works as an inhibitor of the protein kinase mTOR, a pathway
that plays a crucial role in various diseases, among them the development of malignancies
[81].

mTOR is part of the PI3K (phosphatidylinositol-3-kinase)/Akt (protein kinase B)/mTOR path-
way, which regulates cell growth, proliferation and metabolism in cells. Growth factors or insu-
lin bind to their respective receptor tyrosine kinase, thereby activating PI3K which then phos-
phorylates phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-
trisphosphate (PIP3) as displayed in figure 6.

PIP3 can activate the serine/threonine kinase Akt, which ultimately activates mTOR via disin-
hibition of the tuberous sclerosis proteins 1 and 2 (TSC1/2). Activation of mTOR results in a
plethora of downstream functions, among them promotion of cell cycle progression, growth,
protein synthesis and metabolism as well as inhibition of autophagy [81]. Everolimus as an
inhibitor of MTOR has the reversed effects.

mTOR is the catalytic subunit of two different complexes: mMTORC1 and mTORC2. mTORCA1
is a complex composed of mTOR, Mammalian lethal with SEC13 protein 8 (mLST8) and the
non-core components PRAS40 and DEPTOR. Inhibition of mTORC1 leads to reduced cell
growth, proliferation and angiogenesis and is the main target for the mTOR inhibitor everolimus
[85].

Furthermore, deregulation of the mTOR-pathway also plays an important role regarding the
development of neuroendocrine neoplasms [82].

As everolimus also serves as an immunosuppressive drug for example after organ transplan-
tation, potential interactions when using virotherapeutic drugs might occur. Of note, everolimus
did not impair the replication of GLV-1h68, another oncolytic virus, in a combinatorial approach
[70].

Moreover, the PI3K/Akt/mTOR pathway has various interactions with different viruses that are
reviewed in detail by Le Sage, Cinti, Amorim and Mouland [83] and are displayed in figure 6
below.

Out of the viruses tested in the treatment of NENs, Adenovirus (ADV) is known to activate
mTORC1 in the end via a phosphatidylinositol 3-kinase (PI3K) dependent mechanism.

MeV, which was used for this thesis, is known to inhibit Akt kinase, a mechanism which is
important for the immunosuppression induced by measles virus [84] and results in mTOR in-
hibition as well.
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Vaccinia virus is known to activate PI3K/Akt through protein integrin 1 (ITGB1), while herpes
simplex virus type 1 (HSV-1) acts via a serine/threonine kinase called Us3 as an Akt mimic
and phosphorylates TSC2 directly.

A DGrowthfactor . ... S8
O A Cytokine L i i@ﬁ
A O Insulin VACV

TSC1TSC2

Protein ‘@"

synthesis (RaptoD)
. ) _/ -
Autophagy : ) € Rneb \\—v Rheb

Figure 6: Schematic overview of various viruses interacting with the PI3K/Akt/mTOR pathway. MeV is known
to downregulate Akt, leading to a limited immune response of the cell to infections. Out of the other viruses tested
for the treatment of NENs, Vaccinia virus (VACV) and Adenovirus (ADV) are known to activate Akt through different
mechanisms. Herpes simplex type 1 acts as an “Akt mimic” via the serine/threonine kinase Us3. Abbreviations:
phosphatidylinositol 3-kinase (PI3K), Semliki Forest virus (SFV), tuberous sclerosis complex 1/2 (TSC1/2), Vesicu-
lar Stomatitis virus (VSV), Herpes Simplex virus type 1 (HSV-1), Ras homolog enriched in brain (Rheb), phospha-
tidylinositol-4,5-bisphosphate (PIP2), phosphatidylinositol-3,4,5-trisphosphate (PIP3), phosphatase and tensin hom-
olog (PTEN), Phosphoinositide-dependent kinase-1 (PDK1), proline-rich Akt substrate of 40 kDa (PRAS40), protein
integrin B1 (ITGFB1). Modified with permission from [83], figure 1.
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1.6 Aim of the dissertation

The objective of this dissertation was to investigate whether oncolytic virotherapy using onco-
lytic measles vaccine virus could be a possible treatment option for neuroendocrine neo-
plasms.

Therefore, it was assessed whether the state-of-the-art suicide-gene (SCD) armed oncolytic
measles vaccine virus MeV-SCD can successfully (i) infect, (ii) replicate in and finally (iii) on-
colyse tumor cells of neuroendocrine origin in a cell culture model.

Furthermore, it was to be evaluated whether the exploitation of MeV-SCD’s suicide function
resulted in an enhanced tumoricidal effect.

Moreover, possible interactions with the mTOR-inhibitor everolimus were investigated.

Finally, the combination of senescence inducing compounds and oncolytic measles vaccine
virus was analyzed.

To the best of my knowledge, this was the first study using measles vaccine virus as an onco-
lytic viral agent for the treatment of neuroendocrine neoplasms.
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2. Materials and Methods

2.1 Safety

All experiments were performed in a laboratory with Biosafety level 2 (Otfried-Mduller-Stralte
27, 72076 Tuabingen, Germany). Thus, all experiments were carried out under a HERAsafe
laminar flow laboratory hood (Heraeus; Hanau, Germany). Disinfection was performed using
either 70 % isopropanol (SAV Liquid production; Flintsbach am Inn, Germany) or Descosept
(Dr. Schumacher GmbH; Melsungen, Germany). Furthermore, surfaces and consumables in
the hood were irradiated for at least 15 minutes with ultraviolet light after working with virus.
Waste independent of it being solid or fluid was autoclaved at 2 bar pressure and 121 °C for
20 minutes (Autoclave 3850 EL, Systec; Linden, Germany).
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2.2 Cell lines

Cell line | Origin Source Medium Level of differen- | Expression of Expression of mTOR
tiation and prolif- neuroendocrine pathway molecules
eration rate markers

BON1 Pancreas Dr. Renner Medium: Serotonin positive ~ Synaptophysin: pS6: cytoplasm: +++

(foregut) MPI Psychiatry, DMEM + 10 | (rare), peripancre-  +++ . .
Munich % FCS atic lymph node Ch in A PIICRECyOplasIiEs
metastasis, prolif- ++iomogran|n : nucleus: +++
eration unknown
CD56: + pAKT:  cytoplasm: +
nucleus: +++
QGP-1 Pancreas JCRB Medium: most likely a Synaptophysin: pS6: cytoplasm: +++
(foregut) RPMI-1640 mixed adenoneu-  +++ TOR: cvtool L+
+10 % FCS | roendocrine carci- Ch in A pm - cytopiasm: -
noma (MANEC), ~ nromogranin A nucleus: +++
likely lower than a
classical NEC; CD56: +++ PAKT:  cytoplasm: -
expresses CEA nucleus: ++
and secretes mu-
cin
Population dou-
bling time 84 h
H727 Lung (fore- ATCC Medium: - Synaptophysin: ++ pS6: cytoplasm: +++
gut) 5?'(\)/'!,;: géos Chromogranin A: pmTOR: cytoplasm: ++
++
nucleus: ++
D+t
CDS6: pAKT: cytoplasm: +
nucleus: ++
UMC-11 Lung (fore- ATCC Medium: - Synaptophysin: pS6: cytoplasm: +++
ut RPMI-1640 +++
gu) +10 % FCS pmTOR: cytoplasm: -
Chromogranin A:
o nucleus: +
CD56: +++ pAKT: cytoplasm: +
nucleus: ++
HROC 57 | Colon as- PD Dr. Michael Medium: Large-cell carci- Synaptophysin: ++ pS6: cytoplasm: +++
cendens Linnebacher via | DMEM/F12 noma, G3 .
(midgut) e s (1:1) + 10 % . Chromogranin A: - pmTOR: cytoplasm: +++
Sipos FCS+1% Elci)r? UIt?r:;Zn:,gO# : CD56: - nucleus: +++
Pen/Strep 9
pAKT: cytoplasm: +++

nucleus: +++

Table 3: Cell lines and their respective culture conditions used for this dissertation. Abbreviations: cluster of
differentiation 56 (CD56), phosphorylated-mTOR (pmTOR), phosphorylated-AKT (pAKT), phosphorylated S6 ribo-
somal protein (pS6). Expression of neuroendocrine markers and mTOR pathway molecules was done before the

experiments by a specialized pathologist to ensure neuroendocrine origin.
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As can be seen in table 3 above, in this study a panel of four NET and one NEC cell lines
deriving from different anatomical origins was used. The H727 and UMC-11 lung NET cell lines
were purchased from the American Type Culture Collection (ATCC). The pancreatic cell lines
BON1 and QGP-1 were obtained from Dr. Renner (MPI Psychiatry, Munich, Germany) and the
Japanese Collection of Research Bioresources Cell Bank (JCRB), respectively. HROC-57
NEC cells deriving from the colon ascendens were obtained from PD Dr. Linnebacher (Univer-
sity Hospital Rostock, Germany) via Prof. Dr. Bence Sipos (University Hospital Tubingen). All
five cell lines were described and used for publications previously [86], [87], [88], [89]. To guar-
antee neuroendocrine origin and differentiation, all cell lines were examined for the expression
of neuroendocrine markers by a specialized pathologist before using them in experiments.
Furthermore, expression of mTOR pathway molecules was also analyzed beforehand.

Vero cells (African green monkey kidney cells), which were used for titration assays evaluating
TCIDso, were obtained from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany).

2.3 Cell Culture
2.3.1 Solutions and media used for cell culture

Material Source
EDTA-Trypsin Biochrom, Berlin, Germany
PBS (phosphate-buffered saline) Sigma Aldrich, Munich, Germany

DMEM (Dulbecco’s modified Eagle’s Sigma Aldrich, Munich, Germany
medium)
RPMI-1640 (Roswell Park Memorial In- | PAA
stitute 1640 medium)

DMEM/F12 Gibco, Waltham, MA, USA

FCS (fetal calf serum) PAA

Trypan Blue Biochrome, Berlin, Germany
Penicillin/Streptomycin Bio Whittaker, Lonza, Kéln, Germany
DMSO (Dimethyl sulfoxide) AppliChem Darmstadt, Germany

Table 4: Solutions and media and their respective producer used for this dissertation.

2.3.2 Cultivation and passaging of cells

The five cell lines described in the previous section (2.2) were grown as an adherent monolayer
in tissue culture flasks with filter caps (75 cm? or 150 cm?, Greiner Bio One; Frickenhausen,
Germany) at 37 °C, 95 % humidity and 5 % CO: in an incubator. All cultures were tested to be
free of mycoplasma.

QGP-1, H727 and UMC-11 cells were cultured in RPMI-1640 medium (Roswell Park Memorial
Institute 1640 medium) supplemented with 10 % FCS (fetal calf serum), whereas BON1 and
Vero cells (African green monkey kidney cells) were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) plus 10 % FCS. HROC57 cells were grown in DMEM/F12 supplemented with
10 % FCS and 1 % Penicillin/Streptomycin. Cells were analyzed daily using a CK40 contrast
light microscope (Olympus, Shinjuku, Tokyo, Japan). Once the cells grew confluent, they were
passaged (two to three times per week). For this, the respective medium was prewarmed to
37 °C, then the supernatant was removed, the cells were washed once with PBS before 2 ml
of trypsin were added for 2-5 minutes in order to detach the cells. Once the cells were de-
tached, 10 ml of medium were added again to inactivate trypsin. The cell suspension was
transferred into a reaction tube and centrifuged at 1000 rpm for 4 minutes at room temperature
(RT). The cell pellet was resuspended in fresh medium. Cell lines were split depending on their
proliferation rate with one part being cultivated in fresh medium again, the other part being
discarded.
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2.3.3 Freezing of cells

To create a storage of cells for experiments, all cell lines were expanded and stored at — 80
°C in cryovials. Therefore, cells were first trypsinized and centrifuged as described above in
2.3.2. The remaining cell pellet was resuspended in a medium for cryoconservation containing
RPMI-1640 with 20 % FCS and 10 % dimethyl sulfoxide (DMSO).

2.3.4 Thawing of cells

One aliquot of the respective cell line was quickly thawed in a water bath at 37 °C. Then, 10
ml of prewarmed cell culture medium were added and the cells were centrifuged at 1000 rpm
for 3 minutes. The supernatant was discarded and the remaining cell pellet resuspended in 14
ml of growth medium. Cells were transferred into a tissue culture flask and stored in in the
incubator.

2.3.5 Determining cell count using a Neubauer hemocytometer

To determine the precise cell count for experiments, the respective cells were first trypsinized.
After centrifugation 10 ul of the cell suspension were diluted with 90 pl of Trypan Blue (Bio-
chrom). Trypan Blue does not stain vital cells, since an intact cell membrane prevents incor-
poration of the dye, thus allowing the differentiation between vital colorless and dead blue cells.
Next, the counting chamber was prepared by capping the Neubauer hemocytometer with a
thin covering glass (figure 7). Following the dilution, a 10 pl sample of the cell suspension was
gently pipetted close to the edge of the covering glass, allowing capillary action to draw the
sample inside the chamber. Now the cell number was assessed using a CK40 light microscope
(Olympus). The hemocytometer is divided into four larger squares, each consisting again of
16 smaller squares (figure 8). Usually, the vital cells in at least two big squares were counted
and according to the formula below consequently divided by two, then multiplied by 10*. Thus,
the number of cells was calculated by the following formula:

] cells o cells
Concentration ( ) = dilution x 10* x
square
| Ai08mm | | NEUBAER
/ Tiefece - IMPROVED
| Depth
[ Profondeur
| Ed
| [Oghik
| 10,0025 mm?2 r
\

Figure 7: Representative improved Neubauer hemocytometer used for determining cell count.
Picture taken from “https://de.wikipedia.org/wiki/Z%C3%A4hlkammer#/media/Datei:Neubauer_improved_count-
ing_chamber.jpg” (retrieved 18.02.2021).
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Figure 8: Improved Neubauer chamber grid detail.

Modified after “https://de.wikipedia.org/wiki/Z%C3%A4hlkammer#/media/Datei:Neubauer_improved_schema.gif”
(retrieved on 18.02.2021). The hemocytometer is divided into four larger squares, each consisting of 16 smaller
squares. One of the large squares is marked with a red circle. Cells were counted in at least two big squares; cell
count was calculated by the formula above.

2.3.6 Plating cells for experiments
Due to different growth rates of the respective cell lines, different amounts of cells were seeded
for the various experiments as shown in tables 5-7 below.

Table 5: Six-well plate used for different experiments:

A) Used for growth curves

Cell line(s) Number of cells per well in 2 ml medium
BON1 5*10°
QGP-1, UMC-11, H727, HROC57 4*10°

B) Used for Beta-Galactosidase Assays

Cell line(s) Number of cells per well in 2 ml medium
BON1 1*10°
H727 1*10°

Table 6: 24-well plate used for different experiments:

A) Used for testing of compounds

Cell line(s) Number of cells per well in 0.5 ml medium
BON1 4*10*
H727, HROC57 6*10*
QGP-1, UMC-11 8*10*
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B) Used for viral infections

Cell line(s) Number of cells per well in 0.5 ml medium
BON1, H727, HROC57 6*10*
QGP-1, UMC-11 8*10*

Table 7:96-well plate used for titration:

Cell line Number of cells per well in 0.2 ml medium
Vero cells 10*

2.4 Measles vaccine viruses

Two different measles vaccine viruses called MeV-GFP and MeV-SCD were employed for the
experiments, both deriving from a commercially available original monovalent vaccine batch of
measles virus (MeV) strain Mérieux (Sanofi-Pasteur, Leimen, Germany).

MeV-GFP contains a gene encoding green fluorescent protein (GFP), facilitating tracking of
the viral infection. The second virus used was armed by the insertion of a gene encoding the
prodrug-converting enzyme Super-CD (MeV-SCD).

2.5 Treatment of cells

For the treatment of cells with either 5-FU or everolimus, cells were seeded in 24-well-plates
24 hours prior to treatment (for the number of cells per well of the respective cell line see 2.3.6).
One day after plating cells were treated with increasing concentrations of 5-FU/everolimus,
each concentration was tested in triplicates.

Concentrations used for 5-FU: 0, 1 nM, 10 nM, 100 nM ,1 pM, 10 pM, 100 pM, 1mM.

Concentrations used for everolimus: 0, 0.01 nM, 0.1 nM, 1 nM, 10 nM, 100 nM, 1 pM, 10 uM.

2.6 Infection of cells

2.6.1 Viral infection of cells with MeV-SCD/MeV-GFP

In general, a defined number of cells varying due to the individual growth rate of the respective
cell line (see 2.3.6) was seeded into cell culture multiwell plates 24 hours prior to infection. On
the day of infection, medium was removed, and each well was gently washed with prewarmed
(37 °C) PBS. In the meantime, one aliquot of the respective virus, which was stored at - 80 °C,
was quickly thawed at RT. Cells were then infected at the indicated multiplicity of infection
(MOI), which refers to the number of infectious viral particles (PFU) per cell at the time of
infection. Therefore, the necessary number of viral particles was calculated, bearing in mind
the respective viral titer, for example MeV-SCD 2.1 * 10’ PFU/mI (plaque forming units/ml).
For the infection, viral particles were diluted in Opti-MEM medium (Gibco, Grand Island, NY,
USA), using 0.25 ml medium per well. After the infection plates were stored in the incubator at
37 °C and gently turned 90 ° every 15 minutes to secure and facilitate an equal infection. Three
hours post infection (hpi) the inoculum was completely removed and replaced by 0.5 ml of
normal growth medium.

2.6.2 Viral infection and exploitation of suicide-gene therapy with 5-fluorocytosine (5-
FC)

To evaluate a possible enhanced oncolytic effect of MeV-SCD when exploiting its suicide gene
function the prodrug was added 3 hpi when the inoculum was removed and replaced with
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medium containing 1 mM 5-FC. Remaining cell masses were determined at 72 and 96 hpi with
viability assays.

2.7 Sulforhodamine B assay (SRB Assay)

The sulforhodamine B (SRB) cytotoxicity assay is known as the US National Cancer Institute’s
(NCI) standard assay for measuring the cellular protein content after treatment with cytotoxic
substances [90]. In this assay, SRB is used as a dye which binds to basic amino acid residues
in an acid environment and can be brought into solution under basic conditions. Using a pho-
tometer, the amount of released dye can be measured, which has a linear correlation to the
number of remaining cells.

After infecting the cells as described in chapter 2.6, growth medium was removed at 72 hpi or
96 hpi and every well was washed with 0.5 ml ice-cold PBS. Cells were fixed with 0.25 ml/well
ice-cold trichloroacetic acid (TCA, 10 % wt/vol) and incubated at 4 °C for at least 30 min. After
removing TCA, every well was gently washed 4 times with tap water and dried at 40 °C for at
least 12 h.

Each well was stained with 0.25 ml of sulforhodamine B staining solution (0.4 % wt/vol, Sigma,
dissolved in 1 % acetic acid) for 10 minutes at RT. In order to remove unbound dye, every well
was washed with 1 % acetic acid until the rinse solution was colorless (approximately 4
washes) and dried again at 40 °C for 12 h. Depending on the cell density, 0.5-2 ml of 10 mM
Tris base (pH 10.5), were added to each well in order to extract protein-bound dye. The plates
were incubated for 10 minutes at RT. Then 80 ul of the solution were transferred to a 96-well
flat bottom plate (2 aliquots per 24-well cavity) and optical density was measured with a 96-
well microtiter plate reader (Tecan Genios Plus, Tecan) at a wavelength of 550 nm (reference
wavelength at 620 nm).

Mean remaining cell mass 96 hours after mock infection without addition of prodrug 5-FC was
set as standard value representing 100 % cell mass. Remaining cell masses of infections with
different MOls were related to this mean cell mass.

SRB 4 g
acidic acid 10 ml
H2O4d ad 11

Table 8: Sulforhodamine B (SRB) staining solution.

2.8 Viral growth curve

For assessing viral replication within NET/NEC cells and a possible interaction with the mTOR-
inhibitor everolimus viral growth curves were performed using titration and the 50 % end point
dilution assay (TCIDso= tissue culture infectious dose 50).

First, NET/NEC cells were seeded in six-well plates (see 2.3.6) and 24 hours later infected
with MeV-SCD in 1 ml Opti-MEM at MOls adjusted to the respective sensitivity to virus infec-
tion.

As described in 2.6.1 the inoculum was removed at 3 hpi and cells were washed 3 times with
PBS followed by the addition of 1 ml of growth medium. At various points of time (3, 24, 48, 72
and 96 hpi), the supernatant was transferred into an Eppendorf tube. Cells were scraped off in
1 ml of Opti-MEM and stored in another Eppendorf tube. The tubes were directly frozen at - 80
°C.

22



In order to calculate the TCIDso, samples were thawed, vortexed and centrifuged for 2 minutes
at 3000 rpm in an Eppendorf centrifuge. Supernatants were then used for titration. Next, a
dilution series was performed to prepare dilutions ranging from 10" to 107. Therefore, a 96
well plate was used edgewise. 300 pl of each sample were pipetted into the first well. Each of
the following wells was prepared with 270 ul of DMEM + 5 % FCS. Now, 30 ul of each well
were pipetted into the following one, thereby diluting the solution 1:10. This step was repeated
until a dilution of 10”7 was reached.

The solutions were carefully aspirated and drained three times and new pipettor tips were used
for every single dilution step.

The following titration was performed on Vero cells, which had been seeded in a 96-well plate
with each well containing 10* Vero cells in 200 yl DMEM supplemented with 5 % FCS the day
before titration.

50 ul of each dilution were pipetted in quadruplicates onto the Vero cells for TCIDs titration.
At 96 hpi, the whole plate was washed with PBS followed by fixation of cells for 10 minutes at
RT using 50 pl 4 % PFA. After washing again twice with PBS, cells were blocked for 30 minutes
with 100 pl/well of Tris-buffered saline supplemented with Tween 20 (TBS-T: 150 mM NacCl,
50 mM Tris-HCI pH 7.4, 0.02 % Tween-20) and 1 % FCS. Next, cells were incubated for an-
other 30 minutes with anti-MeV-NP diluted 1:1000 in TBS-Tween (50 ul/well) before being
washed three times with TBS-T again. Then, the secondary antibody (goat anti-mouse (Mo-
lecular Probes, Alexa 546)) diluted 1:1000 in TBS-T) was added using 50 ul per well and plates
were incubated for 30 minutes in the dark. Ultimately, cells were washed again three times
with TBS-T, before the wells were filled with 50-100 pl of PBS and examined using a fluores-
cence microscope (IX50, Olympus). A well was declared infected if at least one infected cell
was detected by fluorescence microscopy.

Viral titers were then calculated using the following TCIDso formula by Spearman (1908) and
Karber (1931):

pfu
ml

Y can be determined counting the infected wells for a certain point of time, for example 72 hpi.
For this, columns for each dilution step are analyzed. If all quadruplicates are positive it is
counted as (4/4) = 1, if less wells are positive it is counted as a fraction (number of positive
wells/4). As displayed in the graph below, for instance y can be determined for “72 hpi super-
natant” as follows: The first four columns are all positive (4/4)*4 = 4, the fifth column contains
3 infected wells (3/4) = 0.75, while there are only two wells containing infectious particles in
the last column (2/4) = 0.5. Taken together, y in this example is 4 + 0.75 + 0.5= 5.25. To
calculate the virus concentration, y now has to be inserted in the formula mentioned above.

0.7 % 100705+13) = » (=)
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Figure 9: Example of titration of MeV on Vero cells. For each dilution, quadruplicates were pipetted on Vero
cells as shown in the graph above. Infected cells were detected using immunofluorescence staining. Red wells
indicate at least one infectious particle in the respective well. To calculate the variable y mentioned in the formula
above, the infectious wells per column are counted and added up.

2.9 Flow Cytometry

2.9.1 Detection of CD46 expression

In order to examine and determine the expression of CD46 on the different NET/NEC cell lines,
flow cytometry was performed using an anti-CD46-antibody. The materials used for this exper-
iment are shown in table 9.

Material

Source

Accutase

PAA Laboratories

phycoerythrin (PE)-labeled anti-human CD
46 antibody

eBioscience Inc., San Diego, CA, USA

PE-labeled IgG1 mouse isotype control

eBioscience Inc., San Diego, CA, USA

Gamunex (Fc-blocking solution)

Talecris Biotherapeutics GmbH

Table 9: Materials used for quantification of CD46 receptor expression on cell surfaces by flow cytometry.

First, the respective cells were washed with PBS, then detached using accutase and diluted in
FACS buffer (PBS containing 1 % FCS). 5*10° cells were used per stain and diluted again in
3 ml PBS, centrifuged at 4 °C and 1500 rpm.

The cell pellet was dissolved in 50 pl of FACS buffer and 10 uyl of Gamunex were added to
block Fc receptors. Cells were incubated for five minutes on ice. Afterwards, cells were stained
for 30 minutes on ice with either 2.5 ul phycoerythrin (PE) conjugated anti-CD46-antibody or
2.5 yl of the PE-labeled IgG1 mouse isotype control. After staining, 3 ml of PBS were added
again followed by another centrifugation step (1200 rpm for 4 minutes). The cell pellet was
resuspended in 500 ul of FACS-buffer and stored on ice. Fixation was done by adding 250 pl
of 4 % PFA. Measurement of CD46 expression was performed the same day using a FACSCal-
ibur (Becton-Dickinson, Franklin Lakes, NJ, USA) and the software Cell Quest (Becton-Dick-
inson). Mean fluorescence index (MFI) was calculated by the following formula:

arithmetic mean of CD46

arithmetic mean of isotype control
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2.9.2 Quantification of primary infection rates 24 hpi

The various NET/NEC cell lines were seeded in six-well-plates and infected with MeV-GFP at
MOIs 0.1, 1 and 10. At 3 hpi, the infection medium was exchanged with 2 ml of standard growth
medium. At 24 hpi, the percentage of GFP-expressing cells was determined by flow cytometry.
For this experiment, cells were washed with PBS, detached using accutase and resuspended
in 1 ml FACS buffer. The cell suspension was transferred into reaction tubes and 3 ml PBS
were added. After centrifugation (5 minutes at 302 x g) at RT the pellet was resuspended in
FACS buffer. Afterwards cells were fixed with 1.3 % paraformaldehyde (Otto Fischar, Saar-
briicken, Germany) and analyzed using the same FACSCalibur and software as mentioned
above.

2.10 Fluorescence microscopy of MeV-GFP infected cells

Fluorescence microscopy was used to visualize the viral spread of MeV-GFP in the various
NET/NEC cell lines. The respective cells were seeded in 24-well-plates one day before viral
infection. Infection was carried out using five different MOlIs ranging from 0.001 to 10. The
inoculum was removed at 3 hpi and replaced by standard growth medium. Photos were taken
72 and 96 hpi by a camera (F-view, Soft Imaging System) connected to a fluorescence micro-
scope (IX50, Olympus) and the Analysis 3.1 software (Soft Imaging System).

Cell line Number of cells per well | MOI (MeV-GFP)

NCI-H727 8*10* 0.001, 0.01,0.1, 1,10
BON1 8*10* 0.001, 0.01,0.1,1,10
UMC-11 8*10* 0.001, 0.01, 0.1, 1, 10
QGP-1 10° 0.001, 0.01, 0.1, 1,10
HROC 57 6*10* 0.001, 0.01, 0.1, 1,10

Table 10: Characteristics of fluorescence microscopy of MeV-GFP infected NET/NEC cell lines.

2.11 Beta Galactosidase Assay
Cells were seeded 24 hours prior to treatment in six-well plates as described in 2.3.6. Next,
the cells were treated with either CX-5461 or Doxorubicin, which served as a positive control.

CX-5461 was used in the following concentrations: 100 nM, 200 nM, 300 nM, 500 nM.
Doxorubicin was used at a concentration of 100 nM.

Medium was replaced 24 hours post treatment. After 96 and 120 hours, respectively, senes-
cence-associated (SA) beta-galactosidase staining was performed as follows.

First, all wells were washed once using neutral PBS. Then cells were fixed using 0.5% glutar-
aldehyde in neutral PBS for about 10 minutes. Afterwards cells were washed again with neutral
PBS, before they were washed twice with PBS pH 6. Finally, 1 ml of the freshly prepared X-
Gal staining solution (composition see table 11 below) was added to each well, before incu-
bating the plate sealed and protected from light at 37 °C for a few hours. Plates were checked
visually every 30 minutes until the staining in the background control started to become posi-
tive. The plates were then washed three times with PBS, afterwards 1 ml of 70 % Glycerin was
added to each well and the plate was kept in the fridge at 4 °C until photos were taken using
the NIKON eclipse 80i microscope and the NIKON DS-Fi3 camera, the F-View Imaging System
and the analysis software.
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Reagents Amount Source

PBS/MgCI 18.5 ml

0.2 M KsFe(CN)s 0.5 ml Sigma

0.2 M KsFe(CN)s * 3H20 0.5 ml Sigma

X-Gal Stock (40x) 0.5 ml Peqlab
20 mi

Table 11: Composition of X-Gal staining solution. X-Gal Stock: 40 mg/ml in NN Dimethylformamide,
stored at -20 °C in the dark.

2.12 Western Blot analyzing expression of SCD/ NP/ Vinculin

Antibody target Host Dilution Source
SCD rat 1:1000 in Roti-Block | Kind gift from Trans-
gene S.A., llikirch-
Graffenstaden,
France
MeV N-protein rabbit 1:6000 in TBS Abcam, Cambridge,
Tween UK
Vinculin mouse 1:5000 in TBS- Sigma -Aldrich
Tween with 5% pow-
dered milk

Table 12: Primary antibodies used for western blot analysis of SCD/NP/Vinculin expression in NET/NEC cell
lines.

Antibody target Host Dilution Source

Rabbit 1IgG HRP-coupled, goat 1:8000 in TBS Bio-Rad
Tween

Rat IgG HRP-coupled, goat 1:4000 in TBS Bio-Rad
Tween

Mouse IgG HRP-coupled, goat 1:8000 in TBS- Bio-Rad
Tween

Table 13: Secondary antibodies used for western blot analysis of SCD/NP/Vinculin expression in NET/NEC
cell lines.

Cell line Cell count per well | MOI MeV-SCD
BON1 5*10° 0.075

H727 4*10° 0.75

UMC-11 4*10° 0.5

QGP-1 4*10° 1

HROC57 4*10° 0.075

Table 14: Cell count and MOI used for western blot in the respective NET/NEC cell lines.

NET/NEC cells were seeded in a six-well plate and infected with MeV-SCD at MOls adjusted
to the respective cell line-dependent sensitivity to virus infection as can be seen in the table
14 above. At 3 hpi, the inoculum was replaced by standard growth medium. At 96 hpi cells
were washed with PBS and lysed in lysis buffer (50 mM Tris (pH 7.6), 150 mM NaCl, 1 %
Nonidet P-40). In order to release proteins samples were snap frozen in liquid nitrogen and
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then thawed at 37 °C in a heating block. This was repeated three times. Samples were centri-
fuged for 10 min at 14 000 rpm, 4 °C in an Eppendorf centrifuge. Supernatants were transferred
into new tubes. Afterwards, protein concentrations in cell lysates were determined by Bradford
protein assay (Bio-Rad, Hercules, CA, USA). First published in 1976 [91], it is a photometric
method for determining protein concentrations. If proteins bind to the used Coomassie Brilliant
Blue G-250 dye, it causes an absorption shift from initially 465 nm to 595 nm, making it possible
to measure protein concentration with reference to a calibration curve.

A total of 50 pg protein was diluted in 6-fold Roti Load Buffer (Carl Roth, Karlsruhe, Germany)
and denatured for 5 minutes at 95 °C.

The Sodium-dodecylsulfate- (SDS) polyacrylamide gel electrophoresis (PAGE) is a method
used for separating proteins according to their molecular weight. In this assay, 3-mercaptoeth-
anol reduces disulfide bridges, thereby unfolding proteins, helping SDS attach to the exposed
proteins, charging them according to their mass.

The required resolving (table 15) and stacking gels (table 16) were prepared as described
below. Importantly, the polyacrylamide concentration used in this assay determines both the
pore size of the gels as well as the duration of the electrophoresis.

The resolving gel consisting of H,Oq4, 30 % acrylamide, Tris pH 8.8 and 10 % SDS was mixed.
To start the polymerization process, ammonium persulfate (APS) and tetramethylethylendia-
mine (TEMED) were added last. Immediately afterwards, the resolving gel was filled into the
gel cassette. Next, it was covered by 70 % isopropanol, creating a flat surface on which the
resolving gel was filled after the resolving gel had polymerized. After the polymerization pro-
cess took about 30 minutes, the isopropanol was removed and the surface of the gel was
rinsed once with H2O44. Now the polymerization of the stacking gel was started by the addition
of APS and TEMED as well and the solution was filled on top of the resolving gel and a ten-
finger-comb, which created ten slots, was inserted. After 15 minutes in which polymerization
took place the gel cassette was transferred into the buffer tank containing running buffer 1:5
H2Oqq diluted running buffer (15.1 g/l Trizma Base, 72 g/l Glycine, 5 g/l SDS, filled up to 1 | with
H2Oqq with the pH adjusted to 8.3).

After the comb was removed, the calculated volumes of cell lysates corresponding to 50 ug of
protein were mixed with a fifth of 6 x SDS loading buffer and boiled for ten minutes at 95 °C.
Then samples were filled into the slots. A positive control and a molecular weight marker (Full
range rainbow protein marker, Amersham Biosciences) were loaded in addition to identify the
assessed band of protein and control the progress of the electrophoresis.

After the proteins were separated by SDS-PAGE, they were transferred to a hydrophobic pol-
yvinylidene difluoride (PVDF) membrane (Hybond-P, GE Healthcare, Waukesha, WI, USA).

The western blot aimed to prove successful oncolytic measles virus infection by the detection
of the measles N protein as well as the SCD-protein, which is encoded by a transgene.

The PVDF-membrane was activated with methanol and then embedded between gel, What-
man papers and sponges as displayed in figure 10. All layers were transferred in a box with 1
x transfer buffer and were compressed to keep close contact between acrylamide gel and
PVDF-membrane, avoiding air bubbles between the different components.

After blocking for one hour with 5 % powdered milk (Carl Roth) in Tris-buffered saline contain-
ing 0.02 % Tween-20 (TBS-T) to avoid non-specific binding of antibodies, membranes were
incubated with primary antibodies overnight at 4 *C as displayed in table 12 above. Membranes
were washed three times with TBS-T, secondary antibodies as described above were added
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for one hour while gently shaking and membranes were washed again three times with TBS-
T.

Proteins were detected using enhanced chemiluminescence (ECL). Therefore, 1 ml of ECL
solution was applied for one minute. Next, membranes were fixed in a plastic foil in a photo
cassette (Dr. GOOS Suprema GmbH). Finally, membranes were exposed to the chemilumi-
nescence film Amersham Hyperfiim ECL (GE Healthcare). A Fuji developer (Fuji Photo Film
Ltd) developed the films.

PVDF-membrane

] sponge

et

electrophoretic transfer

Figure 10: Correct arrangement of blotting membranes. From back to front the demonstrated setup was used:
sponge — two Whatman papers — acrylamide gel — PVDF-membrane — two Whatman papers — sponge. All layers
were compressed to keep close contact between acrylamide gel and PCDF-membrane, avoiding air bubbles be-
tween the different components.

H204q4 9.3 ml
30 % acrylamide mix 5.3 ml
1.5 M Tris (pH 8.8) 5.0 mi
10 % SDS 0.2 mi
10 % APS 0.2 mi
TEMED 0.016 ml

Table 15: Composition of resolving gel used for SDS-Page. Sodium dodecyl sulfate (SDS), ammonium persul-
fate (APS), tetramethylethylendiamine (TEMED).

H204q4 5.5 ml
30 % acrylamide mix 1.3 ml
1.5 M Tris (pH 6.8) 1.0 ml
10 % SDS 0.08 mi
10 % APS 0.08 ml
TEMED 0.008 ml

Table 16: Composition of stacking gel used for SDS-Page. Sodium dodecyl sulfate (SDS), ammonium persul-
fate (APS), tetramethylethylendiamine (TEMED).

2.13 Crystal Violet staining after treating cells with CX 5461

2.5 102 Cells of each NET/NEC cell line were seeded in an individual six-well plate in 2 ml of
their respective growth medium. The next day, medium was removed and replaced by CX
5461 diluted in normal growth medium in the following concentrations: 50 nM, 100 nM, 200
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nM, 300 nM, 500 nM, mock; afterwards plates were stored in the incubator. After 24 hours, the
medium containing CX-5461 was replaced by normal growth medium again.

On the day of staining, the medium was removed and cells were once washed with 2 ml of
PBS followed by fixing the cells with 3 ml of methanol for 5 minutes. Afterwards, methanol was
discarded and cells were stained for 10 minutes using 3 ml of 1 % crystal violet diluted in H2Oqa.
The staining solution was removed and cells were washed with H,O several times before plates
were dried upside down. The next day, pictures were taken on white paper as a background.
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3. Results
3.1 Basic experiments

3.1.1 Determination of CD46 receptor molecule expression on NET/NEC cell surfaces
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Figure 11: Determination of CD46 receptor expression on human NET/NEC cell lines by flow cytometry.
Tumor cells were stained with CD46 antibody (red histograms) or isotype control (black histograms). Mean fluores-
cence index (MFI) is the arithmetic mean of CD46 receptor divided by the arithmetic mean of the isotype control.

Sufficiently high levels of CD46 are required for syncytia formation.

The expression of CD46 on cell surfaces is essential for sufficient measles virus entry and cell
fusion. Of note, CD46 is often found to be overexpressed on various tumor cells. Thus, all five
NET/NEC cell lines were examined using flow cytometry for the expression and density of
CD46 receptor molecules in order to evaluate a potential infection with oncolytic measles vi-

ruses.
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It is commonly accepted that viral entry correlates progressively with CD46 receptor density,
while there is a certain threshold for cell-to-cell fusion, ultimately leading to syncytia formation
and cell death [19].

The CD46 receptor molecule was found to be expressed on every cell line examined (see
figure 11), although the density varied as expressed in the mean fluorescence index (MFI),
which refers to the index of the arithmetic mean of CD46 receptor divided by the arithmetic
mean of the isotype control.

HROC57, BON1 and H727 were found to have the highest CD46-receptor density, all three of
them with an MFI around 75, followed by UMC-11 with an MFI of about 35. Interestingly, QGP-
1 showed an MFI of under 20, which was the lowest of all examined cell lines.

In conclusion, at least four out of five examined cell lines showed a promising and sufficient
CD46 receptor quantity for measles virus infection and potential cell fusion, leading to syncytia
formation.

3.1.2 Examination of the infection efficiency of MeV-GFP
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Figure 12: Quantification of infection rates of MeV-GFP in five human NET/NEC cell lines. Cells were infected
at the indicated MOls. At 24 hpi the percentage of GFP-expressing cells was determined by flow cytometry. Mean
and SD of at least three independent experiments are shown.
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Primary infection rates refer to the percentage of infected cells in relation to all cells at a certain
point of time. Based on the observation that all NET/NEC cell lines express the CD46 entry
receptor in a sufficient amount (3.1.1), the primary infection rates of measles vaccine virus in
the selected cell lines were analyzed to further emphasize the potential of MeV to infect tumor
cells of neuroendocrine origin. Therefore, cells were infected using a genetically modified mea-
sles vaccine virus expressing green fluorescent protein (MeV-GFP), allowing already at 24 hpi
visualization of the successful infection of the NET/NEC cell lines by flow cytometry.

As can be seen in figure 12 above, MeV-GFP at the MOI of 10 resulted in about 80 % infected
cells in the first 24 hours for HROC57, BON1 and H727, while causing about 40-50 % infected
cells in the UMC-11 and QGP-1 cell lines, thus showing varying kinds of susceptibility towards
primary infection with MeV-GFP. Interestingly, the cell lines with the highest MFI (BON1, H727,
HROC57) also displayed the highest primary infection rates at 24 hpi while the two ones with
a lower MFI also were less likely to be infected by MeV-GFP at 24 hpi.

3.1.3 Fluorescence monitoring revealed successful infection with MeV-GFP

After showing that NET/NEC cells (over)express CD46 and relatively high primary infection
rates can be achieved using MeV-GFP, another experiment was conducted to illustrate suc-
cessful infection of tumor cell lines using fluorescence microscopy. Therefore, tumor cells were
again infected with MeV-GFP encoding green fluorescent protein, which can be detected by
fluorescence microscopy, at increasing MOls ranging from 0.001 to 10. Representative images
of all cell lines successfully infected with the virus are shown below (figure 13). Green dots
indicate successful infection displayed by syncytia formation which was visible in every cell
line. The corresponding phase contrast pictures can be seen on the left-hand side of the fluo-
rescence microscopy pictures.

As a result, green fluorescent protein was clearly detectable both at 72 and 96 hpi in all exam-
ined cell lines, supporting the possibility to successfully infect those cell lines with oncolytic
measles virus. Moreover, the pictures reveal syncytia formation in all cell lines, as well as
reduced cell density in the phase contrast pictures as a sign of reduced cell masses caused
by the oncolytic effect of MeV-GFP.
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Figure 13: Fluorescence monitoring revealed successful infection with MeV-GFP. H727 (A, B), UMC-11 (C,
D), BON1 (E, F), QGP-1 (G, H) and HROC 57 (I, J) were infected at MOls 1 and 10 or were mock infected (untreated
control). Fluorescence and corresponding serial phase contrast pictures were taken 72 and 96 hpi at the same
magnification. While mock infected cells showed no green fluorescence, it was clearly detected in all infected cells,
revealing syncytia formation as well.

3.1.4 Cytotoxic effect of MeV-SCD monotherapy

To investigate the susceptibility of the five NET/NEC cell lines to MeV-SCD-mediated oncolytic
activity, cells were infected with MeV-SCD at MOls ranging from 0.001 to 10. The remaining
cell masses were determined at 96 hpi by SRB viability assay. A remaining tumor cell mass of
more than 50 % at a MOI of 1 relative to the mock infected control was defined as partially
resistant. Four out of five cell lines proved to be susceptible to MeV-SCD-mediated oncolysis
with tumor cell masses below 50 % at a MOI of 1 (figure 14). The only exception was the
pancreatic cell line QGP-1, which showed a partial resistance (remaining tumor cell mass of
about 60 %) to MeV-SCD-infection according to the chosen criteria (partial resistance = re-
maining tumor cell mass of 50 — 75% at a MOl of 1).

On the contrary, MeV-SCD's oncolytic capability seemed to be very strong in BON1 and
HROCS57 cells where a reduction of up to 90 % of the tumor cell mass was reached at a MOI
of 1 in comparison to mock treated cells. Of note, increasing the MOI up to 10 resulted in less
than 25 % of remaining tumor cell mass compared to mock treated cells in every cell line,
punctuating the possibility to overcome partial resistance by increasing the MOI.
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Figure 14: Remaining tumor cell masses after single (monotherapeutic) treatment with oncolytic measles
vaccine virus MeV-SCD. Five human NET/NEC cell lines were infected with the suicide-gene armed measles
vaccine virus MeV-SCD at the indicated MOls. At 96 hpi, the remaining tumor cell masses were determined by SRB
viability assay. Each MOI was tested in quadruplicates. Displayed are mean and standard deviation of one experi-
ment. Dotted red lines indicate the 50 % threshold for remnant tumor cell masses at 96 hpi. MOCK: untreated
control.

3.1.5 Expression of MeV N and SCD protein

In the next experiment the expression of the MeV N and of the virus-encoded SCD protein was
examined by western blot analysis. For this purpose, the five NET/NEC cell lines were infected
at MOls adjusted to the respective cell line-dependent sensitivity to virus infection (3.1.4). MOls
were chosen which resulted in around 80 % remaining tumor cell mass at 96 hpi when cell
lysates were prepared. In every cell line tested, both viral proteins (N and SCD) were ex-
pressed only in MeV-SCD infected cells while in uninfected control cells (MOCK) no viral pro-
teins could be detected (figure 15). The intensity of the protein bands and therefore the amount
of viral proteins differed markedly between the cell lines. Interestingly, HROC57, QGP-1 and
BON1 showed the highest intensity of N protein and SCD protein band, while it was a lot less
intense in both UMC-11 and H727 cells. Nevertheless, the respective proteins were detected
in every analyzed cell line as shown below displaying both a successful infection and a func-
tional transcription of the encoded genes, thus making it possible to exploit MeV-SCD’s suicide
gene function in the following experiments (3.2).
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Figure 15: Western Blot analysis of MeV N protein and MeV encoded SCD protein expression in five human
NET/NEC cell lines. Tumor cells were infected with MeV-SCD at the indicated MOls or MOCK infected. Whole
cellular protein extraction was performed at 96 hpi. Vinculin was used as a loading control.

3.1.6 Cytotoxic effect of 5-Fluorouracil (5-FU) monotreatment

In a next step, the susceptibility of the five cell lines towards the chemotherapeutic compound
5-FU, which is commonly used in the treatment of NENs, was evaluated. Therefore, cells were
treated with concentrations of 5-FU ranging from 1 nm to 1 mM and remaining tumor cell
masses were determined at 96 hours post treatment (hpt) by SRB assay (figure 16). Cell
masses of all five cell lines started to decrease significantly at a concentration of 10 uM 5-FU.
The strongest effect in tumor cell mass reduction was obtained at the highest used dose of 1
mM, when tumor cell masses declined over 80 % in every NET/NEC cell line tested in com-
parison to mock treated controls. Thus, all cell lines proved to be sensitive towards 5-FU in a
dose-dependent manner with UMC-11 and BON1 being the most susceptible cell lines tested.
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Figure 16: Susceptibility of human NET/NEC cells to the chemotherapeutic compound 5-FU. Tumor cells
were treated with increasing concentrations of 5-FU and tumor cell masses in % of control were measured at 96
hpt by SRB viability assay. Displayed are means and standard deviation of two independent experiments with each
concentration of 5-FU tested out in triplicates. Dotted red lines indicate the 50 % threshold of remnant tumor cell
masses at 96 hpt. Mock: untreated control.

3.1.7 Cytotoxic effect of everolimus monotreatment

In another experiment the cytotoxic effect of the mTOR-inhibitor everolimus, which is clinically
approved and used for the treatment of metastatic NENs, was evaluated. The different cell
lines were treated with concentrations of everolimus ranging from 0.01 nM up to 10 yM. Alt-
hough the susceptibility varied from cell line to cell line with UMC-11 again being the most
susceptible one and H727 the most unaffected one, all cell lines were found to be sensitive to
everolimus monotreatment in a dose-dependent manner with tumor cell masses starting to
decrease significantly at a concentration of 1 nM everolimus (Figure 17). While everolimus was
able to reduce cell masses of BON1 and UMC-11 cells by more than 50 % when treated with
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a concentration of 10 uM, this was not the case for H727, QGP-1 and HROC57, where about
50 % of the tumor cells remained.
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Figure 17: Susceptibility of human NET/NEC cells to the mTOR-inhibitor everolimus. Tumor cells were treated
with increasing concentrations of everolimus and tumor cell masses in % of control were measured at 96 hpt by
SRB viability assay. Displayed are means and standard deviation of two independent experiments with each con-
centration of everolimus tested out in triplicates. Dotted red lines indicate the 50 % threshold of remnant tumor cell
masses at 96 hpt. Mock: untreated control.
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3.2 MeV-SCD based combination treatment settings

3.2.1 Addition of the prodrug 5-fluorocytosine (5-FC) enhances the oncolytic effect of
MeV-SCD on human NET/NEC cell lines

Since all cell lines proved to be sensitive to both MeV-SCD and 5-fluorouracil monotreatment
in a dose-dependent manner, the exploitation of MeV-SCD’s suicide gene, the supercytosine
deaminase, was consequently evaluated in a next step (figure 18).

Therefore, cells were infected with MeV-SCD, followed by the addition of the prodrug 5-FC,
which is converted locally into the chemotherapeutic compound 5-FU. Importantly, cell lines
were infected with MeV-SCD at MOls adjusted to the respective cell line-dependent sensitivity
to virus infection (compare 3.1.4), leaving enough range for a potential boost resulting of the
prodrug activation.

As a result, the prodrug-converting system was able to further enhance the oncolytic effect of
MeV-SCD in all five cell lines with a reduction of more than 50 % of cell mass, even if very low
MOlIs were used.

In HROC57 cells, infection with MeV-SCD alone at a MOI of 0.05 led to a remaining cell mass
of about 70 %, however, addition of 1 mM 5-FC further reduced cell mass to about 50 %. The
lung carcinoid cell line H727 had a good benefit of the exploitation of the suicide gene (further
tumor cell mass reduction of around 30 %), while it had the lowest impact on the pancreas cell
line BON1 with only about 10 % additional tumor cell mass reduction, bearing in mind a very
low MOI of 0.05 was used due to BON1’s high sensitivity to MeV-SCD monotreatment.

The strongest effect was observed in UMC-11 cells, where MeV-SCD monotreatment with a
MOI of 0.25 led to about 60 % remaining tumor cell mass. By exploiting the suicide gene func-
tion MeV-SCD was able to kill more than 75 % of the tumor cells in comparison to untreated
controls.

Importantly, QGP-1 cells, which showed a partial resistance to MeV-SCD monotreatment ac-
cording to our chosen criteria (see 3.1.4) showed promising results when exploiting the suicide
gene function resulting in only about 20 % remaining tumor cells at a MOI of 1.

To sum it up, the addition of 5-FC and thus the exploitation of MeV-SCD’s suicide gene function
led to enhanced oncolytic activity compared to the monotherapy with MeV-SCD alone.
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Figure 18: Remaining NET/NEC tumor cell masses after treatment with MeV-SCD and the prodrug 5-FC.
Human NET/NEC cell lines were infected with the suicide gene-armed measles vaccine virus MeV-SCD at MOls
which were adjusted to the respective tumor cell line dependent sensitivity to MeV-SCD. At 3 hpi the prodrug 5-FC
was added. At 96 hpi the remaining tumor cell masses were determined by SRB viability assay. Displayed are
means and standard deviation of two independent experiments with each MOI tested out in quadruplicates. Dotted
red lines indicate the 50 % threshold of remnant tumor cell masses at 96 hpi. MOCK: untreated control.

3.3 Replication characteristics of MeV-SCD

3.3.1 Examination of measles virus growth kinetics with and without everolimus in hu-
man NET/NEC cell lines

Since MeV-SCD showed an oncolytic effect on NET/NEC cell lines, the kinetics of viral infec-
tion, replication and spreading were further observed using virus growth curves. As everolimus
also showed a cytotoxic effect on the different tumor cell lines and is clinically among other
things used as an immunosuppressive drug, viral replication was also evaluated in the pres-
ence and absence of everolimus.
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Therefore, tumor cells were infected with MeV-SCD. At 3 hpi, the mTOR-inhibitor everolimus
was added or not. Both tumor cells and supernatants were harvested at the indicated points
of time. Titration was performed on Vero cells.

MeV-SCD proved to replicate in all examined cell lines reaching at least 10® PFU/ml in every
cell line. Replication reached its climax at 48-72 hpi in all tested cell lines, the maximum of
PFU/ml varied from cell line to cell line, reaching a maximum of more than 10° PFU/ml e.g. in
BON1 cells. The addition of the mTOR-inhibitor did neither impair nor enhance replication,
resulting in unaltered growth curves (figure 19).
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Figure 19: Quantification of the replication of virotherapeutic vector MeV-SCD in five human NET/NEC cell
lines. Tumor cell lines were infected with the suicide gene-armed measles vaccine virus based virotherapeutic
MeV-SCD at the indicated MOIs which were adjusted to respective tumor cell line dependent sensitivity to MeV-
SCD. At 3 hpi, the mTOR-inhibitor everolimus was added (black graph); red graph w/o everolimus. Tumor cells and
supernatants were harvested at the indicated time points. Titration was performed on Vero cells.

3.4 Senescence

3.4.1 B-Gal Assays of two human NET cell lines after senescence inducing treatment
Since it was shown that oncolytic measles viruses exhibit an enhanced killing of therapy-in-
duced senescent tumor cells [64], these experiments aimed to analyze a potential benefit of
the combination of the senescence inducing compound CX-5461 and the oncolytic measles
vaccine virus MeV-GFP. CX-5461 is an inhibitor of RNA-polymerase | transcription of riboso-
mal RNA genes, resulting in the induction of replication stress and activation of the DNA dam-
age response.

B-Gal assays were performed on H727 and BON1 cells to examine whether the compound
CX-5461, which showed senescence inducing activity in other cell lines, could be used to suc-
cessfully induce senescence in human NET cell lines. In this experiment, the common chemo-
therapeutic drug Doxorubicin, which is known to induce senescence, was used as a positive
control. Cells were treated for 24 hours with CX-5461, afterwards the medium was exchanged.
Exemplary pictures of H727 cells after 3-Gal staining were taken 4 and 5 days after treatment
and are shown below. Blue stained cells indicate senescent cells in this assay.

As a result, CX-5461 was capable of inducing senescence in NET cell lines both 4 and 5 days
after treatment as can be seen in the detected blue stained cells, although the effect was nei-
ther strictly dose dependent nor very strong (figure 20).
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B) H727

500 nM CX-5461

Figure 20: B-Gal assay of H727 cells after senescence inducing treatment 4 (A) and 5 (B) dpt. H727 cells
were treated with increasing concentrations of the senescence inducing compound CX-5461. Plates were fixated
and stained and pictures taken 4 and 5 days post treatment, respectively. Doxorubicin served as a positive control.
MOCK: untreated cells. Blue stained cells indicate senescence.

3.4.2 Crystal violet staining of NET cell lines reveals senescence inducing concentration
of CX-5461

In order to identify a senescence-inducing concentration of CX-5461 in the various NET/NEC
cell lines, crystal violet staining was performed after treating the cells with CX-5461 for 24
hours in concentrations ranging from 50 nM to 500 nM. Afterwards, the medium was ex-
changed. Inhibition of clonal tumor cell growth was achieved in every tested cell line, although
the necessary concentration of CX-5461 varied as can be seen in table 17 below with H727
being the most sensitive cell line towards CX-5461, requiring the lowest concentration in order
to restrain clonal tumor cell growth. Furthermore, an exemplary picture of the result of BON1
cells is shown below in figure 21.
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300 nM

Figure 21: Crystal violet staining of BON1 cells reveals sufficient concentration of the senescence inducing
compound CX-5461. BON1 cells were treated for 24 h with increasing concentrations of CX-5461 ranging from 50
nM to 500 nM. Mock: untreated control. Inhibition of clonal tumor cell growth was achieved when using a concen-
tration of 200 nM CX-5461.

Cell line Required concentration of CX-5461

BON1 200 nM
H727 50 nM
UMC-11 200 nM
QGP-1 200 nM
HROC57 100 nM

Table 17: Required concentration of the senescence inducing compound CX-5461 to inhibit clonal tumor
cell growth. Necessary concentrations for the five NET/NEC cell lines tested are displayed in nM.

3.4.3 CX-5461 and MeV-GFP based combination treatment settings on two human NET
cell lines

First, the impact of CX-5461 alone on BON1 cells was analyzed. Therefore, the concentration
of CX-5461 was used that was found to be sufficiently inhibiting clonal tumor cell growth in
3.4.2 (200 nM). As expected, cell masses of treated cells remained significantly lower, more
precisely only 40 % of mock treated cells as can be seen in figure 22.

In a next step, both H727 and BON1 cells were evaluated in the setting shown below in figure
23. To sum it up, cells were first treated with CX-5461 and three or four days later infected with
MeV-GFP. SRB assays were then performed at 72 and 96 hpi. As displayed in the graph be-
low, CX-5461 treated cells showed a strongly reduced proliferation resulting in a decreased
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cell number in comparison to mock treated cells before infection (table 18), especially in BON1

cells.

While MeV-GFP successfully reduced cell masses 72 and 96 hpi in mock treated cells as
shown in various experiments before, there was hardly any effect on CX-5461 pretreated cells.
This effect seemed slightly stronger in H727 than in BON1 cells and was visible in both 3- and
4-days post treatment infected cells (figure 24 and 25). The effect can be seen best in H727
96 hpi (figure 24A and 25) both for the 3 and 4 dpt setting, likely due to the fact that in the other
settings, especially when using BON1 cell, the treatment with CX-5461 alone already resulted
in a strongly reduced cell number, making a further reduction caused by the infection and

oncolysis of MeV-GFP harder to observe.

T2 hpt

cell mass (%of control)

cell mass (%of control)

B0 hpt

Figure 22: Monotherapeutic treatment of BON1 cells with 200 nM of the senescence inducing compound
CX-5461. BON1 cells were treated with 200 nM of CX-5461 for 24 hours and tumor cell masses in % of control
were measured at 72/96 hpt by SRB viability assay. Both mock and 200 nM CX-5461 were tested three times.
Displayed are mean and standard deviation. Mock: untreated control.

Treatment Medium
with CX- change  Counting of cells
) 5461 DMEM + infection with Fixation Fixation
plating (for 24 hrs) 10 % FCS MeV-GFP of cells of cells
| | oy [ | |
I I It v I
-24h 0 24 hpt 3 dpt 72 hpi 96 hpi
6 dpt 7 dpt
hpt:  hours post treatment initiation (with CX-5461)
dpt: days post treatment initiation (with CX-5461)
hpi:  hours post infection

Figure 23: Setting of the combination therapy experiments using CX-5461 and MeV-GFP. 24 hours after plat-
ing, cells were treated with 200 nM CX-5461. 24 hpt, medium was exchanged. 3 dpt, cells were counted and infected
with MeV-GFP. 72 hpi (= 6 dpt) and 96 hpi (=7 dpt), respectively, cells were fixated.
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Cell line Cell number Treatment (start 24 [Duration of [Cell number before
seeded h after seeding) treatment [infection
H727 2 x 10% MOCK 3 d 6.375 x 10*
H727 2 x 10% CX-5461 200 nM 3d 5x 104
BON1 2 x 10 MOCK 3 d 22 x 10*
BON1 2 x 10* CX-5461 200 nM 3 d 4.4375 x 10%
Table 18: Cell number three days after treatment with CX-5461 before infection with MeV-GFP.
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Figure 24: Combination therapy experiments using the senescence inducing compound CX-5461 and MeV-
GFP on H727 (A) and BON1 (B) cells. 24 hours after plating, cells were treated with 200 nM CX-5461. 24 hpt, the
medium was exchanged. 3 dpt, cells were counted and infected with MeV-GFP. 72 hpi (= 6 dpt) and 96 hpi (=7
dpt), respectively, cells were fixated. Tumor cell masses in % of control were measured 72/96 hpi by SRB viability
assay. Mean values and standard deviation of one experiment are shown. Red dotted lines indicate threshold of 50
% remaining tumor cells.

The same experiment was conducted again with H727 cells, the only change in setup was that
cells were infected 4 days post treatment with CX-5461 instead of 3 days, thus 72 hpi equal 7
dpt and 96 hpi 8 dpt in this setting. Results are shown in figure 25 below. As can be seen,

there was a slightly additive effect regarding tumor lysis at best, which can be seen best in the
96 hpi graph.
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Cell number Treatment (start 24 |Duration of |Cell number before
Cell line seeded h after seeding) treatment |infection
H727 4 x 10 MOCK 4 d 14.125 x 10*

4 x 104 CX-5461 200 nM 4 d 6.5 x 10*

Table 19: Cell number 4 days after treatment with CX-5461 before infection with MeV-GFP. Treatment with
CX-5461 resulted in a strongly reduced proliferation when compared to mock treated control cells.
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Figure 25: Combination therapy experiments using the senescence inducing compound CX-5461 and MeV-
GFP on H727 cells. 24 hours after plating, cells were treated with 200 nM CX-5461. 24 hpt, medium was ex-
changed. 4 dpt, H727 cells were counted and infected with MeV-GFP. 72 hpi (= 7 dpt) and 96 hpi (= 8 dpt), respec-
tively, cells were fixated. Tumor cell masses in % of control were measured at 72/96 hpi by SRB viability assay.
Mean values and standard deviation of one experiment are shown. Red dotted lines indicate threshold of 50 %
remaining tumor cells.
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4. Discussion

Neuroendocrine neoplasm (NEN) is a rare malignant disease; however, the rising incidence
and the poor prognosis in advanced stages provide an urgent need for new and effective ther-
apies.

Immunotherapy has revolutionized the treatment of cancers in the 215t century, with oncolytic
viruses being a promising new treatment approach. Oncolytic viruses therefore ideally (i) se-
lectively infect, (ii) replicate in and finally (iii) oncolyse tumor cells, sparing healthy tissue and
thereby minimizing side effects.

Several oncolytic viruses for a variety of different tumors are nowadays tested in clinical trials
[92]. There has been some promising research for the treatment of NENs with oncolytic vi-
ruses, too, which ultimately led to clinical trials [65]. The virus that is currently tested in a phase
I/l clinical trial is a triple-modified adenovirus called AdVince developed by a research group
in Uppsala, Sweden, which is administered either into the hepatic artery to directly target liver
metastases or guided by ultrasound via fine needle puncture also directly into liver metastases.

However, there are several more viruses that showed promising pre-clinical data for the treat-
ment of NENs, among them the recombinant herpes simplex virus type 1 derived virothera-
peutic vector T-VEC [71] and oncolytic vaccinia virus GLV-1h68 [70].

Measles vaccine virus (MeV) is one of several oncolytic viruses that possesses a natural tumor
tropism, making it an interesting candidate for oncolytic virotherapy also for NEN.

While there are some tumors that show resistance phenomena, a genetically modified onco-
lytic measles virus encoding the suicide gene SCD, a fusion protein of cytosine deaminase
and uracil phosphoribosyltransferase (MeV-SCD), has shown to be able to overcome primary
resistances and enhance the oncolytic effect when exploiting the suicide gene function by the
addition of the prodrug 5-FC which is locally converted into the chemotherapeutic compound
5-fluorocytosin (5-FU) [59].

To the best of my knowledge MeV vectors have not been tested yet for potential oncolytic
effects on NENs.

Therefore, this thesis set out to evaluate the oncolytic effects of MeV-SCD on NENs. Further-
more, combination therapy with different agents in oncology often is more effective than mon-
otherapy. Therefore, MeV-SCD was tested also in combination with a well-established drug for
the treatment of NENs, everolimus, which is classified as a mTOR-inhibitor. Additionally, a
combination with a senescence inducing compound called CX-5461 was evaluated as well.

MeV is able to infect all tested NEN-cell lines

CDA46 has been identified as a receptor on cell surfaces for MeV Edmonston vaccine strains
and is often found to be overexpressed on tumor cells.

CD46 was detected on all five tested cell lines of the chosen NEN cell line panel including cell
lines from various anatomic origins with different densities expressed in the MFI. Only the pan-
creatic NET cell line QGP-1 showed a MFI < 20, which is commonly considered the threshold
required for cell-to-cell fusion, ultimately leading to syncytia formation and cell death [19], while
all other tested cell lines exhibited MFls above 20.

Next, the primary infection rates in the different cell lines were evaluated.

A MOl of 10 caused infection rates of at least 40 % in all five NEN cell lines 24 hpi with infection
rates of up to 80 %.
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Of note, the pancreatic cell line QGP-1 and the lung cell line UMC-11, which showed the lowest
CD46 density, also had the lowest primary infection rates.

As a proof of concept, the five NEN cell lines were infected with MeV-GFP and GFP expression
was monitored by fluorescence microscopy at 72 and 96 hpi. In all five tested cell lines, GFP
could be observed inside the cells, visualizing the successful infection of the respective cell
line.

In a final step the expression of measles N protein and the inserted transgene SCD in the
respective tumor cells was investigated on a protein level. Western blot analysis showed that
both proteins were expressed in every tested cell line, although the quantity differed remarka-
bly between the different cell lines.

Taken together, these experiments showed that all tested NEN cell lines can be successfully
infected with MeV-SCD, which then replicates in the NEN cell lines, translating encoded genes
into proteins. The infectability differed among the cell lines with QGP-1 being the “most re-
sistant” one, which might be due to its low CD46 expression.

Cytotoxic effects of different monotherapeutic strategies

In a next step, the cytotoxic effects of monotherapy with the different agents used in this dis-
sertation, MeV-SCD, everolimus and 5-FU, were to be evaluated.

Therefore, a well-established viability assay, the SRB assay, was used to evaluate the cyto-
toxic effects on the panel of five different NEN cell lines.

5-FU, a common chemotherapeutic drug, which is used in the treatment of NENs as well,
proved to reduce cell mass in all five tested cell-lines in a dose dependent manner.

In the next monotherapeutic experiment, everolimus, which is also an FDA approved drug for
the treatment of NENs, was shown to reduce tumor cell mass in a dose dependent manner,
too. Cell mass started to decline significantly when using 10 nM of everolimus, while the high-
est tested dose of 10 uyM led to a reduction of more than 50 % in two tested cell lines, and
around 50 % in the other 3 cell lines. Those findings correlate well with data published about
the effectiveness of everolimus monotreatment on various NEN cell lines [93], [71].

However, the authors of the study detected a limit of the treatment effect when using a dose
of approximately 100 nM everolimus, a further increase of the dosage did not result in further
reduced tumor cell mass. This was contributed to everolimus rather being a growth-inhibitory
than a cytotoxic drug [71].

The effect of everolimus on NENs was not only tested in vitro, but in vivo in a murine NEN
model as well, where it was also found to be effective [93].

Moreover, it was shown that performing a positron emission tomography (PET) using '8F-
fluorothymidine ("®F-FLT), a tumor-specific PET-tracer which accumulates in proliferating cells,
can be used early after treatment initiation with everolimus in order to identify responders and
non-responders to everolimus therapy, helping to tailor an effective therapy for patients suffer-
ing from NENs [93].

Finally, all cell lines were tested for their susceptibility towards MeV-SCD monotreatment with-
out exploiting MeV-SCD’s suicide function yet.

MeV-SCD proved to reduce tumor cell mass in a MOI dependent manner as well, although the
susceptibility varied between the different cell lines.
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According to the chosen criteria (partial resistance = 50 — 75 % remaining tumor cell mass at
a MOI of 1 at 96 hpi), only the pancreatic QGP-1 cells showed a partial resistance, while the
other cell lines were found to be highly susceptible.

Again, the partial resistance of QGP-1 cells might be due to the reduced CD46 receptor density
on the cell surface resulting in reduced primary infection rates.

Comparing the effectiveness of the different monotreatment strategies, 5-FU and MeV-SCD
proved to reduce tumor cell mass further than everolimus. This is likely due to the fact that
everolimus only exhibits antiproliferative effects while both 5-FU and MeV-SCD also have cy-
toreductive effects.

How do those results compare with other tumor cell lines screened for their susceptibility
towards oncolytic measles vaccine virus?

For solid tumors, MeV-SCD has been extensively screened with the National Cancer Institute-
60 tumor cell panel (NCI-60), which comprises 60 human cancer cell lines, 54 of them repre-
senting solid tumors. These 54 tumor cell lines have been analyzed in this thesis work with the
same resistance criteria as mentioned above [59].

As a result, 50 % of the screened cell lines of the NCI-60 panel proved to be susceptible to
MeV-SCD according to the chosen criteria, while 39 % showed a partial resistance with 50 —
75 % remaining tumor cell mass at 96 hpi with a MOI of 1 and 11% showed a high grade
resistance with more than 75 % tumor cell mass remaining.

The average remaining tumor cell mass in the susceptible cell lines was 31 %.

Similar results were found in another study in which the susceptibility of 8 sarcoma cell lines
towards MeV-SCD had been evaluated [94]. In this study, 5 of the sarcoma cell lines were
found to be susceptible to MeV-SCD mediated oncolysis, while 3 of the sarcoma cell lines
exhibited primary resistance.

Although the sample size of NEN cell lines is obviously way smaller, 4 out of 5 cell lines being
susceptible with only one partially resistant cell line highlights that NENs are indeed a promis-
ing tumor entity for the treatment with MeV-SCD.

Furthermore, with almost none to 45 % remaining tumor cell mass in the susceptible NEN cell
lines (see 3.1.4), the tumor mass reduction was on average stronger than in the susceptible
tumor cell lines of the NCI-60 panel, further encouraging the research on MeV-SCD used for
the treatment of NENs.

Exploitation of MeV-SCD's suicide gene function can overcome partial resistance

As described above, NEN cells showed high susceptibility towards both 5-FU and MeV-SCD,
making them an interesting target for combining both by the addition of the prodrug 5-FC thus
exploiting the suicide gene function of MeV-SCD.

All tested NEN cell lines showed a further significant tumor cell reduction by the exploitation of
the suicide gene function compared to MeV-SCD monotherapy.

Most importantly, the partially resistant pancreatic cell line QGP-1 now showed only 20 % re-
maining tumor cell masses at a MOI of 1, thereby showcasing that MeV-SCD in combination
with 5-FC can successfully overcome partial resistance phenomena towards MeV-SCD in NEN
cell lines as it has been demonstrated for other resistant tumor cell lines, too [59].
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Moreover, from a clinical point of view, administering chemotherapeutic drugs systemically as
a prodrug, which only have the desired local effect on tumor cells, thereby achieving high local
concentrations and minimizing common side effects displays a lot of potential benefits for the
patient in comparison to systemic chemotherapy.

Everolimus does not impair replication of MeV-SCD in monolayer cell culture

In a next step, the kinetics of replication of MeV-SCD in NEN cells were evaluated using viral
growth curves.

MeV-SCD proved to replicate well in all tested cell lines.

The same experiments were conducted in the presence of everolimus in order to investigate a
potential effect of the antiproliferative and immunosuppressive drug on the replication behavior
of MeV-SCD in NEN cells. It was found that everolimus neither impaired nor enhanced repli-
cation in vitro.

The effect of everolimus on the replication of other viruses tested for the treatment of NENs
has been studied, too.

In these studies, everolimus did not change the replication pattern of the oncolytic vaccinia
virus GLV-1h68 [70] or the oncolytic herpes simplex virus Talimogene Laherparepvec either
[71]. Nevertheless, these experiments were conducted in monolayer cell culture and the plei-
otropic effects of everolimus in vivo e.g. on the immune system in combination with MeV-SCD
have yet to be investigated, especially since there is some evidence that mTOR-inhibitors can
potentially enhance oncolytic virotherapy in vivo [95, 96].

It was shown that the efficacy of a systemically administered oncolytic vaccinia virus for the
treatment of malignant gliomas in vitro and in vivo can be enhanced by combining it with ra-
pamycin, which is a first generation mTOR inhibitor, too. The combination enhanced viral rep-
lication and prolonged survival of the animals bearing tumors compared to those only treated
with virotherapy [95].

The same group proved that combining a recombinant vaccinia virus with rapamycin in two
immunocompetent animal models of glioma resulted in enhanced replication of the virothera-
peutic drug and led to prolonged survival of the mice compared to virotherapeutic monotreat-
ment. Some of the animals were even considered “cured” according to the authors’ chosen
criteria of terminating the experiments after 120 days [96].

Despite the evidence of potential benefits from a combinatorial therapeutic regimen, in our
laboratory combination therapy using different oncolytic viruses and everolimus only was
slightly superior to monotherapy in the treatment of NENs at best. Unlike in the studies men-
tioned above, no enhanced viral replication was observed when combining oncolytic virus with
everolimus in vitro.

However, effects of the combination might be stronger in vivo when everolimus can potentially
suppress an antiviral immune response.

Comparison of different oncolytic viruses for the treatment of NENs

As described in detail in the introduction, several oncolytic viruses have already been tested
for the treatment of NENSs.

Which one seems to be the most promising candidate?
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One of the viruses studied in our lab is the recombinant herpes simplex virus type 1 derived
virotherapeutic vector T-VEC, also known as Talimogene Laherparepvec, the first FDA and
EMA approved oncolytic virus.

Infection of NEN cell lines with T-VEC resulted in a dose-dependent reduction of tumor cell
mass in all tested cell lines [71].

While T-VEC reduced tumor cell masses in all lung NEN cell lines (H727, UMC-11) as well as
in one pNEN cell line (BON1) and one NEC cell line (HROC57) at strikingly low MOls (0.01),
the pNEN cell line QGP-1 required a tenfold higher MOI in order to reach the same tumor cell
mass reduction.

Moreover, with NEC-DUE1, there was one NEC cell line that showed partial resistance towards
T-VEC treatment, with more than 60 % tumor cell mass remaining even at relatively high MOls.
An explanation for this partial resistance might be the slower viral replication kinetics observed
in NEC-DUE1 cells.

The antitumoral impact of T-VEC in vivo could be even stronger since its encoded transgene
GM-CSF could potentially trigger a strong inflammatory antitumoral response in the presence
of immune cells. This effect could not be studied in vitro; however, strong transgene expression
in NEN cells provides an indicator for its use in vivo.

Ultimately, there are several virostatic drugs which can inhibit the replication of herpes viruses,
among them ganciclovir (GCV). It has been shown that GCV can efficiently prevent viral cyto-
toxicity caused by T-VEC, making it a useful tool as a safety compound for virotherapy in com-
parison to other oncolytic viruses such as MeV-SCD or GLV-1h68.

Another virus studied in our lab for the treatment of NENs is the oncolytic vaccinia virus GLV-
1h68. GLV-1h68 was also found to be capable of reducing tumor cell masses in all tested NEN
cell lines in a MOI dependent manner [70].

According to the author’s chosen criteria for resistance, three cell lines (BON1, H727 and
HROC-57) were classified as highly permissive, while three cell lines (UMC-11, NEC-DUE1,
QGP-1) were classified as permissive. No resistant cell line was found.

The OV for NENs that is currently tested in a clinical trial (NCT02749331) is called AdVince
and is a triple modified adenovirus (see introduction).

It has been tested in different cell lines than the other viruses mentioned above, more precisely
primary cells derived from metastatic small intestinal NETs, and required MOIs of 1 to 10 to
achieve sufficient tumor mass reduction in vitro [26].

Taken together, all four viruses discussed have been shown to exhibit profound antitumoral
activity in NEN cell lines in vitro.

Pancreatic QGP-1 cells were less susceptible for all tested viruses; however, sufficient cell
mass reduction could be achieved by either increasing the MOI of the respective virus or ex-
ploiting a suicide gene function (MeV-SCD).

T-VEC required the lowest MOls of all viruses for sufficient tumor cell reduction and bears the
advantage of a possible antiviral drug with GCV if required.

While the NEC cell line NEC-DUE1 showed a partial resistance to T-VEC, it was permissive
towards GLV-1h68 and therefore GLV-1h68 might be the favorable antitumoral agent for
NECs.
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MeV-SCD meanwhile has the advantage of its suicide gene, which can decrease the required
MOI for sufficient tumor cell reduction because of its enhanced killing.

For a clinical perspective, in the times of individualized medicine, a patient’s tumor cells could
be screened for the optimal virotherapeutic drug for his/her tumor. Therefore, a so called “vi-
rogram”, which evaluates the preferential oncolytic virus with extensive in vitro tests for each
patient individually, should be performed in the future analogously to the well-known antibio-
gram helping to find the best suited antibiotic/antimycotic drug for the respective bacteria/fun-
gus.

This seems especially important in NENs because of the broad variance of anatomical origin
and biological behavior.

CX-5461 can successfully induce senescence in NEN cell lines

Another combinatorial approach of MeV-SCD involves senescence-inducing drugs, since it
was shown that measles vaccine virus exhibits enhanced oncolytic effects in therapy-induced
senescent tumor cells [64].

Therefore, it was first investigated whether a known senescence-inducing compound, CX-
5461, can successfully induce senescence in our NEN cell panel.

B-gal assays revealed that CX-5461 can indeed induce senescence in NEN cell lines. Further,
minimal required concentration of CX-5461 in order to achieve inhibition of clonal tumor cell
growth was evaluated.

The required concentration varied from cell line to cell line, nevertheless, inhibition of clonal
tumor cell growth was accomplished in all tested cell lines, showing as a proof of concept that
senescence can be successfully induced in NEN cells.

Enhanced killing of therapy-induced senescent tumor cells by oncolytic measles virus has
been described in the literature [64], however, in this dissertation only minor synergistic effects
were observed for the combination of CX-5461 with MeV-SCD. This might be because CX-
5461 already reduced the cell number in comparison to mock treated cells that strongly espe-
cially in BON1-cells, that there was only very little room left for further reduction by MeV-SCD.
The duration of the pre-treatment with CX-5461 did not alter the results, the effect remained
slightly additive at best.

Limitations

The major limitation of this study is that monolayer cell culture only provides tumor cells in a
two-dimensional model, lacking the tumor microenvironment as well as the host’s immune cells
which play a crucial role in the second step of antitumoral response caused by the activation
of the immune system by the oncolytic release of both viral and tumoral antigens. Since this
effect is thought to be even more important than direct oncolysis caused by the virus itself,
experiments in vivo should be the next step.

Furthermore, the possible interactions of everolimus, which has pleiotropic effects on various
cells, and among other influences the immune system, thereby potentially influencing the in-
fectability of tumor cells on the one hand and altering the systemic immune response to the
presentation of viral and tumor antigens in a highly inflammatory environment on the other
hand, require further investigation in vivo.

Therefore, further research employing three-dimensional tumor models such as organoids or
in vivo animal models is needed.
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Conclusions and prospects

This thesis aimed to evaluate whether MeV can be used as a virotherapeutic drug for the
treatment of NENs. Furthermore, potential combinatorial settings with everolimus and CX-5461
were to be evaluated.

MeV has been shown to be able to (i) infect, (ii) replicate in and finally (iii) oncolyse various
NET and one NEC cell line from different anatomic sites in an in vitro model and therefore
holds an immense potential for patients suffering from NENSs.

Moreover, the exploitation of MeV-SCD’s suicide gene function by the addition of the prodrug
5-FC was shown to further enhance the oncolytic efficiency and even overcome partial re-
sistance towards MeV-SCD monotherapy.

Combining MeV-SCD application with everolimus did not impair the replication of MeV-SCD.

As another result, the use of senescence inducing drugs such as CX-5461 before treatment
with oncolytic measles vaccine virus might enhance the oncolytic effect to a greater extent.

In order to further investigate the use of MeV-SCD in the treatment of NEN, in vivo experiments
in for example murine models are needed now that it proved to be a potential treatment option
in vitro. Comparing the efficiency of MeV-SCD with other oncolytic viruses used in our labora-
tory for the treatment of NENs such as vaccinia vaccine virus and herpes simplex virus type 1
in a NEN organoid or murine model and thus determining the best suited candidate for further
evaluation will be the next step.

Furthermore, optimizing MeV-SCD’s use with the best suited combinatorial drug might even-
tually lead to new clinical treatment options for patients suffering from NENs.
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5. Summary / Zusammenfassung

5.1 Summary

Neuroendocrine neoplasms (NENs) comprise a heterogenous group of various malignancies
and metastatic disease remains a challenge to treat, leading to a poor prognosis in advanced
disease. Therefore, new therapeutic options are desperately needed.

Oncolytic viruses are emerging as a new class of anticancer agents, which are successfully
used in the treatment of various malignancies, amongst others for NENs.

Measles vaccine virus (MeV) has a natural tropism towards tumor cells and has demonstrated
strong tumoricidal effects on various tumors.

Its efficiency can be further enhanced by the insertion of transgenes.

In this thesis, a state-of-the-art suicide-gene (SCD) armed oncolytic measles vaccine virus
(MeV-SCD) was tested in five well characterized NEN cell lines of different anatomic origin.

First, it was shown that all tested NEN cell lines express the CD46-receptor which is necessary
for cell entry of measles vaccine virus.

Next, it was proved that measles vaccine virus can successfully infect NEN cell lines by exam-
ining primary infection rates by flow cytometry and fluorescence microscopy.

Western blot analysis of measles vaccine virus N protein as well as SCD protein expression
revealed effective replication of the virus and expression of its transgene in vitro.

The kinetics of measles vaccine virus replication within NEN tumor cells was further analyzed
by viral growth curves.

Finally, by measuring cell viability via SRB assay, MeV was shown to be able to successfully
oncolyse the NEN cell lines in a MOI-dependent manner.

This oncolytic virus based tumoricidal effect could be further enhanced by the addition of the
prodrug 5-FC, which is enzymatically converted into the common chemotherapeutic drug 5-
FU within infected tumor cells only, thereby sparing healthy tissue and reducing potential side
effects, thus exploiting MeV-SCD’s suicide-gene. Since 5-FU is used in clinical practice for
NENs and showed high dose-dependent efficiency as a monotherapy in this thesis as well,
applying it locally via virotherapy might be a huge benefit for patients suffering from NENs.

Additionally, combinatorial regimens using the mTOR-inhibitor everolimus and the senes-
cence-inducing compound CX-5461 were employed.

In summary, this thesis showed that MeV-SCD can successfully (i) infect, (ii) replicate in and
(iii) finally oncolyse tumor cells of neuroendocrine origin in a MOl dependent manner, making
it a promising treatment option for NEN patients in the future.

However, further preclinical and clinical experiments are needed in order to evaluate its effi-
ciency in vivo and to optimize potential combinatorial therapeutic regimens.
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5.2 Zusammenfassung

Neuroendokrine Neoplasien (NEN) bestehen aus einer heterogenen Gruppe verschiedener
bdsartiger Tumore, bei denen die Behandlung metastasierter Formen nach wie vor eine grolde
Herausforderung darstellt, was zur schlechten Prognose bei fortgeschrittener Erkrankung
fuhrt.

Deshalb werden neue Behandlungsmethoden dringend bendtigt.

Onkolytische Viren sind eine neue Behandlungsmodalitat im Spektrum der onkologischen Be-
handlungsansatze, die bereits erfolgreich in der Therapie verschiedener Tumore benutzt wer-
den, darunter NEN.

Das Masern-Impfvirus besitzt einen natirlichen Tropismus fir Tumorzellen und seine onkoly-
tische Wirkung wurde bereits bei einer Vielzahl von Tumoren demonstriert. Dabei kann die
Effizienz der Onkolyse durch das Einfligen von Fremdgenen in das Masern-Impfvirus deutlich
gesteigert werden.

In dieser Doktorarbeit wurde ein mit einem sogenannten ,Suizidgen“ ausgestattetes Masern-
Impfvirus an finf bekannten und gut erforschten Zelllinien neuroendokrinen Ursprungs aus
verschiedenen anatomischen Regionen getestet.

Zunachst konnte gezeigt werden, dass alle getesteten NEN-Zelllinien den CD46-Rezeptor ex-
primieren, welcher fir den Zelleintritt des Masern-Impfvirus bendtigt wird.

Als nachstes wurde mittels Fluoreszenzmikroskopie und Durchflusszytometrie gezeigt, dass
Masern-Impfviren NEN-Zelllinien erfolgreich infizieren kdnnen.

Mittels Western Blot konnte in den infizierten Zelllinien sowohl das Masern-Impfvirus N-Protein
als auch das SCD-Protein, ein Fusionsprotein aus Cytosindesaminase und Phosphoribosyl-
transferase, nachgewiesen werden, sodass auch auf der Proteinebene die erfolgreiche Repli-
kation des Masern-Impfvirus nachgewiesen werden konnte.

Die genaue Kinetik der Virusreplikation wurde mit Wachstumskurven detailliert analysiert.

Schlussendlich konnte mittels eines bekannten Viabilitdtsassays, dem sogenannten SRB-As-
say, gezeigt werden, dass Masern-Impfviren NEN-Zelllinien in einer dosisabhangigen Weise
lysieren kdnnen.

Dieser durch das onkolytische Masernvirus ausgeloste Effekt konnte durch die Ausnutzung
des auf dem Vektor MeV-SCD integrierten SCD Suizidgenes verstarkt werden. Durch die Zu-
gabe der Prodrug 5-FC, das nur in infizierten Tumorzellen enzymatisch in das bekannte
Chemotherapeutikum 5-FU umgewandelt wird, kdnnen systemische unerwiinschte Arzneimit-
telwirkungen reduziert werden.

Dadurch dass 5-FU in der Klinik routinemafig bei NEN-Patienten eingesetzt wird und auch als
Monotherapie in dieser Doktorarbeit starke dosisabhangige Effekte auf NEN-Zelllinien hatte,
koénnte diese Art der Applikation in Kombination mit dem zusatzlichen onkolytischen Effekt
durch Masern-Impfviren einen groRen Vorteil fir NEN-Patienten in der Zukunft haben.

Daruber hinaus wurden mdgliche Kombinationstherapien mit dem mTOR-Inhibitor Everolimus
sowie der Seneszenz-induzierenden Verbindung CX-5461 erforscht.

Zusammenfassend konnte in dieser Doktorarbeit gezeigt werden, dass Masern-Impfviren Tu-
morzellen neuroendokrinen Ursprungs (i) erfolgreich infizieren, (ii) in ihnen replizieren und sie
letztendlich in einer dosisabhangigen Weise (iii) lysieren kénnen, was sie in der Zukunft zu
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einer vielversprechenden potenziellen Therapieoption fir Patienten mit neuroendokrinen Ne-
oplasien macht.

Nichtsdestotrotz werden weitere praklinische und klinische Experimente bendtigt, um die Effi-
zienz in vivo zu demonstrieren und Kombinationsstrategien mit anderen Medikamenten zu op-
timieren.
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5-FC: 5-fluorocytosine

5-FU: 5-fluorouracil

5-FUMP: 5-fluorouridine monophosphate
5-FAdUMP: 5-fluorodeoxyuridine monophosphate
5-FUTP: 5-fluorouridine triphosphate
5-FBAL: 5-fluoro-B-alanine

BF-FLT: "8F-fluorothymidine

ADV: Adenovirus
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ATCC: American Type Culture Collection
ATRX: ATRX Chromatin Remodeler

CD: Cluster of differentiation

CEA: Carcinoembryonic antigen

CgA: Chromogranin A

DMEM: Dulbecco’s modified eagle’s medium
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DNA: Deoxyribonucleic acid

DPD: Dihydropyrimidine dehydrogenase
Dpt: Days post treatment

dTTP: Deoxythymidine triphosphate

E1A: Adenovirus early region 1 A
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Elisa: Enzyme-linked immunosorbent assay
EMA: European Medicines Agency
EGFRuvIII: Epidermal growth factor receptor variant three
FCS: Fetal calf serum

FDA: Food and Drug Administration

Fig.: Figure

GCV: Ganciclovir
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GEP-NET: Gastroenteropancreatic neuroendocrine tumor
GFP: Green fluorescent protein

Gl-tract: Gastrointestinal tract

GM-CSF: Granulocyte-macrophage colony-stimulating factor
gNET: Gastric neuroendocrine tumor

h: Hours

HP-NAP: Helicobacter pylori neutrophil-activating protein
hpi: Hours post infection

hpt: Hours post treatment

HSV-1: Herpes simplex virus type 1

i.v.: Intravenous

IFN: Interferon

IL: Interleukin

ITGB1: Integrin 1

JAK: Janus-associated kinase

JCRB: Japanese Collection of Research Bioresources Cell Bank
Ki-67: Kiel Protein 67

MEN1: Menin 1

MeV: Measles virus

MeV-SCD: Suicide gene-armed oncolytic measles vaccine virus
MFI: Mean fluorescence index

mLST8: Mammalian lethal with SEC13 protein 8

MOI: Multiplicity of infection

MTC: Medullary thyroid carcinoma

mTOR: Mechanistic target of rapamycin

mTORC 1/2: Mechanistic target of rapamycin complex 1/2
NCI: National Cancer Institute

NCT: National clinical trial

NEC: Neuroendocrine carcinoma

NEN: Neuroendocrine neoplasia

NET: Neuroendocrine tumor

NIS: Human thyroidal iodide symporter

61



NRSE: Neuron-restrictive silencer gene

OV: Oncolytic virus

Parag: Paraganglioma

PBS: Phosphate buffered saline

PE: Phycoerythrin

PET-CT: Positron emission tomography-computed tomography
PFU: Plaque forming units

Pheo: Pheochromocytoma

PI3K: Phosphatidylinositol-3-kinase

PIP2: Phosphatidylinositol-4,5-bisphosphate

PIP3: Phosphatidylinositol-3,4,5-trisphosphate

pNET: Pancreatic neuroendocrine tumor

PRAS 40: Proline-rich Akt substrate of 40 kDa

PTD: Protein transduction domain

PTEN: Phosphatase and tensin homolog

PVDF: Polyvinylidene difluoride

RB1: Retinoblastoma transcriptional corepressor 1

Rheb: Ras homolog enriched in brain

RNA: Ribonucleic acid

RPM: Revolutions per minute

RPMI: Cell culture medium developed at the Roswell Park Memorial Institute
RT: Room temperature

SA: Senescence-associated

SCLC: Small cell lung cancer

SCD: Super Cytosine Deaminase

SD: Standard deviation

SDS-PAGE: Sodium-dodecylsulfate polyacrylamide gel electrophoresis
SLAMF1: Signaling lymphocyte activation molecule family member 1
siNET: Small intestinal neuroendocrine tumor

SRB: Sulforhodamine B

SSA: Somatostatin analogue

SSPE: Subacute sclerosing panencephalitis
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SVV-001: Seneca Valley Virus 1

SFV: Semliki forest virus

Syn: Synaptophysin

TCA: Trichloroacetic acid

TCIDso: Tissue culture infectious dose 50
TEMED: Tetramethylethylendiamine

TNF: Tumor necrosis factor

TP53: Tumor protein 53

TP53wt: Tumor protein 53 wildtype

TRIS: Tris(hydroxymethyl)-amino-methane
TS: Thymidylate synthase

TSC1/2: Tuberous sclerosis proteins 1 and 2
T-VEC: Talimogene Laherparepvec

UPRT: Yeast uracil phosphoribosyl-transferase
USA: United States of America

VACV: Vaccina virus

VSV: Vesicular Stomatitis Virus

WHO: World health organization
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