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1 Introduction

1.1 Colorectal Carcinoma (CRC): a major tumor burden world-
wide

Medical care has improved dramatically in recent decades. Diseases that would
have meant a death sentence in the past can now be treated sufficiently. This is
explicitly the case for cancer research, which has seen major breakthroughs in
the last years and thus contributed to a significant increase in average life expec-
tancy, most drastically in the western world.! But despite the success of modern
therapy strategies, cancer is still a leading cause of death worldwide,? with colo-
rectal carcinoma (CRC) being one of the most common cancer types.3 In most
cases, CRC is diagnosed very late, limiting therapy to a palliative approach. From
this it becomes evident that an efficient therapy, especially in advanced stages,
is desperately needed and although cancer research has come very far, there is

still a very long way to go.

1.1.1 Definition of CRC
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Figure 1: Graphic of the distribution of the localization of colorectal carcinomas, data is shown in percentage.
Picture was created based on a graphic from ONKODIN.



Colorectal Carcinoma (CRC) is a malignant tumor of the epithelium from the large
intestine which infiltrates locally and can potentially metastasize. It includes tu-
mors of the colon (part of the intestine aboral of the ileocolic valve) and the rec-
tum. The line between colon and rectum is defined differently and is measured
by a rigid rectoscope to reliably determine the distance from the anocutaneous
line (ACL)*: according to the International Documentation System (IDS), a rectum
carcinoma is a tumor which is located less than 16 cm (< 16 cm) from the ACL.**°
Union international contre le cancer (UICC) further divides rectum carcinomas in
tumors of the upper third (12-16 cm from the Linea anocutanea), the middle third

(6-12 cm) and the lower third of the rectum (< 6 cm).*¢

In contrast to that, in the USA the differentiation between colon and rectal carci-
nomas is at 12 cm above the ACL, as recurrences tend to occur more often in
tumors located under 12 cm from the Linea anocutanea, which has conse-
quences for therapy planning.*” Furthermore, colon carcinomas also show differ-
ent locations within the colon: caecum, ascending colon, hepatic flexure, trans-
verse colon, splenic flexure, descending colon and sigmoid colon (see Figure 1).6
This has not only implications for surgical intervention but also pharmaceutical

therapy approaches including therapy responses.



1.1.2 Epidemiology

Incidence Mortality
Other Cancer Other Cancer
3% Female Breast 3% m Lung
3% 3% 3% m Lung Colorectum
5% Colorectum Liver
6%\ 37% Prostate m Stomach
7% m Stomach Female Breast
10% Liver m Esophagus
12% m Esophagus Pancreas
Cervix uteri Prostate
Thyroid Cervix uteri
Bladder Leukemia

Figure 2: Incidence and mortality rates of different cancer entities of both sexes worldwide. Incidence rates
are based on 19.3 million new cases per year worldwide. Mortality rates are based on 9.9 million deaths per
year worldwide. Other cancers include nonmelanoma skin cancer. Source: Globocan 2020

CRCs represent one of the most frequent tumor entities worldwide. It is the third
most common tumor in men and the second most common tumor in women.8
With 1.9 million new cases and over 900.000 deaths worldwide in 2020, CRC
ranks third in terms of incidence and second in terms of mortality.® In Germany,
CRC even represents one in eight cancer cases, with over 60.000 new cases and
over 24.000 deaths in 2018.° This higher incidence in Germany is in line with the
higher occurrence of CRC in countries with a high development index (HDI)."%"
CRC is a tumor entity which mostly appears in older patients: average age of
onset is 75 in women and 72 in men, with only 10% of CRC cases appearing
before the age of 55.° In Germany, incidence rates have been decreasing over
the last twenty years: age-standardized incidence rate in men by 2 %, in women
by 2.2 %."?> Nonetheless, the number of new cases stays relatively constant, as
the population grows older and CRC occurs more often in older patients. 5-year
survival rates are in the middle range of tumor diseases with 54% of men and
59% of women living after five years.'? This data shows, that CRC represents a
major tumor burden, not only worldwide but especially in developed countries
with ever growing older population structures and thus even higher numbers of

new cases in the future.'®



1.1.3 Pathogenesis and risk factors of CRC

The pathogenesis of CRC encompasses very heterogenous pathways and com-
plex interactions. It is mainly driven by a progressive accumulation of genetic and
epigenetic alterations, which was firstly described as the adenoma-carcinoma se-
quence by Fearon and Vogelstein in 1990. The so called “Vogelgram” is still a
widely used model to describe the transformation of normal colon epithelium to
adenomatous polyps and finally carcinomas in sporadic CRCs.'* This sequence
is defined by multiple steps, in which every histological alteration is caused by
some kind of molecular dysregulation that subsequently leads to an accumulation
of mutations in tumor suppressor and oncogenes.'*'5 Since then, this model was
superseded by pathway models, that are characterized by specific precursor le-
sions and distinct molecular dysregulations, namely the conventional/ traditional
(which derived from the “Vogelgram”) and the serrated pathway.'® Pancione et
al. also describe a third, the alternative pathway, which is yet to be further char-
acterized and much more heterogenous than the other ones.'® These develop-
mental pathways have different molecular features characterized by three major
groups of alterations: chromosomal instability (CIN), microsatellite instability
(MSI) and the CpG-island methylation phenotype (CIMP). Different multistep as-
sociations of these alterations lead to the above mentioned three distinct devel-
opmental pathways.!” With the exception of the alternative pathway, both the
conventional and the serrated pathway have relatively distinct molecular charac-
teristics which rarely overlap.'® In most cases (70-80%) CRCs occur sporadically,
emerging from somatic mutations in specific genes. In 5 % of the cases, CRC
can occur in patients with highly penetrant germ-line mutations that cause well-
defined hereditary diseases such as Hereditary Non-Polyposis Colorectal Carci-
noma (HNPCC) or Familial Adenomatous Polyposis (FAP). The rest of CRC
cases (20%) have a family history of CRC but without any obvious cancer syn-
dromes attributed to. Additionally, environmental factors, gut microbiome, chronic
inflammatory bowel diseases and lifestyle factors have an impact on CRC path-

ogenesis as well."®



1.1.3.1  Molecular alterations and tumor progression
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Figure 3: Molecular alterations and genetic mutations occurring during tumorigenesis in CRC. lllustration of
traditional, alternative, and serrated pathway. APC = Adenomatous polyposis coli, BRAF = proto-oncogene
B-Raf, CIMP = CpG-island methylator phenotype, CIN = Chromosomal instability, KRAS = Kirsten rat sar-
coma virus, LOH = Loss of heterozygosity, MSI = Microsatellite instability, MSS = Microsatellite stable, TME
= tumor microenvironment, WNT = Whnt signaling pathway. Graphic was created using a graphic from Pan-
cione et al’®.

As mentioned before, there are three developmental pathways which are associ-
ated with at least three major groups of molecular alterations. These alterations
can cause normal colon or rectal epithelium to progress to adenomatous polyps
and finally carcinoma.'® CRCs can present one particular kind of molecular alter-
ation but can also have features from several different ones. These alterations

can both occur in CRCs with a sporadic or hereditary background.?0-23

The most frequent molecular alteration is chromosomal instability (CIN): 70-80%
of CRC cases arise from this transmutation.’® It is characterized by chromosomal
aberrations such as aneuploidy, chromosomal rearrangements and a loss of het-
erozygosity (LOH) at gene loci for tumor suppressor genes.?' CIN is typically pre-
sent in CRCs deriving from the conventional pathway but can also be found in
the alternative pathway. Frequently, mutation of the Adenomatous polyposis coli
(APC) gene represents the initiating event: normal colon epithelium transforms to
an early adenoma by inactivation of APC. This mutation occurs in 80% of spo-
radic CRC cases and is also responsible for Familial Adenomatous Polyposis
(FAP) when mutated in germ line.?*



Important for immunogenicity and thus therapy approaches is microsatellite-in-
stability (MSI): MSl is associated with genetic hypermutability and represents an-
other molecular alteration through which tumorigenesis in colon epithelium oc-
curs. Microsatellites, also called short tandem repeats or simple sequence re-
peats, are short, non-coding DNA-sequences which are spread throughout the
human genome. They are highly repetitive and subsequently very prone to tran-
scription errors. In this case, a mismatch repair system (MMR) ensures that these
errors are detected and repaired. MMR is composed of different proteins, which
act as heterodimers (namely MSH2, MSH3, MSH6, MLH1 and PMS2).25 If this
MMR-system is deficient (dAMMR) due to mutations in genes that code for these
proteins, MSI occurs.?® This faulty MMR system can either cause point or even
frame-shift mutations causing a downstream nonsense mutation, which leads to
the production of a non-functional protein, usually a tumor suppressor protein.?’
Tumors are further subclassified into high (MSI-H), low (MSI-L) and stable (MSS),
depending on the number of mutated microsatellites.?® MSI occurs in 15% of alll
CRCs, 12% of these are sporadic and are caused by hypermethylation of the
promoter of the MLH1 gene. The other 3% are associated with Lynch syndrome,
which is caused by a germline mutation in one of the four key MMR genes: MLH1,
MSH2, MSH6 or PMS2.2°



1.1.3.2 The tumor microenvironment as an important factor for progno-

sis
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Figure 4: Depiction of the tumor microenvironment (TME) consisting of tumor cells surrounded by immune
infiltrative cells and cancer associated fibroblasts (CAFs), nourished by a vascular network consisting of
blood vessels and lymphatic vessels. The graphic was created using a graphic from Schmitt, M. & Greten,
F.R.7%.

A crucial component of TME are immune cells: as cancer cells express neoanti-
gens on their surface membrane as a consequence of their mutational load, they
can be recognized by T-lymphocytes.3° This makes clear, why especially tumor
infiltrating immune cells have a major impact on prognosis: presence of Th1-cells,
cytotoxic T-cells and memory T-cells correlate with a positive prognosis com-
pared to immunologically “cold” tumors, which merely show an infiltration of these
cells. This goes as far as immunogenic features of the tumor, defined by an “Im-
munoscore” is more important for the evaluation of prognosis than the
AJCC/UICC TNM classification. %3

Another cell type which contributes significantly to TME composition and thus
tumor prognosis are CAFs.3? In contrast to normal fibroblasts, which help to pro-
duce components of the ECM, CAFs secrete growth factors (e.g. Vascular Endo-
thelial Growth Factor, VEGF),® hence supporting vascularization and thus tumor

growth.3+3% Additionally, CAFs also contribute to drug resistance in cancer cells.®*



The third major cell type encompassing the TME are endothelial cells, which
branch out from pre-existing vessels or derive from endothelial progenitor cells.36

They support tumor growth and development through nutrition provision.3”

Furthermore, some studies implicate, that nerve cells also have an impact on the
development of neoplasia®®°, e.g. via mechanical aspects (nerve fibers as a
guidance for tumor growth) or excretion of neurotransmitters influencing local
vascularization and cell migration.384142 |n the case of intestinal cells, there are
numerous studies which suggest participation of nerve cells in the regulation of

the stem cell niche.39:42-44

All these aspects of the TME composition and its implications on tumorigenesis
highlight the importance of a more integrated approach in cancer treatment de-

velopment.

1.1.4 Current therapy standards

The therapy of CRCs is highly dependent on the localization and the stadium of
the tumor. Precursor lesions and localized tumors which haven’t crossed the bor-
der of the mucosa yet can be removed by endoscopic resection.*> This is often
the case during a screening checkup, which is recommended (in Germany) every

nine years for men starting at the age of 50 and for women at the age of 55.4

Unfortunately, in most cases CRCs are more advanced and surgery is first in line
regarding therapy options. Especially differentiation of colon and rectum tumors
is essential for determination of the resection line and selection of the surgical
method.* After surgery, adjuvant chemotherapy is recommended for patients with
advanced colon tumors which have a microsatellite stable (MSS) genetic profile
(as adjuvant chemotherapy in MSI-H CRCs seems to present a disadvantage in
overall survival).*® This therapy approach is also performed in rectum carcinomas
of the upper third. In contrast to that, CRCs of the middle and lower third of the

rectum receive neoadjuvant radiochemotherapy.4’

5-Fluorouracil (5-FU), a fluoropyrimidine, presents the basis of adjuvant chemo-
therapy in CRCs. 5-FU can be given as monotherapy in patients with UICC sta-

dium Il and which have certain risk factors, but is not a general recommendation.



In UICC stadium lll, patients receive combination regimens including 5-FU, Ox-
aliplatin (platin derivate), Leucovorin (folinic acid), Capecitabine (prodrug which
is metabolized to 5-FU) and/or the topoisomerase | inhibitor Irinotecan.* Patients
with a metastatic disease also receive monoclonal antibodies, either epidermal
growth factor receptor (EGFR) or vascular endothelial growth factor (VEGF) an-

tibodies, dependent on their mutational status.*

1.1.41 Molecular diagnostics are essential for first-line therapy

Molecular features of CRCs play an important role in deciding which treatment
modality is appropriate for each individual patient, especially in patients with met-
astatic disease. For this purpose, all patients which are planned to receive a sys-
temic therapy receive molecular testing for mutations in ras genes (e.g., KRAS

and NRAS), BRAF-gene and status of microsatellite stability.*

First, KRAS is tested: patients with a mutation in this gene do not profit from a
combination of chemotherapy with anti-EGFR-inhibitors (e.g. Cetuximab) com-
pared to patients with wildtype KRAS tumors which showed a significant improve-

ment in progression-free and overall survival.*

Interestingly, a KRAS and BRAF mutation almost never occur simultaneously, so
a BRAF mutation is only tested if a KRAS wildtype has been found.*® Mutation of
the BRAF V600 gene comes with a bad prognosis.®® Hence, if this mutation is

detected, an earlier and more aggressive systemic therapy approach is chosen.

11.4.2 Immunotherapy as a new therapeutic approach in patients with
CRC

Especially in patients with a metastatic disease, new therapy approaches are in
dire need. Immunotherapy, which has become one of the major pillars in cancer
therapy in recent years, could present a promising approach. Over the past dec-
ades, the importance of immunological factors for tumorigenesis, tumor progres-

sion and consequently prognosis have finally found acknowledgement.



Scientists have discovered cancer cells which have acquired different modalities
to evade immune recognition and hence eradication, such as upregulation of im-
munosuppressive pathways, faulty antigen presentation and recruitment of im-

munosuppressive cells.

To overcome these evasion mechanisms different therapy approaches have
been developed: cytokine therapies, adoptive cell transfer, cancer vaccination,

immune checkpoint inhibition and oncolytic virotherapy as well.

Immunotherapy is not yet part of guideline therapy in Germany, but two immune
checkpoint inhibitors, namely programmed cell death 1 (PD-1) blocking antibod-
ies nivolumab and pembrolizumab have been granted accelerated FDA approval
for metastatic MSI-H CRCs in 2017.5"

1.2 Oncolytic virotherapy as a novel approach to treat immu-

nological “cold” tumors

Oncolytic virotherapy utilizes both naturally occurring and genetically altered vi-
ruses, which selectively replicate in and lyse cancer cells without destroying nor-
mal cells in the process.5? As a part of immunotherapy, this principle of action is
also used to activate the host immune system and consequently lead to an im-
mune response which further destroys cancer cells. To this date, only one onco-
lytic viral agent has been approved both by FDA and EMA for clinical use: T-VEC
(Talimogene laherparepvec, Imlygic®) is a recombinant herpes simplex virus and
is currently used for the therapy of high-grade non-operable melanoma®3. There
is a Phase-Il study which suggests that T-VEC also represents a promising ap-
proach in neoadjuvant therapy of melanomas, with a significant increase of two
year relapse-free survival.>* Another oncolytic virus, which was approved by FDA
for the treatment of BCG-refractory non-muscular invasive bladder cancer in situ
is Nadofaragene Firadenovec (Adstiladrin®), a non replicable Adeonvirus.%®

As there is still a lack of effective therapies, especially for advanced cancers,

virotherapy represents a promising approach.
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1.2.1 History of virotherapy

Viral agents were used as cancer therapy even before scientific research has
grasped a representative concept of their viral nature.® The first treatment trials
with viruses as a therapy option for cancer were conducted as early as the end

of the 19" century.%’

Using this biological treatment method can be ascribed to the observation that
cancer patients who contracted viral infections occasionally went into clinical re-
mission. These case reports could predominantly be led back to patients with
hematological malignancies, which showed a significant immunosuppression in
the first place. One of the earliest case reports was described by Dock in 1896:
after a presumed influenza infection (influenza was not even determined as a
viral infection yet), a 42-year-old woman with “myelogenous leukemia” went into
remission. She showed a significant reduction in leukocyte platelet count and

diminution of liver and spleen size to a nearly normal extent.>’

At the beginning of the 20" century, trials with viruses as cancer treatment only

occurred sporadically.58-60

This changed half a century later in the 1950s and 1960s with the first clinical
trials to thoroughly investigate oncolytic viruses. These experiments were con-
ducted under questionable ethical circumstances as infectious bodily fluids or tis-

sues from infected patients were administered to cancer patients.?'-62

The first viruses which were used in these early significant trials included Hepa-
titis B virus®', Egypt 101 virus®3, adenoidal-pharyngeal-conjunctival virus® and
Mumps virus®. After the initial euphoria concerning virotherapy, disillusionment
followed, probably also because of the regulatory barriers which scientists have
faced by using non-attenuated viral agents for anti-cancer therapy. However, re-
searchers held on to the prospect of virotherapy as a promising treatment option
and consequently focused on reducing the pathogenic potential of oncolytic vi-

ruses.56

In a first attempt to circumvent pathogenicity in humans, animal viruses were

used, hoping to retain oncolytic potential by avoiding rapid elimination of the virus

11



and simultaneously control virulence. Although some animal viruses showed sig-
nificant regressions and increased survival in rodent models (e.g. the “M-P” virus,
a strain of lymphocytic choriomeningitis virus), these virotherapeutics failed to

present the same effects in humans.®

Consequently, the era of manipulating oncolytic viruses by adaptation, and ulti-
mately genetic engineering, began. Before viruses could be genetically altered,
scientists used other methods to change their properties: to enhance oncolytic
potency of viruses, Moore utilized successive passaging. This led to a “natural

selection” of properties which were useful for infection of respective tumor.5®

However, genetic engineering in oncolytic viruses (as we know it today) only be-
gan approximately 30 years ago. In 1991, Martuza et al. employed a thymidine-
kinase deficient herpes simplex virus in glioma cells. He hypothesized that these
mutant viruses, which selectively replicate in dividing cells, would only lyse glioma
cells.®” This was the start of engineering tumor-specific viral agents for oncolytic

virotherapy as we know it today.

1.2.2 Principles of oncolytic virotherapy

As mentioned before, an oncolytic virus selectively infects, replicates in and kills
cancer cells.%8 This is achieved by characteristics of the virus itself, both naturally
given and genetically manufactured, as well as immune responses triggered by
consequent lysis of cancer cells. These mechanisms as well as genetic altera-
tions, specifically the introduction of suicide gene therapy enhancing lysis in the

first place, are further explained below.
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1.2.2.1 Mechanisms of oncolytic virus mediated tumor cell death
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Figure 5: Main principles of oncolytic viruses. (A) Selectivity of oncolytic viruses for malignant cells, (B)
manipulation of tumor microenvironment by oncolytic viruses, (C) attraction of immune cells through release
of tumor-associated antigens. Graphic was created by using .

The main principles of oncolytic virotherapy are shown above: oncolytic viruses
(OVs) selectively infect and replicate in tumor cells (A), OVs influence the tumor
microenvironment, including vasculature, CAFs and immune cells (B) and the
following tumor lysis leads to release of tumor-associated antigens which attract

immune cells (C).%°

Tumor cells harbor many genetic and epigenetic mutations that help them to
evade the immune system, circumvent apoptosis and lead to uncontrolled cell
proliferation. As helpful these characteristics may be for exponential cell growth,
they are dramatically inconvenient in the face of a viral infection.”® On the one
hand, mutations in tumor cells lead to the expression of features which enhance
tumor tropism in oncolytic viruses: overexpression of entry receptors, abnormal
antiviral mechanisms such as downregulation of antiviral signaling as well as
downregulation of antiproliferative signaling.t®"! On the other hand, mechanisms
which lead to apoptosis and hence limitation of viral spreading in normal cells are
faulty in tumor cells and consequently present an advantage in replication for

oncolytic viruses. In contrast to normal tissue, tumor cells represent an ideal host
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cell for viruses to maximally exploit cellular resources for the synthesis and as-

sembly of new viral particles.”?

Next to the direct lysis of tumor cells, OVs also influence the TME, which is crucial
in the genesis, maintenance and therapy response of tumors, as explained
above.”® Based on immune phenotypes, in other words presence of distinct im-
mune cells, TMEs can be roughly categorized into two groups: immune-inflamed
and non-inflamed tumors.” Inflamed tumors present a variety of immune cells in
proximity to the tumor, including CD4- and CDs-expressing T-cells, myeloid cells
and monocytic cells.”#"8 Additionally, proinflammatory cytokines such as IFN-y
as well as genomic instability can be found in these tumors as well.”*7” Non-
inflamed tumors on the other hand express immunosuppressive cytokines and
exhibit cell types associated with immunosuppression and a low mutational bur-
den.” These tumors either present inflammation associated cells located in the
tumoral stroma but not the tumor itself,”4787° or a very low number or rather no
immune cells at all, neither in the tumor itself nor the surrounding stroma.” This
lack of immune response which is vital not only for the control of the tumor by the
host himself but also for immunotherapy presents a big hurdle to overcome for
an efficient immunotherapy. Here, OVs come into play: by lysing cancer cells and
consequently releasing tumor antigens as well as danger signals to the TME,
they could activate local immunogenic cells and create an inflammatory environ-

ment, thus turning an immunological “cold” tumor “hot”.

Finally, OVs have a systemic effect on tumor immunity as well and can function
as an “in situ vaccine” specifically targeted at the tumor.5%:8° Cancer cell oncolysis
induced by OVs leads to a release of tumor-specific antigens and allows dendritic
cells (DCs) to cross-prime a CDg-response which is tumor specific. This mecha-
nism can also further enhance a possible immune checkpoint-inhibition and may

play a vital role in complementing immunotherapy for cancer in the future.?'
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1.2.2.2 Enhancing oncolytic efficacy by genetically introducing a sui-

cide gene

As mentioned above, to enhance selectivity and boost virulence in malignant
cells, scientists began to genetically modify OVs. One way of doing so was the
introduction of suicide gene therapy (SGT), which was firstly discovered in 1986
by Moolten: he exposed neoplastic BALB/c-murine cells bearing the herpes sim-
plex thymidine kinase gene to the thymidine kinase specific substrate 9-([2-hy-
droxy-1-(hydroxymethyl)-ethoxy]methyl)guanine, which led to the ablation of
clonogenic potential and consequently regression of tumors in BALB/c bearing
mice.®28 This finding demonstrates the concept of SGT: a malignant cell is in-
fected with a (genetically modified) OV which bears the gene for an enzyme. This
enzyme is expressed by the infected cell and can now convert an administered,
harmless pro-drug into the effective chemotherapeutic. Ideally, thanks to the se-
lectivity of OVs to cancer cells, this only happens in malignant cells and normal

cells are spared of the toxic metabolite.

In this thesis we used measles virus (MeV-SCD) as well as vaccinia virus (GLV-
1h94) equipped with a suicide gene. In GLV-1h94 and MeV-SCD, the suicide
gene FCU-1 was used, which is a fusion gene derived from the phosphoribosyl-
transferase gene FUR1 and the Saccharomyces cerevisiae cytosine deaminase
gene FCY1.8485 |t encodes for the enzyme super cytosine deaminase (SCD),
which can deaminate the non-toxic pro-drug 5-fluorocytosine (5-FC) to the toxic
antimetabolite 5-fluorouracil (5-FU) and facilitate further conversion into 5-fluoro-
uridine monophosphate (5-FUMP).8286 Cellular enzymes further phosphorylate
the metabolite to an active triphosphate compound, which interferes with DNA
repair and inhibits RNA and DNA-synthesis, consequently leading to cell

death 8284
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Figure 6: Conversion of 5-fluorocytosine to the toxic metabolite 5-fluorouracil by cytosine deaminase
cloned from E. coli. The chemical structures were adapted from PubChem.
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1.2.3 Characteristics of viral agents used in this thesis

1.2.3.1 Measles Virus
1.2.3.1.1 Properties of wild type Measles virus

Measles virus (MeV) belongs to the family of Paramyxoviridae, genus Morbilli-
virus and is a negative-sensed, non-segmented RNA virus. Its genome encodes
for six structural and two non-structural proteins and is approximately 16kb long.8”
There are two transmembrane glycoproteins on the surface of the virus: hemag-
glutinin (H) and the fusion protein (F), which are both responsible for fusion with
a host cell. Other structural proteins include the nucleocapsid (N) which encap-
sulates the genome and forms the ribonucleotide protein (RNP) complex together
with the viral polymerase, also known as the large protein (L) and its cofactor
phospho protein (P). They are connected to the viral envelope via the matrix pro-
tein (M).88

Figure 7: Schematic structure of a measles virus. Transmembrane glycoproteins include haemagglutinin
(H) and fusion protein (F). The nucleocapsid protein (N) encapsulated the genome. The phospho protein (P)
is a cofactor of the large protein (L). Together with (N) they are connected to the matrix protein (M). Picture
is taken with permission from Engeland, C. E. & Ungerechts, G.%’.
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1.2.3.1.2 Construction of recombinant MeV-GFP and MeV-SCD

Recombinant MeV was constructed by inserting respective gene into the empty
additional transcription unit (ATU) in genome position one in a commercially avail-
able monovalent vaccine batch of measles virus strain Mérieux (Sanofi-Pasteur,

Leimen, Germany) (Figure 8).

e S

Figure 8: Schematic representation of measles virus genome and the localization of the genes encoding for
their respective protein. The second gene encodes for three proteins: one structural (phospho protein) and
two non-structural (C and V) protein. The additional transcription unit is in position one and can be utilized
to insert recombinant genes. Graphic was created using .

By inserting a gene encoding green fluorescent protein (GFP) into the ATU, MeV-
GFP was created. Similarly, MeV-SCD was created by inserting a gene encoding

for Supercytosine deaminase (SCD) as described above.

1.2.3.2 Vaccinia Virus

Vaccinia virus (VACV) is an enveloped, double stranded (ds) DNA virus with a
190 kb long genome which encodes for ap. 250 genes translating to 223 proteins.
As a part of the Poxvirus family, genus Orthopoxviridae (which also includes cow-
pox, variola and monkeypox virus) it represents one of the largest DNA viruses
and forms the basis for the smallpox vaccine. Interestingly, Vaccinia viruses do
not replicate in the nucleus but only in the cytosol of the host cell, which is a
unique characteristic regarding DNA viruses.®
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Figure 9: Structure of a Vaccinia virus, representative for enveloped DNA-viruses. Graphic was created
using a picture taken from 9.
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All the mentioned recombinant Vaccinia viruses were created by modifying them
at three different gene loci, including F41.5, J2R (which encodes for thymidine
kinase) and A56R (which encodes for hemagglutinin).

1.2.3.2.1 GLV-0b347

[ F14.5L J2R A56R I
“ E!

Figure 10: Schematic structure of VACV GLV-0b347 with indication of the gene loci F14.5L, J2R and A56R.
At the gene locus J2R turboFP635 (far-red mutant of the red fluorescent protein from sea anemone Entac-
maea quadricolor) under the control of the promoter PsgL (synthetic early/late promoter) was inserted. Infor-
mation on this genome originates from the oral abstract at SITC 27" Annual Meeting 2012: Chen et al.

GLV-0b437 is a recombinant Vaccinia virus derived from the Western Reserve
Strain (which originated from the New York City Board of Health strain by re-
peated passaging in mouse brains)®? with several modifications at the J2R gene
locus. This gene normally encodes for a non-essential thymidine kinase. In GLV-
0b347 this gene is replaced with a synthetic early/late promoter (Pse)®® and the
turboFP635 marker gene, which encodes for a red marker protein and thus visu-
alizes infected cells.®* Furthermore, deletion of the thymidine kinase and thus
disruption of the J2R locus leads to a reduced virulence.?3%

1.2.3.2.2 GLV-1h68
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Figure 11: Schematic structure of VACV GLV-1h68 with indication of the gene loci F14.5L, J2R and A56R.
Genes inserted at these loci include ruc-GFP = Renilla luciferase - Aequorea green fluorescent protein, rtfr
= reverse human transferrin receptor, lacZ = 3-galactosidase (3-gal), gusA = B-glucuronidase (3-gluc). Pro-
moters include Psg = synthetic early/late promoter, P7 s = early/late promoter, P11 = late promoter. This VACV
was created using the lister strain. Zhang et al. 2007.%
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GLV-1h68 was created by using the Vaccinia virus Lister strain LIVP (Lister strain
from the Institute for Research on Viral Preparations, Moscow, Russia) as a back-
bone.®® This strain was modified by homologous recombination of foreign genes
into three expression cassettes mentioned above: at the F14.5L gene locus the
Renilla luciferase and Aequorea green fluorescent protein (ruc-GFP) fusion gene
was inserted, again using the early/late promoter (PseL) as a control.%® At the J2R
locus the lacZ (LacZ) gene (encoding for the E.coli enzyme 3-galactosidase) un-
der the control of the Vaccinia early/late promoter P7 5% and reverse gene encod-
ing for a human transferrin receptor (rtfr) which serves as a control .%-% Further-
more, viral hemagglutinin at the A56R locus was replaced with the E.coli gene for
B-glucuronidase (gusA) and is controlled by the promoter P11.%

1.2.3.2.3 GLV-1h94

— F14.5L J2R A56R e

Figure 12: Schematic structure of VACV GLV-1h94 with indication of the gene loci F14.5L, J2R and A56R.
Genes inserted at these loci include ruc-GFP = Renilla luciferase - Aequorea green fluorescent protein, rtfr
= reverse human transferrin receptor, lacZ = 3-galactosidase (-gal), fcu-1 = a fusion suicide gene 1. Pro-
moters include Psg = synthetic early/late promoter, P75 = early /late promoter. This VACV was created using
the lister strain.

GLV-1h94 is a derivate of the viral construct GLV-1h68 described above. GLV-
1h94 was constructed using the Vaccinia virus Lister strain LIVP and modifying
the three gene loci according to GLV-1h68 except for A56R: instead of the gene
gusA, the suicide gene fcu1 under the control of PsgL was inserted. As mentioned
earlier, expression of the converting enzyme cytosine deaminase enables the

conversion of 5-FC to 5-FU resulting in an inhibition of DNA synthesis.
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1.2.3.2.4 GLV-1h254

— F14.5L J2R AS56R —
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Figure 13: Schematic structure of VACV GLV-1h254 with indication of the gene loci F14.5L, J2R and A56R.
Genes inserted at these loci include rtfr = reverse human transferrin receptor, lacZ = 3-galactosidase (3-gal)
and turboFP635 (far-red mutant of the red fluorescent protein from sea anemone Entacmaea quadricolor).
Promoters include Psg = synthetic early/late promoter, P75 = early/late promoter. This VACV was created
using the lister strain.

GLV-1h254 was constructed using the viral construct GLV-1h71, which is a ruc-
GFP deficient version of GLV-1h68. Using GLV-1h71 as a template, GLV-1h254
was created by replacing gusA in the AS6R gene locus with the gene for the red-
light emitting fluorescent protein turboFP635, resulting in a viral genome as

shown in Figure 13.

1.2.3.2.5 GLV-4h463
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Figure 14: Schematic structure of VACV GLV-4h463 with indication of the gene loci F14.5L, J2R and A56R.
Genes inserted at these loci include ruc-GFP = Renilla luciferase - Aequorea green fluorescent protein, rtfr
= reverse human transferrin receptor, lacZ = 3-galactosidase (3-gal), gusA = B-glucuronidase (3-gluc). Pro-
moters include Psg = synthetic early/late promoter, P75 = early /late promoter, P11 = late promoter. Infor-
mation on this viral construct was kindly provided by Genelux company.

GLV-4h463 was created using the Vaccinia virus Copenhagen strain. It has the
same gene insertions as GLV-1h68: at the F14.5L locus ruc-gfp was inserted,
also controlled by the early/late promoter PseL. At the J2R locus lacZ under the
control of the P7.5 promoter and rtfr under the control of PsgL were inserted. Fi-
nally, gusA under the control of P11 was inserted into the AS6R gene locus.
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1.2.3.3 Herpes Virus: T-VEC

Herpes simplex virus 1 (HSV-1) is an enveloped, double stranded (ds) DNA virus
with a 152 kb long genome. HSV-1 particles are complex structures and consist
of three distinct layers: a 125 nm diameter capsid which encapsules a single copy
of the dsDNA, an envelope consisting of a lipid bilayer and between them the so

called tegument, comprising a multitude of proteins.'%°

T-VEC (Talimogene Laherparepvec; Imlygic) is a recombinant HSV-1 with sev-
eral genetic modifications. The ICP34.5 gene is a viral pathogenicity gene, its
deletion ensures a reduced neurovirulence'®! and leads to selective replication
of the virus in tumor cells.®® In T-VEC, this deleted neurovirulence factor was
replaced by a coding sequence for human Granulocyte-Macrophage-Colony-
Stimulating factor (GM-CSF) which leads to a local increase of immunogenic
cells, activation of dendritic cells and thus a systemic anti-tumor response.>® Ad-
ditionally, the deletion of the ICP47 gene leads to a reduced suppression of anti-
gen presenting cells as well as an increased expression of the US11 gene. This
gene ensures a promotion of viral growth in the host cell without impairing its
tumor selectivity.53 T-VEC was approved for the treatment of stage Il and IV M1a
melanoma by the European medicines agency and for the treatment of advanced
melanoma by the FDA and is consequently the first OV to be officially approved
in clinical practice.'921% The here used version of Talimogene Laherparepvec
was kindly provided by Amgen Inc. (Thousand Oaks, CA, USA).
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1.3 Organoids as a novel approach to personalized medicine

1.3.1 From reaggregation to self-organization - the evolving defini-

tion of organoids

Using the term “organoid” to describe a certain kind of cell culture implies that
their characteristics “resemble an organ”. This modern definition based on these
implications was not always applied: in fact, the history of organoids is very com-

plex and started before the term was even established.

The history of organoids started before the term was even introduced: in 1907
Wilson was able to demonstrate that sponge cells, which were dissociated be-
forehand, were able to rearrange themselves and even build functioning organs
again.'® This potential of self-aggregation and organ functionality will later be a
crucial part of organoid description. The term “organoid” on the other hand was
firstly introduced in 1946 by Smith and Cochrane. It did not describe a self-organ-
izing cell structure but rather a cystic teratoma in a 4-year old boy.'%%1% |t was
not until the 1960s to 1980s that the term “organoid” defined organo-typic cell
cultures in vitro and gained more wide-spread recognition: several experiments
in the field of developmental biology demonstrated the reorganization potential of
various tissues which were dissociated beforehand.'”1% To elucidate this ob-
servation, Steinberg proposed the differential adhesion hypothesis: self-organi-
zation capacity is driven by the differentiation in cell adherence properties of re-

spective cells which lead to the most thermodynamic stable state.'

All of experiments described above used synthetical 2D matrices which inherently
lacked the possibility of studying cell behavior linked to a 3D setting."'® Barcellos-
Hoff et al. were the first to use three-dimensional laminin-rich matrices attempting

to culture the morphogenesis of structures derived from the mammary gland.'""

But it was not until human pluripotent stem cells (PSCs) were first isolated in 1998
when organoid research started to thrive. Back then, scientists believed only
PSCs were able to be established into organoids. Therefore, Sato et al. provided
a major breakthrough in 2009: by culturing adult stem cells (ASCs) in conditions
which met the growth requirements, they managed to establish organoids from

healthy and malignant patient colon tissue without having a mesenchymal
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niche.'? This breakthrough presents the birth of patient derived organoids
(PDOs) and patient derived tumor organoids (PDTOs).

Finally, Lancaster and Knoblich provided our modern definition of an organoid as
an “organ-like” cell collection. This definition implies a multitude of characteristics:
firstly, an organoid must harbor multiple organ-specific cell types, which are or-
ganized in a three-dimensional manner, similar to the organ and hence are ca-
pable of some kind of specific function of respective organ.'®® These organoids
originate from stem cells and further differentiate into functional cell types that
form “mini-organs” resembling the histological architecture of respective organ in
vivo."3 This differentiation and also self-organization happens by sorting of cells
and eventually commitment of respective cells to their final lineage.'®® All these
mechanisms are enabled by specific culture conditions and addition of crucial

growth factors, which is further described below for the case of gut organoids.

1.3.2 Gut organoids - a long route to differentiation

Organoids can be cultured in-vitro by using progenitor or stem cells and are ca-
pable of long-term growth, preservation of individual characteristics and cellular
diversity.''* These abilities are enabled by the defining characteristics of stem
cells: their capacity to self-renewal and differentiation into various different tis-
sues.'"® In general, these stem cells can be divided into two major categories: (l)
pluripotent stem cells (PSCs) and (ll) adult stem cells (ASCs)."% PSCs are either
embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSC), which orig-
inate from adult somatic cells and are reprogrammed to an embryonic stem cell-
like state. ASCs on the other hand are organ specific and found in adult organ-

isms, like in this case with colonic or rectal organoids at the bottom of a crypt. 1°6

First and foremost, an extracellular matrix that mimics the basement membrane
and allows the cells to grow three dimensionally has to be employed: in our case
Matrigel, an extract of soluble basement proteins with specific characteristics.
Matrigel is derived from the Engelbreth-Holm-Swarm tumor (EHS), a chondrosar-
coma which provides a basement membrane resembling tumor matrix."'® Next,

specific niche factors have to be added which are essential for both human and
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mouse derived intestinal organoids. Epidermal growth factor (EGF) is indispen-
sable for signaling of mitogenic effects on stem cells.''?'"7 It represents one of
several signaling pathways controlling crypt stem cells. Another factor is R-spon-
din1, an agonist of the Wnt-pathway, which is crucial for crypt proliferation, in-
cluding stem cell proliferation and maintenance of stem cell fate.'® Next, Noggin,
a bone morphogenic protein (BMP) inhibitor, which expands the number of

crypts, is added as well."2119

To further optimize culturing conditions, Sato et al. examined other factors to add
to the medium as well: A83-01, a small molecule inhibitor of activin like kinase
(alk) 4/5/7, improves plating efficiency. Furthermore, addition of Nicotinamide and

gastrin enhances culture efficiency.''”:118

As colon organoids, in contrast to small intestine organoids'?°, produce insuffi-
cient amount of Wnt-3a, pivotal for maintenance and proliferation of intestinal
stem cells (ISCs), Wnt-3a is supplemented.''8120 To suppress anoikis (detach-
ment induced cell death) of ISCs, the Rho-associated kinase (ROCK) inhibitor Y-
27632 is added to the culture medium.!12.117.121

This multitude of culture conditions and growth factors added to the medium of
intestinal organoids, specifically hindgut organoids, demonstrates the complexity
of in-vivo tissue and consequently the importance for a more representative cul-

ture method.

1.3.3 Organoids employed in oncolytic virotherapy research

Though virotherapy as well as organoid methods have significantly improved in
recent years, using organoids as a culture vessel to test oncolytic viruses is still

not a widely spread technique.

One of the first works that made use of organoids to test oncolytic viruses was in
2016 by Del Bufalo et al.: they generated organoids by culturing lung adenocar-
cinoma cells in PEG-fibrin hydrogel systems and infected them with oncolytic ad-

enovirus. 122
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Organoids as a culture method to investigate oncolytic virotherapy is predomi-
nantly used in the field of glioblastoma (GBM) research. In 2017, Zhu et al. ex-
amined the neural tropism of Zika Virus (ZIKV) employed in glioblastoma cells.
After observing a much lower rate of viral spreading in differentiated glioma cells
(DGCs) than in glioblastoma stem cells (GSCs) they wanted to test the specificity
of ZIKV in a heterogenous cell environment using organoids, as it is more repre-
sentative of the actual pathophysiological conditions. And indeed: ZIKV infected
and consequently lysed predominantly cells expressing the GSC marker SOX2.
This resulted in a relative increase in DGCs.'?® Zhu et al. further demonstrated
the SOX2-dependent infection of GSCs in 2020. To mimic tumor growth, they
implanted GBM tumors in mature brain cortical organoids (BCOs) from human
pluripotent stem cells. Infection with ZIKV preferentially reduced GFP-labeled
GSCs and not normal BCO cells, which express SOX2 at a much lower rate.'?*
Farreira et al. proved tropism of ZIKV to tumor cells by co-culturing brain organ-
oids with embryonal CNS tumor cells: even though normal cells were SOX2 pos-

itive, ZIKV would only infect tumor cells.'?®

Other tumors which were examined for oncolytic virotherapy using organoids in-
cluded pancreas'?®, breast®®, bladder'?” as well as and renal cell carcinoma.'?®
In 2022, Harryvan et. al. were the first to infect co-cultured Gl-fibroblasts and
organoids with reovirus and showed, that co-culturing had a massive impact on

infection.129
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1.4 Objective

Thanks to demographic changes such as low birthrates as well as a higher life
expectancy, our society grows older. As a consequence, conditions which are
associated with advanced age are becoming more relevant for the health of so-
ciety. This includes not only cardiovascular diseases but cancer entities as well.
Especially colorectal cancer (CRC) represents a cancer entity, which becomes
more prevalent with an older age.

Cancer therapy on the other hand becomes increasingly individualized. As can-
cer research moves forward, it becomes evident that cancer is a highly hetero-
genous disease regarding aspects like genetic mutations, tumor microenviron-
ment as well as spreading behavior and therapy response. Immunotherapy, in-
cluding oncolytic virotherapy takes all these aspects into consideration.

The aim of this dissertation was to use a novel cell model, namely patient derived
tumor organoids (PDTOs), as a more representative preclinical approach to ex-
amine the efficacy of different oncolytic viruses on CRC tumor cells to generate
a personalized “virogram” (analogous to an antibiogram) for each patient tested
and finally find the most efficient therapy option.

First, the most important question was whether treatment with oncolytic viruses
as well as the prodrug 5-FC was feasible in PDTOs of CRC origin. To elucidate
this question, we were able to culture four PDTOs, treated them with a selection
of oncolytic viruses and observed them for a time period of 96 hours. Within these
96 hours, we took photos via phase contrast as well as fluorescent microscopy.
This allowed us to observe morphological changes as well as infection through
the detection of a fluorescent signal. At the end of the observation period, we
conducted a viability assay to further objectify oncolysis.

After observing the feasibility of infection in CRC PDTOs, experiments to further
characterize replication behavior were conducted. This was done by virus growth
curves for each organoid with different viruses from each species, respectively.
Here we could observe different virus replication behaviors and compared them

with morphological changes at respective time points.
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These experiments lead to the generation of a personalized “virogram” for each
tested PDTO and thus each patient, suggesting which of the employed OVs may

be the most effective in each of them also in a clinical setting.
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2 Material and Methods
2.1 Material

All cited materials have been used in the highest achievable purity. Materials
were purchased in a sterile state from the companies listed below. All other mat-
ter was sterilized by autoclaving at 2 bar pressure and 121 °C for 20 minutes. If
water was used for experiments, it had always been deionized and filtered, unless

described in any other way.

2.1.1 Characteristics of viruses

Virus Strain Gene Gene inser- Source
disruptions tions
MeV-GFP | Meérieux / eGFP provided by3°
MeV-SCD Mérieux / SCD31
T-VEC JS-1 ICP 34.5, GM-CSF Amgen Inc.
ICP 47
GLV- Western F14.5L, J2R, turboFP635 Genelux
0b347 Reserve A56R Corporation
GLV- Lister F14.5L, J2R, | ruc-GFP, lacZ, Genelux
1h94 (derivate of AS6R fcu1 Corporation
GLV-1h68)
GLV- Lister F14.5L, J2R, | rTfr + lacZ, tur- Genelux
1h254 (derivate of AS6R boFP635 Corporation
GLV-1h68)
GLV- Copen- F14.5L, J2R, | ruc-GFP, rTfr + Genelux
4h463 hagen A56R lacZ, gusA Corporation
GLV- Lister F14.5L, J2R, | ruc-GFP, lacZ, Genelux
1h68 A56R gusA Corporation

Table 1: Characteristics of viruses used in experiments.

Abbreviations: eGFP (enhanced green fluorescent protein), SCD (super cytosine deaminase), GM-CSF
(Granulocyte-macrophage colony-stimulating-factor), turboFP635 (Far-red fluorescent protein turbo FP635),
ruc-GFP (Renilla luciferase - Aequorea green-fluorescent-protein), lacZ (encodes for 3-galactosidase), fcu1
(fusion suicide gene, encodes for a fusion protein of cytosine deaminase and uracil phosphoribosyltransfer-
ase which catalyzes the conversion of 5-FC to 5-FU and 5-FUMP)'%?, rTfr (reverse transferrin receptor gene),
gusA (gene encoding for 3-glucuronidase).
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2.1.2 Chemicals

Tuebingen University

Chemical Manufacturer Location
Descosept Dr. Schuhmacher GmbH Malsfeld-Beiseworth,
Germany
5-Fluorocytosine Hoffmann-La Roche AG Basel, Switzerland
5-Fluorouracil Pharmaceutical Department, | Tubingen, Germany

Hospital

Isopropanol (70%) | SAV Liquid Production GmbH

Flintsbach, Germany

Cell Titer Reagent Promega Corporation

Madison, USA

Trypan Blue

Sigma-Aldrich

St. Louis, USA

Table 2: Chemicals used in experiments with specification of the manufacturer and its location.

2.1.3 Media, sera and buffer

Product Manufacturer Location
adDMEM/F-12 Gibco, Thermo Fisher Waltham, USA
(Advanced Dulbecco’s Modi- Scientific
fied Eagle’s Medium/F-12)
DMEM Sigma-Aldrich St. Louis, USA
(Dulbecco’s Modified Eagle’s
Medium)
FCS Gibco, Thermo Fisher Waltham, USA
(Fetal Calf Serum) Scientific
Recovery™ Cell Culture Thermo Fisher Scientific | Waltham, USA
Freezing Medium
GlutaMAX™ Thermo Fisher Scientific | Waltham, USA
Hepes Thermo Fisher Scientific | Waltham, USA
Matrigel© Matrix Corning, Inc. Corning, USA
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PBS Sigma-Aldrich St. Louis, USA
(Phosphate-Buffered Saline)
Penicillin-Streptomycin Thermo Fisher Scientific | Waltham, USA
TrypLE Express Gibco, Thermo Fisher Waltham, USA
Scientific
Trypsin EDTA Gibco, Thermo Fisher Waltham, USA

Scientific

Tumor dissociation kit, hu- | Miltenyi Biotec B.V. & Co.
man KG
(enzymes H, R and A,
respectively)

Bergisch Glad-
bach, Germany

Table 3: Media, sera and buffers used in experiments with specification of the manufacturer and its location.

2.1.4 Self-made solutions
Several solutions which were necessary for experiments, had to be manufactured

individually and were prepared as described below.

2141 Organoid growth medium

Growth medium was mixed in 500 ml advanced DMEM/F12 with addition of 5 ml
GlutaMAX™ Supplement, 5 ml Hepes (1 M) and 5 ml Penicillin-Streptomycin
(10,000 pg/mL) (splitting medium). Using 19 ml of this medium, organoid growth
medium was prepared according to the table below. Wnt-3a was added right be-
fore medium change in a 1:1000 proportion. Y27632 had to be added after isola-

tion of cells, thawing or after passaging of organoids.

Stock Volume Final concen-| Stock con- |Producer/country
tration centration of origin
Growth/S_pllttlng 19 ml / /
medium
B27 Supplement Thermo Fisher Sci-
(50x) 400 ul Tx entific; USA
N2 Supplement Thermo Fisher Sci-
(100x) 200 ul Tx entific; USA
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Nicotinamide Sigma Aldrich;
(100x) 200 pl 10 mM 1M USA
N-Acetylcysteine Sigma Aldrich;
(400x) 50 pl 1.25 mM 500 mM USA

A83-01 TOCRIS;
(1000x) 20 pl 0.5 uM 0.5 mM UK
Gastrinl TOCRIS;
(1000x) 20 pl 10 nM 10 uM UK
Murine EGF Thermo Fisher Sci-
(1000x) 20t | 50 ng/mi 50 pg/mi entific; USA
Murine Noggin Peprotech;
(1000x) 20 pl 100 ng/ml 100 pg/ml USA
human R-Spon- | 20 500 ng/ml 500 pg/mi Peprotech;
din (1000x) - 40 pl -1 ug/ml USA
Y-27632 Sigma Aldrich;
(1000x) 20 pl 10.5 yM 10.5 mM USA
Wnt-3a 20 pl

Table 4: Composition of organoid growth medium with indication of used volume, stock and final concentra-
tion of components and their manufacturers.

21.4.2

Other solutions

adDMEM/F12 + 10 % FCS

adDMEM/F12
FCS

DMEM + FCS (10 %, 5 %, 2 %)

DMEM
FCS

500 ml
55 ml

500 ml
55 ml, 25 ml, 10 ml
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Virus plaque overlay medium (1.5 % CMC)
Carboxymethylcellulose sodium salt (CMC)
DMEM

FCS

Penicillin/Streptomycin (P/S)

Crystal violet staining solution
Crystal Violet (408.6 g/mol)

759
500 ml
25 ml
5 ml

0.13 % (1.3 g)

EtOH (100 %) 5 % (50 ml)
Formaldehyde (37 %) 11.1 % (300 ml)
H20 filledupto 11|
Fixation agent
Base material: H.O
PFA 2%
Glutaraldehyde 0.1 %
Sucrose solution
20 % Sucrose in PBS
2.1.5 Consumables
Consumables Manufacturer Location
Cell strainer (EASYstrainer) Greiner Bio-One Kremsmunster,
75 um International GmbH Austria
Combitips (ritips®) Ritter GmbH Schwabmiinchen,
12.5 mi Germany
Conical tubes FALCON™, Corning Corning, USA
15 ml, 50 ml
Cryotubes (Cryogenic Vial) Corning Corning, USA

1 ml
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gentleMACS™ C-Tube

Miltenyi Biotec B.V. &
Co. KG

Bergisch Gladbach,
Germany

Gelloader Pipette Tips

Sarstedt AG & Co.

Numbrecht, Ger-

5ml, 10 ml, 25 ml, 50 ml

200 pl KG many
Pasteur pipettes WU Mainz Mainz, Germany
230 mm
Petri dish FALCON ™, Corning Corning, USA
60 x 15 mm
Pipette tips (TipOne) USA Scientific, Inc. Ocala, USA
100 pl, 200 pl
Pipette tips Nerbe plus GmbH & | Winsen, Germany
1000 pl Co. KG
Pipettes Costar®, Corning Corning, USA

Reaction tubes
(Safe-Lock Tubes)
0.5ml,1.5ml, 2 ml

Eppendorf AG

Hamburg, Germany

Tissue culture flask
(CELLSTAR®)
175 cm?, 550 ml

Greiner Bio-One In-
ternational GmbH

Kremsmiunster,
Austria

Tissue culture plate

TPP Techno Plastic

Trasadingen, Swit-

96 well

24 well Products AG zerland
Tissue culture plate Costar®, Corning Corning, USA
48 well
Tissue culture plate FALCON ™, Corning Corning, USA

Table 5: Consumables used in experiments with specification of the manufacturer and its location.
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2.1.6 Laboratory Equipment

(for Reaction Tubes)

Equipment Manufacturer Location
Autoclave HP Medizintechnik GmbH Oberschleilheim,
(VARIOKLAV 75 T) Germany
Autoclave Systec GmbH Linden, Germany
(VX-150)
Centrifuge Eppendorf AG

Hamburg, Germany

(for non-infected cells)

Centrifuge Heraeus®, Thermo Fisher Waltham, USA
(Megafuge 2.0 R) Scientific, Inc.
ELISA reader BioTek Instruments, Inc. Winooski, USA
(Synergy HT)
Fluorescence Olympus Tokio, Japan
Microscope
GentleMACS Miltenyi Biotec B.V. & Co. | Bergisch Gladbach,
dissociator KG Germany
Haemocytometer Hecht Assistant GmbH & Sondheim vor der
Co. KG Rhon, Germany
Heating Block Eppendorf Hamburg, Germany
(Eppendorf Thermo-
mixer)
Incubator

Heraeus®, Thermo Fisher
Scientific, Inc.

Hanau, Germany

Bench (HERASafe)

Incubator Memmert GmbH + Co. KG Blchenbach,
(for infected cells and Germany
organoids)
Laminar Flow Work | Heraeus®, Thermo Fisher Waltham, USA

Scientific, Inc.
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Light microscope

Olympus

Tokio, Japan

Multichannel pipette

Eppendorf AG

Hamburg, Germany

Multiple dispenser

Brand GmbH + Co. KG

Wertheim, Germany

(Handy Step S)
Pipette aid Integra Biosciences Biebertal, Germany
(Pipette boy 2) GmbH
Refrigerator Liebherr AG Bulle, Switzerland
(-18 °C)
Refrigerator Forma Scientific
(-80 °C)
Refrigerator SANYO Osaka, Japan
(-150 °C)
Sonifier Branson Ultrasonics Danbury, USA

Thermomixer
comfort

Eppendorf AG

Hamburg, Germany

Vortex Mixer VM-300

neolLab Migge GmbH

Heidelberg, Germany

Water bath

Kottermann GmbH

Uetze, Germany

Table 6: Laboratory Equipment used in experiments with specification of the manufacturer and its location.

2.2 Methods
2.2.1 Safety conditions

All experiments were conducted in the laboratory of Prof. Dr. med. Ulrich M. Lauer
in the Hertie Institute, Otfried-Muller-Str. 27, 72076 Tibingen, Germany, 5t floor.
This laboratory is a S2 safety laboratory which demands working with cells and
genetically modified viruses under laminar flow work benches (Heraeus; Hanau,

Germany) under sterile conditions. All surfaces that could potentially be contam-
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inated were regularly disinfected with 70 % isopropanol or Descosept. Addition-
ally, workbench surfaces were irradiated with ultraviolet light for at least 10

minutes.

2.2.2 Organoid culture
2221

Monolayer cells and organoids were cultured separately in incubators in a 37 °C-

Cell culture conditions

tempered humidified atmosphere with 5 % CO..

2222

Tumor material from CRC-patients was obtained from the Department of Gen-

Tumor material

eral, Visceral and Transplant Surgery, University of Tubingen, Tubingen, Ger-
many and the Institute of Pathology, University of Tubingen, Tubingen, Germany.
The tumor material was kept in MACS® Tissue Storage Solution (Miltenyi Biotec)

and stored in the fridge until further usage. Tumor material from 4 different pa-

tients was used which had characteristics as follows:

Organoid 22 | Organoid 25 | Organoid 29 | Organoid 33
Tumor Adeno- Adeno- Adeno- Adeno-
entity carcinoma carcinoma carcinoma carcinoma
Locali- Rectosigmoid | Coecum Right colonic | Left colonic
zation junction, flexure flexure

15 cm ab ano
TNM- pT3, pN1b pT3, pN2b pT3, pN2a pT4a, pN2a
status (2/15), cMO (9/23), cMO (6/30), cMO (4/19), cMx
Grading G3, RO, L1, G3, RO, LO, G2, RO, LO, G3, RO, LO,

V1, Pn1 VO, PnO VO, Pn0 VO, Pn0
PMS2- positive negative negative negative
status
MLH1- not tested negative negative negative
status
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MSH2- not tested positive positive positive

status

MSH6- positive positive positive positive

status

CDX2- positive 50% positive | positive positive

status

Micro- MSI-L MSI-H MSI-H/ MSI-H

satellite- | /Most likely /instable instable /instable

status stable

BRAF- not tested p. V60OE p. V60OE Wildtype

status

Patho- Sporadic Sporadic Sporadic HNPCC/

genesis CRC with CRC with CRC with Lynch-Syn-
MSI-L MSI-H MSI-H drome

Table 7: Characteristics of tested organoids.

All tested organoids originated from adenocarcinomas. Localization was determined through preoperative
endoscopy and surgery. Abbreviations: PMS2 = Postmeiotic Segregation Increased 2, MLH1 = mutL hom-
olog 1, MSH2/6 = mutS homolog 2/6, CDX2 = caudal type homeobox 2, BRAF = proto-oncogene B-Raf.

2.2.2.3 Establishment of organoid cultures from patient material

The tumor tissue was transferred to a 6 cm diameter petri dish and cut into small
pieces, cutting off the necrotic and connective tissue. The tissue fragments were
then transferred into a gentleMACS™ C-tube together with 4.7 ml of advanced
DMEM/F12 supplemented with 10 mM Hepes, L-glutamine and Penicillin/Strep-
tomycin, 200 pl enzyme H, 100 yl enzyme R and 25 pl enzyme A. The C-tube
was then put into the dissociator. For dissociation, programs ,h_tumor_01%, ,h_tu-
mor_02" and ,h_tumor_03" were used. Between these dissociation steps, the C-
tube was incubated for 30 minutes at 37 ° in a water bath under vigorous shaking.
After the last dissociation step the cell suspension was transferred into a 15 ml
tube which was centrifuged at 1500 rpm for 6 minutes. The supernatant was
taken off, the remaining cell pellet was resuspended in 1 ml TrypLE Express and
the suspension was transferred into a 2 ml reaction tube which was incubated for
15 minutes in a heating block at 37° C and 1000 rpm. To inactivate the TrypLE,
500 yl adDMEM/F12 with 10% FCS were added. Then, a 70 pym cell strainer was
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put on a 50 ml tube and moistened with adDMEM/F12 and the cell suspension
was sifted through the cell strainer. The 2 ml reaction tube was rinsed with 2 ml
of adDMEM/F12. Then the cell strainer was rinsed again with 20 ml adDMEM/F12
to detach the remaining cells stuck on the cell strainer. The 50 ml tube was then
centrifuged at 1500 rpm for 7 minutes. The supernatant was discarded and the
cell pellet was resuspended in a suitable volume (100-300 pl) of adDMEM/F12,
depending on the size of the pellet. A part of the cell suspension was mixed with
Matrigel in a ratio of 1:1 and then distributed in a 48-well plate with 20 ul of the
cell-Matrigel suspension per well. The 48-well plate was turned upside down and
put in the incubator for 30 minutes. Then, when the Matrigel had solidified,
250 pl organoid medium were added to each well. The rest of the cell suspension

was cryoconserved.

2.2.24 Medium change

Medium change had to be performed every three to four days, depending on
culture density. The old medium was discarded and 250 ul organoid medium
were added to each well. After that, the culture plate was stored in the incubator

again.

2.2.2.5 Passaging of organoid cultures

When the organoids reached a certain density, they had to be passaged and
plated in a new culture plate. The old medium was collected in a 15 ml tube. After
that, the organoids were washed with PBS using 1 ml for 6 wells. As a next step,
1 ml TrypLE was spread on 6 wells and using the pipette tip, the Matrigel was
scraped off the culture plate, shortly resuspended in TrypLE and then transferred
into a 2 ml reaction tube. This tube was incubated in a heating block at 37 °C and
1400 rpm for 7-10 minutes, depending on the size and density of the organoids.
Then, 250 yl adDMEM/F12 + 10 % FCS were added to inactivate the TrypLE.
The organoids were then transferred to the 15 ml tube which was filled up with
10 ml of adDMEM/F12 and centrifuged for 10 minutes at 1500 rpm. The super-
natant was taken off and the cell pellet was resuspended in a suitable volume
(50-100 pl) of adDMEM/F12, depending on the size of the pellet. The desired
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amount of cell suspension was mixed with Matrigel in a ratio of 1:1 and then
spread onto a 48-well culture plate with 20 pl per well. The rest of the cell sus-
pension was cryoconserved (see below). The 48-well culture plate was then put
upside-down in the incubator for 30 minutes. After that, 250 pl organoid medium

were added to each well. The culture plate was then put in the incubator again.

2.2.2.6 Cryoconservation

Organoids were harvested and centrifuged for passaging as described above.
The cell pellet was resuspended in an appropriate volume of adDMEM/F12 and
freezing medium was added in a ratio of 9:1. The cell suspension was transferred
into a cryotube which was then put into a Mr. Frosty freezing container which
ensures a slow freezing of the cell suspension. After one day in the -80 °C freezer,
the cryotube was transferred to a -150 °C freezer.

2.2.2.7 Thawing of organoid cultures

Organoids were thawed by putting the cryotubes in a warm water bath. After that,
they were transferred to a 15 ml tube containing 10 ml adDMEM/F12 and centri-
fuged at 1500 rpm for 10 minutes. The supernatant was discarded and the re-
maining cell pellet was suspended in a suitable amount of organoid medium and

Matrigel, depending on the size of the pellet.

2.2.2.8 Cell Counting

Cells were counted with an improved Neubauer haemocytometer.

Figure 15: Neubauer Haemocytometer.

39



The cell pellet was suspended in a suitable amount of organoid medium. It was
important to thoroughly resuspend the pellet to avoid cell clusters. 10 pl of this
suspension were mixed with 90 ul of Trypan Blue in a separate reaction tube.
With the help of Trypan Blue, viable and dead cells can be differentiated, as vital
cells do not take up the dye and appear white due to their intact cell membrane
in contrast to the dead cells which appear blue due to the stain. Again, this sus-
pension was thoroughly mixed. The Neubauer haemocytometer was prepared by
slightly moistening the surface of the counting chamber and then pressing a cover
glass onto the top. The cover slip was positioned correctly when Newton rings
could be detected. Then, 10 ul of the cell suspension mixture were pipetted close
to the edge of the cover glass of the Neubauer haemocytometer. Vital cells were

then counted under a CK40 light microscope (Olympus) with the 10x objective.

A 4

A

1mm

A 4

F

I 0,25 mm

Figure 16: Scheme of the Neubauer haemocytometer counting chamber with 4 corner squares (red) and
directions in which order cells in the smaller squares (blue) were counted.

The Neubauer haemocytometer is divided into 4 corner squares which are sub-
divided into 16 smaller squares, and 5 middle squares. Cells were counted in the
four corner squares, starting from left above and counting to the right. Cells which
were on the boundary line were only counted if it was the top or right boundary
line, making sure not to count the same cells twice. Each corner square has a

surface of 1 mm x 1 mm. The height of the counting chamber is 0.1 mm which

40



makes the volume of each corner square 1 mm x 1 mm x 0.1 mm = 0.1 mm3. To

calculate the cells per milliliter, the following formula was used:

cells) __ number of cells X 10.000 x dilution

Concentration (
ml

number of counted squares

Equation 1: Calculation of the concentration in cells per milliliter using the Neubauer haemocytometer.

2.2.29 Organoids for infection

To ensure a better spreading of the virus, organoids were seeded in a 10 % Mat-
rigel and medium mixture for infection. Organoids were harvested and centri-
fuged as described. Then, cells were counted and the required amount of cell
suspension for the required number of wells was calculated. The 10 % Matrigel
solution was prepared by calculating the total amount of solution for half a well
more than needed, making sure there is enough of the suspension for all required

wells. Wnt3a was added at the end in a 1:1000 concentration.

Viotar = (xnumber of wells T 0;5) X 250ul
Vi = Viotar X 1071
Vw = Viota X 1073

Vom = Veotar — Wm + Viy +V¢)

Equation 2: Calculation for volumes of organoid medium (OM), Matrigel (M), Wnt3a (W) and cell suspen-
sion (C).

The Matrigel cell suspension was seeded in a 48-well plate, with 2.5 x 10* cells
in 250 pl of 10 % Matrigel in organoid medium per well. Organoids were incubated

for one more day prior to infection.

2.2.2.10 Fixation of organoids

To prove that the cultured organoids were in fact tumor cells, staining was per-
formed. First, organoids had to be fixated to be further examined. Four droplets
of Matrigel and organoid solution were seeded per well in a 6-well plate and in-
cubated until they reached a high density after 3-4 days. Organoid medium was
carefully removed without damaging the Matrigel domes. Wells were rinsed with
3 ml of PBS. PBS was discarded as well and 3 ml of fixation agent were pipetted

in each well. Culture plates were incubated for 30 minutes at room temperature.
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After that, fixation solution was removed and each well was washed three times
with 3 ml of PBS for 10 minutes. Then, PBS was removed and the now fixated
Matrigel spheres were carefully scraped off the wells and transferred into a 50 ml
conical tube containing previously prepared sucrose solution. The 50 ml tubes
were then put into a 4 °C refrigerator. After two days, the Matrigel spheres had
sunk to the ground. The sucrose solution was carefully removed and the Matrigel
spheres were transferred into a previously prepared aluminum hood filled with
Tissue compound. These aluminum caps were snap frozen in liquid nitrogen and
then put into the -80 °C freezer. Cryosectioning and staining of the fixated organ-
oid blocks was kindly performed by Prof. Bence Sipos at the Institut fur Pathologie
und Neuropathologie, Tubingen.

2.2.3 Cell culture

2.2.3.1 \Verocells

Vero cells are derived from the normal kidney of an adult African green monkey
and are adherent elongated, fibroblast-like cells which grow in monolayers. Vero
cells used in this experiment are derived from the Vero lineage VERO-B4 and
were obtained from the DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Bereich Menschliche und Tierische Zellkulturen, Braunschweig;

Germany).

2232 CV-1cells
CV-1 cells were isolated from the kidney of an adult African green monkey and
exhibit a fibroblast morphology. CV-1 cells were obtained from ATCC®.

2.2.3.3 Cell culture conditions

Cells were cultured in 175 cm? tissue culture flasks in 25 ml of DMEM + 10 %
FCS and stored at 37 °C in an incubator in a humidified atmosphere with 5 %
COz. Cell density was checked every day under a CK40 contrast light micro-

scope.
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2.23.4 Passaging

For passaging, medium was discarded and cells were washed with 10 ml of PBS.
Then 3 ml of Trypsin/EDTA (Biochrom, Berlin; Germany) were pipetted into the
flask to detach cells. After an incubation for 3-4 minutes, when cells had de-
tached, they were suspended in 10 ml of DMEM + 10 % FCS, transferred into a
15 ml tube and centrifuged for 3 minutes at 1200 rpm. The supernatant was care-
fully taken off and the remaining cell pellet was suspended in 10 ml of DMEM +
10 % FCS. 1 ml of this suspension was then transferred back in the flask con-
taining 25 ml fresh DMEM + 10 % FCS. The flask remained in the incubator for

2-3 days until the next passage.

2.2.4 Virological methods
2.2.41 Infection of organoids

One day after seeding, organoids in 10% Matrigel solution were infected with the
viruses at different multiplicities of infection (MOIs). Virus solution for each virus
was prepared for 2.5 wells and calculated for each individual virus titer as well as
different concentrations of 5-FU solution, as shown in the table below. 50 ul of
virus solution in organoid medium per well were pipetted with a GELIoader pipette
tip. For better spreading the GELIoader pipette was placed at several spots in the

well to ensure an even distribution of the virus suspension.

Treatment Titer Volume Volume | Volume
(PFU/ml) Treatment | Medium | 5-FC
MOCK 125
5-FC (1 mM) 110 15 ul
MeV-GFP (MOI 10) 2x 107 31.25 93.75 yl
MeV-SCD (MOI 10) 2.4 x 107 26 99 ul
MeV-SCsDél\c/:IOI 10) + 2.4 x 107 26 84 15 ul
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T-VEC (MOl 1) 8.4 x 107 7.4 ul 117.6 ul
(1:10)
GLV-0b347 (MOI 10) 3.7 x10° 16.9 ul 108.1 ul
(1:100)
GLV-1h94 (MOI 10) 1.1 x 108 5.7 ul 119.3 ul
GLV-1h94 (MOI 10) + 1.1 x 108 5.7 ul 104.3 ul 15 ul
5-FC
GLV-4h463 (MOI 10) 1.8 x 108 3.47 ul 121.53
]
GLV-1h254 (MOI 10) 29x 108 2.16 ul 122,84
Ml
GLV-1h68 (MOI 10) 1.49 x 108 4.2 ul 120.8 ul
5-FU (1 mM) 16.25 ul 108.75
(1:10) Ml
5-FU (0.1 mM) 16.25 ul 108.75
(1:100) Ml
5-FU (0.01 mM) 16.25 ul 108.75
(1:1000) Ml

Table 8: List of virotherapeutic agents and treatments used with indication of treatment volume and medium

volume in microliters.

2242

Spreading of the infection was tracked by phase contrast and fluorescence mi-
croscopy. To record the morphological effects of oncolysis, pictures were taken
at 24, 48, 72 and 96 hours post infection (hpi) at different magnifications (5x, 10x
and 20x). Wells infected with MeV-GFP, GLV-0b347, GLV-1h94, GLV-4h463,
GLV-1h254 and GLV-1h68, which express fluorescent marker proteins, were also

photographed with an IX 50 fluorescence microscope and an F-view camera sys-

tem.
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2243 CellTiter-Blue® Cell Viability Assay

To assess cell viability, CellTiter-Blue® Cell Viability Assay was performed as an
endpoint measurement after the intended incubation time of 96 hpi. This assay is
based on the ability of living cells to metabolize resazurin (7-Hydroxy-3H-phenox-
azin-3-one-10-oxide), a dark blue redox dye to the pink, fluorescent end product
resofurin (7-Hydroxy-3H-phenoxazin-3-one). Thus, viable cells emit a fluorescent
signal proportional to the number of living cells in the well. In contrast, dead cells
do not reduce the indicator dye as they have lost their metabolic capacity and
subsequently do not produce a fluorescent signal. Fluorescence of a non-treated
well was used as a reference and relative viability of the organoids after different
treatments could be determined.

In each well, 60 pl Cell Titer reagent were pipetted using GELloader pipette tips
as well. The culture plate was then placed in the incubator until the color started
to turn from blue to red. Fluorescence was measured in an ELISA reader. Viability
of untreated organoids was set 100 %.

Figure 17: Exemplary culture plate with pink wells (fully metabolized, thus viable cells) and blue wells (non-
metabolized redox dye resazurin, mostly dead cells).

2.2.4.4 Infection of organoids for virus quantification
Organoids were cultured and seeded for infection as described in a 10 % Matrigel
medium solution. Cell Matrigel suspension was pipetted into 16 wells with 250 pl
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each. The next day organoids were infected with the respective virus. The in-
fected organoid-Matrigel suspension was harvested by pipetting at five different
time points (3, 24, 48, 72, 96 hpi) with three wells for each time point. Wells were
then washed with 200 ul of adDMEM/F12, making sure to get all the content of
the well. Samples were immediately frozen in reaction tubes at —80 °C. One well

was not infected (MOCK), instead 50 ul of organoid medium were added.

Virotherapeutic Titer Volume Volume of
agent (PFU/mI) Medium | virotherapeutic agent
MeV-GFP 2.0 x 107 581.3 ul 193.8
GLV-0b347 3.7 x10° 532.8 242.2 ul (1:100)
T-VEC 8.4 x 107 728.9 46.1 pl (1:10)

Table 9: Calculated volume for each virotherapeutic agent and respective organoid medium for 15.5 wells
with 50 pl of virotherapeutic agent and medium solution per well.

Virus titration is a method to determine an unknown concentration of infectious
viral particles in a sample. In this case, the quantity of infectious particles in the
respective organoid at different time points was determined by titrating the super-

natant on so-called indicator cells, which differ dependent on the virus.

2.24.41 Titration of MeV-GFP

ee—— o ololoYololololelelele)
+30ul ‘;270plofDMEM+5%FCS OOOO
R Nolololelelelelolelelele,
R kelelelelelelelolelelele;
R R eleleleleleleleolelelele)
R Nelelelelelelelelelelele

+30u ‘;270plofDMEM+5%FCS OOOOOOOOOOOO
30§ 0 1 of DMEM+ 5% Fes OOOOOOOOOOOQ

Figure 18: Exemplary dilution series in a 96-well culture plate for titration of MeV-GFP. 300 pl of undiluted
virus solution were pipetted into the first row. Then 30 pl of this undiluted virus solution were added to 270
puI DMEM + 5 % FCS in the next row. As a next step, adding 30 pl of this new dilution were added to the next
row of 270 yl DMEM + 5 % FCS. This procedure was repeated until a dilution of 107 was created.
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The day before titration, Vero cells were seeded in 96-well plates with 1 x 10*
cells per well in 200 yl DMEM + 5 % FCS. To determine the viral concentration
of MeV-GFP in the respective organoid, samples were thawed in a water bath,
shortly vortexed and then centrifuged for 2 min at 3000 rpm. The supernatant
was used to prepare a dilution series. A 96-well plate was prepared with one
column (eight wells) for each sample. The first well was left empty for the undi-
luted virus solution generated from the organoid material; the following seven
wells of each column were prepared with 270 pl of DMEM + 5 % FCS each. Then,
300 pl of the virus containing supernatant were pipetted in the first well. 30 pl of
the supernatant from the first well were transferred into the next well. Then the
solution was resuspended and the pipette tip was discarded. This was repeated
up to a dilution of 107.

x hpi (1) x hpi (2) x hpi (3)

e OO0O0L0OO0COO0O0O
0 OOO0O0L0OO0TOOO0O
02 OOO0O00O0OO0COO0O0O
0| OOO0O000O0COO0OO
0l OOO0O0000COO0OO
0| OOO0O00O0O0COO0OO
0| OOO0O000O0COOO0O
0| OO0O0O0000COO0OO

Figure 19: Exemplary 96-well plate dilution series of three samples for one time point.

Using a multichannel pipette, 50 ul of each well of the dilution series were trans-
ferred to eight wells of the previously plated Vero cells. This was repeated three
more times with one sample, resulting in 4 replicates per sample. Plates were
incubated for four days at 37 °C and then analyzed using a fluorescence micro-

scope (Olympus). For each sample, the number of fluorescent wells per dilution
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were counted. A well was considered “positive” if a fluorescent signal could be
detected, irrespective of its fluorescent strength. The results were evaluated us-

ing the following formula:

x (p‘f_u) =ax 10)?—[).5+1.5
ml

Equation 3: Calculation of the number of infectious particles per milliliter.
With: a = 0.7 which is the conversion factor of the original TCIDsp-method to the less abstract unit plaque
forming units (pfu) and y= sum of the fractions of positive wells per dilution factor.

22442 Titration of VACV GLV-0b347

A 100 pl

' l 100 pl 100 pl 100 pl 100 pl
Undiluted
virus solution

900 pl of DMEM 900 pl of DMEM 900 pl of DMEM 900 ul of DMEM 900 pl of DMEM
+2%FCS +2%FCS +2%FCS +2%FCS +2%FCS

B 100 101 102 103 104 10°

x hpi (1)

X hpi (2)

Figure 20: Step by step procedure for titration of GLV-0b347.

(A) Titration series for GLV-0b347.100 pl of the undiluted virus solution were added to 900 pl of DMEM + 5
% FCS. This procedure was repeated up to a dilution of 10-. (B) Exemplary culture plate for the titration of
GLV-0b347 and T-VEC growth curves.
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For titration of GLV-0b347 CV-1 cells were used. Cells were plated in 24-well-
plates with 1 x 10° cells per well in DMEM + 10 % FCS. The next day, dilution
series were prepared for each sample. Alternatively, 5 x 10* cells were seeded
and titration was performed two days later, when cells were confluent. Four sam-
ples at a time were thawed in the water bath, vortexed and sonified for 30 sec-
onds. Then, a dilution series up to 10-° was created. For this purpose, 100 ul of
the undiluted virus solution were transferred into a reaction tube containing 900
pl of DMEM + 2 % FCS. This dilution step was repeated four times. Then medium
was removed from two wells of the CV-1 cells and 250 ul of virus dilution were
added in duplicate. This was repeated for each dilution. On one 24-well plate two
samples could be titrated. The plate was incubated for one hour. Then one ml of
overlay medium containing 1.5 % carboxymethylcellulose, 5 % FCS and P/S was
added to avoid viral spreading. After 2 days of incubation at 37 °C, 1 ml of crystal
violet staining solution was added to each well. Staining was performed for at
least three hours. Then, the overlay medium and staining solution were removed
and discarded carefully, as crystal violet is a hazardous solution. Wells were
washed several times with water until all of the staining solution was removed.
After that, culture plates were irradiated under UV-light for at least 10 minutes,
making sure to eradicate all of the left infectious particles. After drying, culture
plates were laid on a luminous table to count the number of plaque forming units
(PFU) with the naked eye. Only wells with 1-100 PFU were taken into account.
Virus titer was then calculated by multiplying the average plaque count of the two
samples by 4, as the medium volume in which the cells were infected was 250 pl
and the titer is indicated per ml in the end. Then the result was multiplied by the
inverse dilution rate. This calculation can be summarized by the following for-
mula:

u

Virus titre (%) = average plaque count (per dilution)x 4 x dilution™

1

Equation 4: Calculation of the virus titer in pfu per ml.

49



22443 Titration of T-VEC

Titration of T-VEC was performed on Vero cells. Vero cells were seeded in 24
well plates, with 5 x 10* cells and 500 pl per well. Further steps were as described
in2.2.4.4.2.
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3 Results

In total, organoids from four different CRC patients could be established and cul-
tured. Every organoid was infected with a panel of two Measles vaccine viruses
(MeV-GFP and MeV-SCD), five different Vaccinia vaccine viruses (GLV-0b347,
GLV-1h94, GLV-1h68, GLV-4h463 and GLV-1h254) and one Herpes simplex vi-
rus (Talimogene Laherparepvec; T-VEC). Pictures were taken of each CRC or-
ganoid and each treatment, respectively, at defined time points after infection (at
24 hpi, 48 hpi, 72 hpi and 96 hpi) with a phase contrast and fluorescence micro-

scope.

The respective cell viability of each CRC organoid and treatment was measured
at 96 hours post infection in a cell viability assay. Additionally, the effect of the
well-known and established chemotherapeutic 5-fluorouracil (5-FU) was tested

in different concentrations on these organoids as well.

Furthermore, growth curves of different virotherapeutics were generated for each
CRC organoid, characterizing viral replication at different time points (at 24 hpi,
48 hpi, 72 hpi and 96 hpi).

Finally, CRC organoids were examined histologically, making sure that the tested

organoids were harboring CRC tumor cells.
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3.1 Organoid 22
3.1.1 Cell Viability Assay

The first cell viability assay of organoid 22 was conducted with a panel of five
different viruses (MeV-GFP, GLV-0b347, MeV-SCD, GLV-1h94 and T-VEC), all
at a multiplicity of infection (MOI) of 10, except T-VEC with a MOI of 1. Addition-
ally, organoids were treated with MeV-SCD or GLV-1h94 in combination with 5-
FC. As a reference for cell viability of organoids at 96 post infection (hpi) without
any virotherapeutic or cell reductive treatment, organoids were treated only with
medium (MOCK). To exclude any possible cell lytic effects of 5-FC on its own,

1 mM 5-FC was applied to organoids as well.

As expected, treatment with 1 mM 5-FC did not reduce viability, it was even
slightly higher than in mock treated controls (113 %) (Fig. 21). Organoids which
were infected with MeV-GFP at MOI 10 showed a mean viability reduction of
almost 20 % (left cell viability of 82 %) in reference to MOCK. A similar outcome
was seen in organoids treated with MeV-SCD at MOI 10 with a remaining cell
viability of 83 %. In contrast, treatment with GLV-0b347 at MOI 10 reduced via-
bility by 42 %. Infection with T-VEC at MOI 1 reduced viability by 47 %. In con-
trast, after combination treatment with MeV-SCD at MOI 10 and 1 mM 5-FC, via-
bility was reduced to 12 %.
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Figure 21: Cell viability assay of organoid 22 p11.

Cell viability of organoid 22 in passage no. 11 (p11) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as MeV-GFP (MOI 10), MeV-
SCD (MOI 10), GLV-0b347 (MQI 10), MeV-SCD (MOl 10) + 5-FC (1 mM), and T-VEC (MOI 1). Mean values
of one experiment performed in duplicates are shown.

In summary, organoid 22 treated with this selection of OVs showed the most
efficient reduction in cell viability with combination treatment of MeV-SCD (MOI
10) and 1 mM 5-FC.

As treatment with Measles virus with suicide gene enhancement (MeV-SCD)
worked well in the first experiment, another trial with a Vaccinia virus enhanced
with a suicide gene (GLV-1h94) with an MOI of 10 was conducted. GLV-1h94 on
its own showed a similar viability reduction as GLV-0b347 (29 %) (Fig. 22) in the
experiment before (remaining cell viability of 71 %) (Fig. 21). The combination of
GLV-1h94 (MOI 10) and 5-FC (1 mM) was even more efficient than the combina-
tion of MeV-SCD and 1 mM 5-FC in the first experiment with a remaining cell
viability of 4.05%. As a control, organoids were treated with 5-FU (1 mM). Organ-
oid 22 was highly susceptible to 5-FU with a remaining viability of only 0.8 %.
Again, combination treatment of GLV-1h94 (MOI 10) and 1 mM 5-FC was supe-
rior to monotherapy with GLV-1h94 and almost as efficient as 5-FU on its own.
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Figure 22: Cell viability assay of organoid 22 p19.

Cell viability of organoid 22 in passage no. 19 (p19) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as GLV-1h94 (MOI 10), GLV-
1h94 (MOI 10) + 5-FC (1 mM) and 5-FU (1 mM). Mean values of one experiment performed in duplicates
are shown.

In a next step a selection of different vaccinia virus strains was tested on organoid
22. Besides the already tested vaccinia viruses GLV-0b347 and GLV-1h94, or-
ganoid 22 was infected with three other vaccinia viruses (GLV-1h68, GLV-1h254
and GLV-4h463) as well, all at a MOI of 10.

As seen in passage 11 (Fig. 21), GLV-0b347 reduced viability by 42 %. GLV-
1h94 reduced viability to 64 %. This is congruent with the results in passage 19
with a remaining viability of over 71 % (Fig. 22). Again, combination of GLV-1h94
and 5-FC was superior to monotherapy with a remaining cell viability of 7 %. The
other three Vaccinia viruses showed similar results: GLV-4h463 was most effec-
tive in this panel with a viability reduction by 53 %, GLV-1h254 reduced viability
by 48 % and GLV-1h68 by 42 %.

Furthermore, organoid 22 p20 was also treated with different concentrations of
5-FU (1 mM, 0.1 mM, and 0.01 mM) resulting in a dose-dependent reduction of
viability. 5-FU treatment with a concentration of 1 mM reduced viability down to
1.2 % (Fig. 23), which was congruent to treatment of organoids in passage 19.
At a concentration of 0.1 mM viability was reduced to 10.6 %, whereas organoids
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treated with a concentration of 0.01 mM of 5-FU showed a remaining cell viability

of 41 %.
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Figure 23: Cell viability assay of organoid 22 p20.
Cell viability of organoid 22 in passage no. 20 (p20) was measured at 96 hours post infection (hpi) in relation

to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as GLV-0b347 (MOI 10),
GLV-1h94 (MOI 10), GLV-1h94 (MOI 10) + 5-FC (1 mM), GLV-1h68, GLV1h254 and GLV-4h463 (all MOI
10). Additionally, three different concentrations of 5-FU (0.01 mM, 0.1 mM and 1 mM were tested. Mean
values of one experiment performed in duplicates are shown.

To sum it up: In general, combination therapy of virus with suicide gene en-
hancement and 1 mM 5-FC was most effective regarding reduction of cell viability
in CRC organoid 22. Concerning monotherapy with virus, T-VEC (MOI 1) led to

the highest reduction in cell viability compared to other monotherapies.
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3.1.2 Phase contrast and fluorescence microscopic monitoring of
cell growth and marker protein expression

Organoids were monitored by phase contrast and fluorescence microscopy dur-
ing this 96-hour period. Phase contrast microscope pictures were used to identify
changes in morphology of respective organoids. Cell lysis could be identified by
the formation of small, round spheres at the edge of the organoids and disinte-
gration. In this time span, organoids treated with OVs as well as chemotherapeu-
tics or combination therapy showed distinct morphological changes which were
(for the most part) congruent with decays in cell viability measured in previously
shown cell viability assays. Infection of respective organoids could be monitored
by expression of different marker proteins, which were detectable by fluores-

cence microscopy.
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3.1.21 MOCK, 1 mM 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU
Phase contrast pictures showed morphological changes of organoids during this
96-hour period being congruent to decays in cell viability. Organoids only treated
with medium or 1 mM 5-FC showed no to minimal cell lysis and grew distinctly in
the first 48 hours (Fig. 24). This is congruent to results in the cell viability assay,
as organoids treated with TmM 5-FC showed no significant reduction in cell via-
bility compared to MOCK (Fig. 21, 22, 23). Organoids treated with 0.01 mM 5-FU
also showed only minimal signs of cell lysis. In contrast, organoids treated with a
higher concentration of 5-FU (0.1 mM) showed signs of disintegration starting at
72 hours post treatment (hpt). This effect was even more drastic in organoids
treated with the highest concentration of 5-FU (1 mM), which already disinte-
grated at 48 hpt.

1 mM 5-FC 0.01 mM 5-FU 0.1 mM 5-FU 1 mM 5-FU

Figure 24: Phase contrast and fluorescence microscope pictures (10-fold magnification) of organoid 22 p20
treated with medium (MOCK), 1 mm 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU at 24, 48, 72 and
96 hpt.

In summary, morphological changes detected by phase contrast microscopy

were congruent to cell viability reduction measured in the Cell Titer Blue Assay.
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3.1.2.2 MeV-GFP, MeV-SCD and MeV-SCD + 1 mM 5-FC

Organoids infected with MeV-GFP (MOI 10) presented little to no growth during
this 96-hour time span. At 96 hpi these organoids showed signs of cell lysis. A
fluorescent signal and thus sign of infection was detected at 48 hpi, increasing in
intensity at 72 hpi (Fig. 25).

Organoids treated with MeV-SCD (MOI 10) and MeV-SCD + 1 mM 5-FC showed
a syncytial growth pattern with separate organoid spheres merging with others.
Organoids treated with MeV-SCD (MOI 10) showed almost no signs of cell lysis
at 96 hpi (Fig. 25), which was congruent with high cell viability measured in the
previously shown cell viability assay (Fig. 21). In contrast, organoids treated with
MeV-SCD (MOI 10) in combination with 1 mM 5-FC already showed pronounced
signs of disintegration at 48 hpi, resulting in a massive extent of cell lysis at 96
hpi. This was congruent with the significant reduction in cell viability previously

measured (Fig. 21).

MeV-GFP (MOI 10) MeV-SCD (MOI 10) "'el"f ﬁ'in‘ﬁ".?f:”’

Figure 25: Phase contrast and fluorescence microscope pictures of organoid 22 p11 treated with medium
(MOCK), MeV-GFP (MOI 10), MeV-SCD (MOI 10) and MeV-SCD (MOI 10) + 1 mM 5-FC at 24, 48, 72 and
96 hpi.
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3.1.2.3 VACV GLV-1h94, GLV-1h94 + 1 mM 5-FC, GLV-0b347, GLV-
1h254, GLV-1h68 and GLV-4h463

Organoids infected with GLV-1h94 (MOI 10) showed a homogenous fluorescent

signal already at 24 hpi which did not change throughout the 96 hours after in-

fection (Fig. 26).

Notably, organoids which received combination treatment of GLV-1h94 and 5-FC

showed signs of cell lysis already at 48 hpi (Fig. 26). Interestingly, fluorescence

seemed to be increasing as cell lysis increased during the 96-hour period in or-

ganoids treated with GLV-1h94 (MOI 10) + 1 mM 5-FC.

GLV-1h94 (MOI 10) GLV-1h94 (MOI 10) + 1 mM 5-FC

Figure 26: Phase contrast and fluorescence pictures of organoid 22 p19 treated with medium (MOCK),
GLV-1h94 (MOI 10) and GLV-1h94 + 1 mM 5-FC at 24, 48, 72 and 96 hpi.
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Organoid 22 was infected with GLV-0b347 as well. A red fluorescent signal could
already be detected at 24 hpi which increased over the first 72 hours and finally
decreased with organoids disintegrating in the last 24 hours of the 96-hour period
(Fig. 27).

At 24 hpi, infection of individual organoids with GLV-1h254 could be detected.
Viral infection spread along organoids, as visualized in fluorescent imaging at 48
and 72 hpi. Fluorescence signal stayed relatively homogenous for the rest of the
96 hours (Fig. 27).

GLV-0b347 (MOI 10) GLV-1h254 (MOI 10)

Figure 27: Phase contrast and fluorescence microscope pictures of organoid 22 p20 treated with medium,
MOCK, GLV-0b347 (MOI 10) and GLV-1h254 (MOI 10) at 24, 48, 72 and 96 hpi.
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A similar pattern of fluorescent signaling and beginning of cell lysis was seen in
organoids infected with GLV-1h68 (MOI 10) and GLV-4h463 (MOI 10). At 24 hpi,
organoids were successfully infected with respective OV as a fluorescent signal
could be detected. Organoids showed signs of cell lysis starting at 48 hpi. Nota-
bly, fluorescent signal strongly increased at 72 and 96 hpi in organoids infected
with GLV-4h463 (MOI 10) (Fig. 28).

GLV-1h68 (MOI 10) GLV-4h463 (MOI 10)

Figure 28: Phase contrast and fluorescence microscope pictures of organoid 22 p20 treated with medium
(MOCK), GLV-1h68 (MOI 10) and GLV-4h463 (MOI 10) at 24, 48, 72 and 96 hpi.

To sum it up, infection of organoid 22 with all vaccinia viruses was already visible
at 24 hpi. In total, vaccinia viruses showed a strong fluorescent signal, with fluo-
rescence increasing during the 96-hour period and decreasing as cell lysis pro-
gressed. Notably, cell lysis and thus decrease of fluorescent signal started earlier
in organoids treated with combination therapy of GLV-1h94 (MOI 10) + 1 mM 5-
FC.
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31.24 T-VEC

After infection of organoid 22 p11 with T-VEC (MOI 1), first signs of cell lysis could
be detected at 48 hpi. At 72 hpi, signs of disintegration of organoids were clearly
visible, especially compared to MOCK (Fig. 29).

TVEC (MOl 1) |

Figure 29: Phase contrast pictures of organoid 22 p11 treated with medium (MOCK) and T-VEC (MOI 1) at
24, 48, 72 and 96 hpi.
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3.1.3 Virus Growth Curves

Viral growth curves show the number of infectious particles at different time
points. Growth curves were generated for all organoids with three different vi-
ruses (MeV-GFP, GLV-0b347 and T-VEC).

3.1.31 MeV-GFP

Interestingly, viral titers of MeV-GFP showed a decline in the first 48 hpi, starting
at over 1.8x10°% PFU/ml at 3 hpi to 1.8x10* PFU/ml at 24 hpi and 2.1x103 PFU/m|
at 48 hpi. From 48 hpi to 96 hpi viral titers remained on a plateau (Fig. 30).

106-
105-
104-

103-

PFU/ml

102-
107+

100 T T T T T
3 24 48 72 96

hpi

Figure 30: Virus growth curve of MeV-GFP in organoid 22.

Organoid 22 was infected with MeV-GFP at a multiplicity of infection of 10. Virus harvest took place at 3, 24,
48, 72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

All in all, viral titers of MeV-GFP declined in the course of the first 48 hpi before
hitting a plateau phase at 5.6x10% PFU/ml for the rest of the 96 hours.
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3.1.3.2 GLV-0b347
The number of infectious particles of GLV-0b347 at 3 hpi was already relatively
high with a viral load of 1.5x10% PFU/mI which did not change drastically during

the whole observation period (Fig. 31).
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Figure 31: Virus growth curve of GLV-0b347 in organoid 22.
Organoid 22 was treated with GLV-0b347 at a multiplicity of infection of 10. Virus harvest took place at 3,
24,48, 72 and 96 hpi. Samples were analysed via titration on CV-1 cells, the number of plaque forming units

(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

To sum it up: Viral titers of GLV-0b347 in organoid 22 stayed at a concentration
of 1.5x10°% PFU/ml during the duration of the assay. This indicates that there was
no replication of GLV-0b347, as the number of plaque forming units at 3 hpi rep-

resents the inoculum.
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3.1.3.3 T-VEC

At 3 hpi, organoids infected with T-VEC showed (in comparison to the other vi-
ruses) a relatively low number of infectious particles, corresponding to the lower
multiplicity of infection. The number of infectious particles then increased from
2.5x10* PFU/ml at 3 hpi to 2.7x10° PFU/ml at 24 hpi to over 3x108 PFU/ml at 48
hpi. Then viral growth reached a plateau phase at 4.7x10% PFU/ml from 72 hpi
until 96 hpi (Fig. 32).
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Figure 32: Virus growth curve of T-VEC in organoid 22.
Organoid 22 was infected with T-VEC at a multiplicity of infection of 1. Virus harvest took place at 3, 24, 48,
72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units (PFU)

was calculated per milliliter for each time point. Squares in this graphic represent the mean values of three
independently analysed samples, error bars represent SD.

In summary, concentration of infectious particles of T-VEC started low at 2.7x10*
PFU/mI and increased up to 48 hpi when a plateau phase was reached until 96
hpi.
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3.2 Organoid 25

3.2.1 Cell Viability Assay

Organoid 25 in passage 16 was tested with the whole selection of viruses. Treat-
ment with 5-FC alone showed a small reduction in viability of less than 6 %. In-
fection with MeV-GFP resulted in a reduction in viability of 54 %. Monotherapy
with MeV-SCD (MOI 10) reduced cell viability by 49 %. In contrast, combination
of MeV-SCD with 5-FC completely killed the organoid (remaining cell viability of
0.6 %). T-VEC was tested at a MOI of 1 and showed the highest efficacy in cell
viability reduction of all viruses without suicide gene enhancement resulting in a
remaining cell viability of less than 20 % (Fig. 33).

In this organoid, vaccinia viruses showed a much higher heterogeneity in cell
viability reduction than previously seen in organoid 22 (Fig. 33). Infection with
GLV-0b347 reduced cell viability by 55 %. Treatment with GLV-1h94 was more
effective, reducing cell viability by more than 68 %. Combination treatment of
GLV-1h94 with 5-FC reduced cell viability to 1.5 %, similar to combination treat-
ment of MeV-SCD with 5-FC. GLV-4h463 and GLV-1h254 were the most effec-
tive vaccinia viruses, both reducing cell viability by more than 70 % in this pas-
sage (Fig. 33). As a positive control, 5-FU in different concentrations was tested
as well. Interestingly, in contrast to organoid 22, even the lowest concentration of
0.01 mM 5-FU reduced viability to 1.7 %. Treatment with 0.1 mM FU reduced
viability to 0.6 %, treatment with 1 mM 5-FU to 0.5%.
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Figure 33: Cell Viability Assay of organoid 25 p16.

Cell viability of organoid 25 in passage no. 16 (p16) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as MeV-GFP (MOI 10), MeV-
SCD (MOI 10), MeV-SCD (MOI 10) + 5-FC (1 mM), GLV-0b347 (MOI 10), GLV-1h94 (MOI 10), GLV-1h94
(MOQI 10) + 5-FC (1 mM), GLV-1h68 (MOI 10), GLV-1h254 (MOI 10), GLV-4h463 (MOI 10) and T-VEC (MOl
1). Additionally, Organoid 25 p16 was treated with three different concentrations of 5-FU (0.01 mM, 0.1 mM
and 1 mM). Mean values of one experiment performed in duplicates are shown.

To sum it up: Combination treatment with MeV-SCD and 5-FC or GLV-1h94 and
5-FC proved to be most effective in this selection of tested virotherapeutics. Or-
ganoid 25 was highly sensitive to 5-FU. Notably, T-VEC at a lower MOI of 1

turned out to be the most effective virus without suicide gene enhancement.
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3.2.2 Phase contrast and fluorescence microscopic monitoring of
cell growth and marker protein expression
3.221 MOCK, 1 mM 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU
After treatment with medium or 1mM 5-FC organoid 25 showed almost no signs
of cell lysis. In fact, organoids seemed to grow in this 96-hour period. Interest-
ingly, phase contrast pictures of organoid 25 treated with three different concen-
trations of 5-FU all showed extensive signs of cell lysis already at 24 hpt (Fig.
34). This is congruent with the massive cell reduction of organoid 25 in the cell

viability assay, even at low concentrations of 5-FU (Fig. 33).

1 mM 5-FC 0.01 mM 5-FU 0.1 mM 5-FU 1 mM 5-FU

Figure 34: Phase contrast and fluorescence microscope pictures (10-fold magnification) of organoid 25 p16
treated with medium (MOCK), 1 mm 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU at 24, 48, 72 and
96 hpt.
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3.2.2.2 MeV-GFP, MeV-SCD and MeV-SCD + 1 mM 5-FC

MeV-SCD (MOI 10)
MeV-GFP (MOI 10) MeV-SCD (MOI 10) +1mM 5-FC

Figure 35: Phase contrast and fluorescence microscope pictures of organoid 25 p16 treated with medium
g\éloh;:ig), MeV-GFP (MOI 10), MeV-SCD (MOI 10) and MeV-SCD (MOI 10) + 1 mM 5-FC at 24, 48, 72 and
Organoid 25 treated with MeV-GFP (MOI 10) showed signs of cell lysis as early
as 24 hpi in phase contrast pictures, but they weren’t as extensive as in organoids
treated with 5-FU (Fig. 35). Signs of cell lysis in organoid 25 as seen in phase
contrast pictures increased during the 96-hour period. A fluorescent signal was
detected at 24 hpi which only slightly increased in the next 48 hours. Similar to
that, organoid 25 treated with MeV-SCD also showed discrete signs of cell lysis
but was still relatively intact after 96 hours. In contrast, combination therapy of
MeV-SCD (MOI 10) and 1 mM 5-FC in organoid 25 resulted in massive signs of
cell lysis already after 24 hours. At 96 hpi it was completely disintegrated (Fig.

35).
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3.2.2.3 VACV GLV-1h94, GLV-1h94 + 1 mM 5-FC, GLV-0b347, GLV-
1h254, GLV-1h68 and GLV-4h463

GLV-1h94 (MOI 10) GLV-1h94 (MOI 10) + 1 mM 5-FC

Figure 36: Phase contrast and fluorescence pictures of organoid 25 p16 treated with medium (MOCK),
GLV-1h94 (MOI 10) and GLV-1h94 + 1 mM 5-FC at 24, 48, 72 and 96 hpi.

In organoid 25 infected with GLV-1h94, a fluorescent signal could already be de-
tected at 24 hpi. Interestingly, extensive morphological changes were not detect-
able until 48 hpi (Fig. 36). In contrast, similar to organoids treated with combina-
tion therapy of MeV-SCD (MOI 10) and 1 mM 5-FC, organoids treated with com-
bination therapy of GLV-1h94 (MOI 10) and 1 mM 5-FC showed massive signs
of cell lysis already at 24 hpi and were completely disintegrated at 96 hpi. A fluo-
rescent signal in organoids treated with combination therapy could be detected
as well at 24 hpi (Fig. 36).
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GLV-0b347 (MOI 10) GLV-1h254 (MOI 10)

Figure 37: Phase contrast and fluorescence microscope pictures of organoid 25 p16 treated with medium
(MOCK), GLV-0b347 (MOI 10) and GLV-1h254 (MOI 10) at 24, 48, 72 and 96 hpi.

In organoid 25 infected with GLV-0b347, a strong fluorescent signal could already
be detected at 24 hpi. Interestingly, distinct morphological changes could only be
spotted at 48 hpi. Areas with fluorescent signal were congruent with areas of
extensive cell lysis. This was also the case in organoids treated with GLV-1h254:
a fluorescent signal could already be detected at 24 hpi, but distinct morphologi-
cal changes in phase contrast pictures were not observable until 48 hpi. Both
organoids treated with GLV-0b347 or GLV-1h254 respectively were completely
disintegrated after 96 hours (Fig. 37).
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GLV-1h68 (MOI 10) GLV-4h463 (MOI 10)

Figure 38: Phase contrast and fluorescence microscope pictures of organoid 25 p16 treated with medium
(MOCK), GLV-1h68 (MOI 10) and GLV-4h463 (MOI 10) at 24, 48, 72 and 96 hpi.

Like organoids treated with vaccinia viruses before, in organoid 25 infected with
GLV-1h68 a fluorescent signal could be detected at 24 hpi. Again, distinct mor-
phological changes were not detectable until 48 hpi. At 72 hpi, organoids were
completely disintegrated (Fig. 38). In organoids treated with GLV-4h463, a fluo-
rescent signal was also detectable at 24 hpi and distinct morphological changes
could be observed at 48 hpi. Like organoids infected with GLV-1h68, organoids
treated with GLV-4h463 were completely disintegrated at 72 hpi (Fig. 38).
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3.224 T-VEC

T-VEC (MOI 1)

Figure 39: Phase contrast pictures of organoid 25 p16 treated with medium (MOCK) and T-VEC (MOI 1) at
24, 48, 72 and 96 hpi.

In organoid 25 infected with T-VEC (MOI 1), morphological changes could al-
ready be detected at 24 hpi. These signs of cell lysis spread throughout the next
72 hours. At 96 hpi, organoid 25 was completely disintegrated (Fig. 39).
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3.2.3 Virus Growth Curves
3.2.31 MeV-GFP
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Figure 40: Virus growth curve of MeV-GFP (MOI 10) in organoid 25.

Organoid 25 was infected with MeV-GFP at a multiplicity of infection of 10. Virus harvest took place at 3, 24,
48, 72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

Viral titers of MeV-GFP in organoid 25 showed, similar to organoid 22, a decline
between 3 hpi and 48 hpi from 2.8x10° PFU/ml to 2.1x10% PFU/ml. In contrast to
organoid 22, there was a rise in viral titer to 5.6x10* at 72 hpi. After that, the titer
decreased again to 3.2x103 PFU/mI at 96 hpi (Fig. 40).

To sum it up, titers of MeV-GFP in organoid 25 decreased in the time span of

96 hours, starting at 2.8x10% PFU/ml at 3 hpi and ending at 3.2x103 PFU/ml at 96
hpi.
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3.23.2 GLV-0b347
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Figure 41: Virus growth curve of GLV-0b347 in organoid 25.
Organoid 25 was infected with GLV-0b347 at a multiplicity of infection of 10. Virus harvest took place at 3,
24,48, 72 and 96 hpi. Samples were analysed via titration on CV-1 cells, the number of plaque forming units

(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

In organoid 25, viral titers of GLV-0b347 showed no significant change between
3 hpi and 24 hpi, starting at 4.1x10° PFU/ml. The number of infectious particles
increased slightly between 24 hpi and 48 hpi from 4.7x10° to 1.5x108 before hit-
ting a plateau phase from 48 hpi to 96 hpi (Fig. 41).
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3.23.3 T-VEC
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Figure 42: Virus growth curve of T-VEC in organoid 25.
Organoid 25 was infected with T-VEC at a multiplicity of infection of 1. Virus harvest took place at 3, 24, 48,
72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units (PFU)

was calculated per milliliter for each time point. Squares in this graphic represent the mean values of three
independently analysed samples, error bars represent SD.

Virus growth curve for T-VEC showed a similar pattern in organoid 25 as in or-
ganoid 22: Starting from 2.3x10* PFU/ml at 3 hpi, the titer rose to 2x10° at 24 hpi
and 1.4x108 at 48 hpi. At 48 hpi a plateau was reached and no further increase

in viral titers could be observed at 72 and 96 hpi (Fig. 42).
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3.3 Organoid 29
3.3.1 Cell Viability Assay
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Figure 43: Cell Viability Assay of organoid 29 p9.

Cell viability of organoid 29 in passage no. 9 (p9) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as MeV-GFP (MOI 10), MeV-
SCD (MOl 10), MeV-SCD (MOI 10) + 5-FC (1 mM), GLV-0b347 (MOI 10) and T-VEC (MOI 1). Mean values
of one experiment performed in duplicates are shown.

In a first experiment organoid 29 p9 was infected with 4 different viruses, namely
MeV-GFP, MeV-SCD with or without 5-FC, GLV-0b347 and T-VEC. In addition,
the organoid was treated with 5-FC only. As expected, treatment with 5-FC (1
mM) did not reduce cell viability. Organoids infected with MeV-GFP at a MOl of
10 showed a minimal reduction in viability of 11.4 %. Treatment with MeV-SCD
showed similar results: monotherapy with MeV-SCD at a MOI of 10 showed al-
most no reduction in cell viability (remaining cell viability of 97 %). In contrast,
combination treatment of MeV-SCD with 5-FC was strikingly more effective with
a cell viability reduction of 85 %. Treatment with GLV-0b347 showed similar re-
sults as treatment with MeV-GFP with a remaining cell viability of 78 %. Surpris-
ingly, monotherapy with T-VEC only reduced viability by 24 % (Fig. 43).
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To sum it up: This organoid showed a much higher resistance to the whole se-
lection of tested OVs compared to the other organoids. All tested monotherapies
had similar results. An exception was combination treatment of MeV-SCD with 5-

FC, which showed a pronounced reduction of cell viability.
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Figure 44: Cell Viability Assay of organoid 29 p23.

Cell viability of organoid 29 in passage no. 23 (p23) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as GLV-0b347 (MOI 10),
GLV-1h94 (MOI 10), GLV-1h94 (MOI 10) + 5-FC (1 mM), GLV-1h68, GLV1h254 and GLV-4h463 (all at MOI
10). Additionally, three different concentrations of 5-FU (0.01 mM, 0.1 mM and 1 mM) were tested on organ-
oid 29 p23 as well. Mean values of one experiment performed in duplicates are shown.

Next, organoid 29 was treated with a selection of different vaccinia viruses as
well as different concentrations of 5-FU (1 mM, 0.1 mM and 0.01 mM). As ex-
pected, treatment with 5-FC showed no reduction in cell viability with a remaining
cell viability of 92 %. In contrast to the first experiment, infection with GLV-0b347
at MOI 10 now reduced cell viability by 59 % (Fig. 44) compared to 22 % in the
first experiment (Fig. 43). Infection with GLV-1h94 reduced viability by 58 %.
Combination treatment with GLV-1h94 (MOI 10) and 1 mM 5-FC showed a mas-
sive reduction in cell viability with a remaining cell viability of only 2.4%. This
value is comparable to the effect of 1 mM 5-FU in this organoid. The other tested
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vaccinia viruses (GLV-4h463, GLV-1h254 and GLV-1h68) showed similar effects
with a cell viability reduction of over 60 % as well. 5-FU showed a dose dependent
effect on viability. Interestingly, organoid 29 was not as susceptible to 5-FU as
organoid 25 with a remaining cell viability of 17 % at 0.01 mM 5-FU, 8 % at 0.1
mM 5-FU and 2 % at 1 mM 5-FU (Fig. 44).

To sum it up: All tested vaccinia viruses showed similar efficacies regarding cell

viability reduction. Combination treatment of GLV-1h94 with 5-FC (1 mM) showed
the highest reduction in cell viability, similar to treatment with 1 mM 5-FU.
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3.3.2 Phase contrast and fluorescence microscopic monitoring of
cell growth and marker protein expression
3.3.21 MOCK, 1 mM 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU

1 mM 5-FC 0.01 mM 5-FU 0.1 mM 5-FU 1 mM 5-FU

Figure 45: Phase contrast and fluorescence microscope pictures (10-fold magnification) of organoid 29 p23
treated with medium (MOCK), 1 mm 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU at 24, 48, 72 and
96 hpt.

Similar to previously tested organoids, organoid 29 treated with either medium
only (MOCK) or 1 mM 5-FC grew during the observation period of 96 hours and
showed no signs of cell lysis. In contrast, organoids treated with 1 mM 5-FU
showed extensive morphological changes and were fully disintegrated at 72 hpi.
Organoids treated with 0.1 mM 5-FU also fully disintegrated, but not until 96 hpi.
Interestingly, organoids treated with 0.01 mM 5-FU, the lowest concentration,

showed no distinct signs of cell lysis (Fig. 45).
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3.3.2.2 MeV-GFP, MeV-SCD and MeV-SCD + 1 mM 5-FC
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Figure 46: Phase contrast and fluorescence microscope pictures of organoid 29 p9 treated with medium
g\éloh;:ig), MeV-GFP (MOI 10), MeV-SCD (MOI 10) and MeV-SCD (MOI 10) + 1 mM 5-FC at 24, 48, 72 and
As observed in previously tested organoids, organoid 29 treated with MeV-GFP
(MOI 10) showed a significant fluorescent signal at 48 hpi. Slight morphological
changes could be observed at 72 hpi, but organoid 29 was still relatively intact at
96 hpi. This was also the case after infection with MeV-SCD (MOI 10), where only
minor morphological changes could be detected at 96 hpi. In contrast to that,
phase contrast pictures of organoid 29 treated with combination therapy of MeV-
SCD (MOI 10) + 1 mM 5-FC showed massive signs of cell lysis at 72 hpi. Organ-
oid 29 treated with combination therapy was completely disintegrated at 96 hpi

(Fig. 46).
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3.3.2.3 VACV GLV-1h94, GLV-1h94 + 1 mM 5-FC, GLV-0b347, GLV-
1h254, GLV-1h68 and GLV-4h463

GLV-1h94 (MOI 10) GLV-1h94 (MOI 10) + 1 mM 5-FC
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Figure 47: Phase contrast and fluorescence pictures of organoid 29 p23 treated with medium (MOCK),
GLV-1h94 (MOI 10) and GLV-1h94 + 1 mM 5-FC at 24, 48, 72 and 96 hpi.

Similar to previously tested organoids infected with vaccinia viruses, a fluorescent
signal was detectable at 24 hpi in organoids infected with GLV-1h94 as well as
organoids treated with combination therapy of GLV-1h94 (MOI 10) and 1 mM 5-
FC. Morphological changes during monotherapy with GLV-1h94 (MOI 10) were
observed at 48 hpi and in organoids treated with combination therapy only at 72
hpi (Fig. 47). Notably, density of organoids in both pictures was rather low, so

changes in morphology could not be judged reliably.
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GLV-0b347 (MOI 10) GLV-1h254 (MOI 10)

Figure 48: Phase contrast and fluorescence pictures of organoid 29 p9 treated with medium (MOCK) and
GLV-0b347 (MOI 10) and organoid 29 p23 infected with GLV-1h254 at 24, 48, 72 and 96 hpi.

In organoids infected with GLV-0b347 (MOI 10) or with GLV-1h254 (MOI 10), a
fluorescent signal could be detected as early as 24 hpi whereas morphological
changes were detectable not until 48 hpi. Organoid 29 treated with GLV-0b347
(MOI 10) showed massive signs of cell lysis at 96 hpi (Fig. 48).
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GLV-1h68 (MOI 10) GLV-4h463 (MOI 10)

Figure 49: Phase contrast and fluorescence pictures of organoid 29 p23 treated with medium (MOCK),
GLV-1h68 (MOI 10) and GLV-4h463 (MOI 10) at 24, 48, 72 and 96 hpi.

After infection with GLV-1h68 or GLV-4h463 at MOI 10, respectively, a fluores-
cent signal could be detected at 24 hpi. Signs of cell lysis in phase contrast pic-
tures could be observed at 48 hpi in both organoids resulting in a complete dis-
integration of organoid 29 at 72 hpi. Again, organoids were relatively small, so

morphological changes could only be assessed to a limited extent (Fig. 49).
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3.3.24 T-VEC

Figure 50: Phase contrast pictures of organoid 29 p9 treated with medium (MOCK) and T-VEC at 24, 48,
72 and 96 hpi.

Organoid 29 in passage 9 infected with T-VEC (MOI 1) showed an interesting
growth pattern: organoids grew in this 96-hour period but at the same time
showed signs of cell lysis with apoptotic bodies forming at the edge of respective
organoid. Notably, in these pictures a rather sizeable organoid with a syncytial
growth pattern was observed, which was surrounded by smaller cell conglomer-
ations (Fig. 50).
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3.3.3 Virus growth curves
3.3.3.1 MeV-GFP
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Figure 51: Virus growth curve of MeV-GFP (MOI 10) in organoid 29.

Organoid 29 was infected with MeV-GFP at a multiplicity of infection of 10. Virus harvest took place at 3, 24,
48, 72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

Congruent to the virus growth curves before, viral titers in organoid 29 showed a
decline from 2.5x10% PFU/mI at 3 hpi to 2.1x10* PFU/ml at 24 hpi and 2.5x103
PFU/mI at 48 hpi before hitting the minimum of 8.8x102 PFU/mI at 72 hpi. Inter-
estingly, replication then increased to 1.8x10% PFU/ml at 96 hpi (Fig. 51). This
decline in infectious particles in the first 48 hpi before hitting a plateau phase
between 48 hpi and 96 hpi is similar to results in organoid 22 (Fig. 30).
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3.3.3.2 GLV-0b347
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Figure 52: Virus growth curve of GLV-0b347 in organoid 29.

Organoid 29 was infected with GLV-0b347 at a multiplicity of infection of 10. Virus harvest took place at 3,
24,48 , 72 and 96 hpi. Samples were analysed via titration on CV-1 cells, the number of plaque forming
units (PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean
values of three independently analysed samples, error bars represent SD.

Viral titers of GLV-0b347 in organoid 29 showed a plateau phase at 1.7x10°
PFU/mI between 3 hpi and 96 hpi (Fig. 52). This growth curve is also very similar
to the growth curves of GLV-0b347 of organoid 22 (Fig. 31) and 25 (Fig. 41),

which also showed no or only very small increases in titers.
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3.3.3.3 T-VEC
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Figure 53: Virus growth curve of T-VEC in organoid 29.

Organoid 29 was infected with T-VEC at a multiplicity of infection of 1. Virus harvest took place at 3, 24, 48,
72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units (PFU)
was calculated per milliliter for each time point. Squares in this graphic represent the mean values of three
independently analysed samples, error bars represent SD.

The number of infectious particles in organoids treated with T-VEC increased
from 2x10* PFU/ml at 3 hpi to 1.3x10% PFU/ml at 24 hpi. After that, virus replica-
tion only increased slightly between 24 hpi and 48 hpi before hitting a plateau
between 48 hpi and 96 hpi at 3.1x10°. Compared to the other organoids treated
with T-VEC, replication in organoid 29 showed a similar total increase of infec-
tious particles from 2x10% to 1.3x108 PFU/ml, but in contrast to the others, in a

period of 24 hours compared to 48 hours (Fig. 53).
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3.3.3.4 MeV-SCD and MeV-SCD + 1 mM 5-FC
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Figure 54: Virus growth curve of MeV-SCD and MeV-SCD + 1 mM 5-FC in organoid 29.

Organoid 29 was treated with MeV-SCD and MeV-SCD + 1 mM 5-FC at a multiplicity of infection of 10. Virus
harvest took place at 3, 24, 48, 72 and 96 hpi. Samples were analysed via titration on Vero cells, the number
of plaque forming units (PFU) was calculated per milliliter for each time point. Squares/triangles in this
graphic represent the mean values of three independently analysed samples, error bars represent SD.

Organoid 29 p26 was treated with MeV-SCD (MOI 10) and MeV-SCD (MOI 10)
+ 1 mM 5-FC, respectively. Viral titers in organoids treated with MeV-SCD alone
declined from 4.4x10% PFU/ml at 3 hpi to 3.9x10* PFU/ml at 24 hpi and 2.1x10*
PFU/ml at 48 hpi. From 2.6x10* PFU/ml at 72 hpi the number of infectious parti-
cles declined again to 3.8x10% PFU/ml at 96 hpi (Fig. 54). Similar to MeV-GFP,
viral replication declined in the course of the 96 hpi, but in contrast to MeV-GFP,
viral replication hit the plateau phase earlier.

Organoids treated with the combination treatment of MeV-SCD (MOI 10) + 1 mM
5-FC showed a similar number of infectious particles at 3 hpi (8.1x10* PFU/m).
Viral titers then declined to 3.7x10* PFU/mI at 24 hpi, 3.2x10% PFU/ml, 4.4x10?
PFU/ml and 6.73x102 PFU/mI. Compared to monotherapy, decline of viral titers
in the first 24 hpi was almost identical. Then, however, viral replication in organ-
oids treated with the combination therapy further declined in contrast to viral rep-
lication in organoids treated with monotherapy, which showed a plateau phase
from 48 hpi to 72 hpi (Fig. 54).
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3.3.3.5 GLV-1h94 and GLV-1h94 + 1 mM 5-FC
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Figure 55: Virus growth curve of GLV-1h94 (MOI 10) and GLV-1h94 (MOI 10) + 1 mM 5-FC in organoid 29.
Organoid 29 was treated with GLV-1h94 (MOI 10) and GLV-1h94 (MOI 10) + 1 mM 5-FC, respectively. Virus
harvest took place at 3, 24, 48, 72 and 96 hpi. Samples were analyzed via titration on CV-1 cells, the number
of plaque forming units (PFU) was calculated per milliliter for each time point. Squares in this graphic repre-
sent the mean values of three independently analysed samples, error bars represent SD.

Viral replication of GLV-1h94 and GLV-1h94 + 1mM 5-FC in organoid 29 showed
similar growth curves. At 3 hpi, the number of infectious particles in organoids
infected with GLV-1h94 was 1,8x10° PFU/mI, compared to 1,3x10° PFU/ml in
organoids treated with GLV-1h94 (MOI 10) + 1 mM 5-FC (Fig. 55). Titers re-
mained in a plateau phase during the whole observation period showing no strik-
ing difference with or without 5-FC.
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3.3.3.6 GLV-1h68

107-

106-
105- —— —N

104+
103
102+
1014
100

PFU/mlI

3 24 48 72 96
hpi

Figure 56: Virus growth curve of GLV-1h68 in organoid 29.

Organoid 29 was infected with GLV-1h68 at a multiplicity of infection of 10. Virus harvest took place at 3,
24,48, 72 and 96 hpi. Samples were analyzed via titration on CV-1-cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analyzed samples, error bars represent SD.

The number of infectious particles of GLV-1h68 started at 1.7x10° PFU/ml at 3
hpi and did not change during the observation period of 96 hpi (Fig. 56). This is
congruent to results of viral replication of other vaccinia viruses, where the num-
bers of viral particles also remained constant throughout the whole time span
monitored (Fig. 52).
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3.4 Organoid 33
3.4.1 Cell Viability Assay
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Figure 57: Cell Viability Assay of organoid 33 p6.

Cell viability of organoid 33 in passage no. 6 (p6) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as MeV-GFP (MOI 10), MeV-
SCD (MOI 10), MeV-SCD (MOQI 10) + 5-FC (1 mM), GLV-0b347 (MOI 10), GLV-1h94 (MOI 10), GLV-1h94
(MOI 10) + 5-FC (1 mM) and T-VEC (MOI 1). Additionally, organoid 25 p6 was treated with three different
concentrations of 5-FU (0.01 mM, 0.1 mM and 1 mM). Mean values of one experiment performed in dupli-
cates are shown.

In a first experiment, organoid 33 was infected with two different measles vaccine
viruses (MeV-GFP and MeV-SCD), two different vaccinia viruses (GLV-0b347
and GLV-1h94) and the Herpes simplex Virus T-VEC. In general, measles vi-
ruses were less effective than the other viruses reducing cell viability by 20 %
(MeV-GFP) and 38 % (MeV-SCD), respectively. Combination treatment of MeV-
SCD (MOI 10) with 1 mM 5-FC was highly efficient with a remaining cell viability
of only 3 %. Notably, T-VEC at a MOI of 1 showed similar results as the combi-
nation treatment of MeV-SCD with 5-FC with a remaining cell viability of 5 %.
Compared to the other organoids, T-VEC was most effective in organoid 33. Both
vaccinia viruses reduced cell viability to a similar extent: GLV-0b347 by 52 %,
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GLV-1h94 by 48 %. Combination treatment of GLV-1h94 (MOI 10) with 5-FC (1
mM) was again highly efficient reducing cell viability by more than 95 %. Again,
different concentrations of 5-FU were tested as well, showing a massive reduc-
tion in cell viability of almost 100 % in organoids treated with 1 mM 5-FU with a
remaining cell viability of 1 %. Lower concentrations of 5-FU (0.1 mM and 0.01
mM) also led to a massive reduction in cell viability by 94 % (0.1 mM 5-FU) and
92 % (0.01 mM 5-FU), respectively (Fig. 57).

To sum it up: Monotherapy with T-VEC at a MOI of 1 as well as combination
treatment of either MeV-SCD or GLV-1h94 with 5-FC were very effective in or-
ganoid 33, all reducing viability to below 10 %. In addition, organoid 33 was highly

sensitive to 5-FU.

Figure 58: Cell Viability Assay of organoid 33 p9.

Cell viability of organoid 33 in passage no. 9 (p9) was measured at 96 hours post infection (hpi) in relation
to treatment with only medium (MOCK; per definition 100 % cell viability). Results are given as percent cell
viability in relation to MOCK. Organoids were treated with 5-FC (1 mM) as well as GLV-0b347 (MOI 10),
GLV-1h94 (MOI 10), GLV-1h94 (MQI 10) + 5-FC (1 mM), GLV-1h68, GLV1h254 and GLV-4h463. Addition-
ally, two different concentrations of 5-FU (0.1 mM and 1 mM) were tested. Mean values of one experiment

performed in duplicates are shown.
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Next, organoid 33 was tested with a selection of 5 different vaccinia viruses. Com-
pared to the first experiment, GLV-0b347 showed a higher efficacy in cell viability
reduction of more than 70 % (Fig. 58) compared to 50 % (Fig. 57) before (remain-
ing cell viability of 27 %). GLV-1h94 showed a similar reduction in cell viability as
before with a remaining cell viability of 46.8 % (Fig. 58). Combination treatment
of GLV-1h94 with 1 mM 5-FC was again highly effective in organoid 33, with a
remaining cell viability of only 2 %. Interestingly, the other tested vaccinia viruses
showed similar results: GLV-4h463 and GLV-1h254 reduced cell viability by more
than 60 %, GLV-1h68 by 57 %. 5-FU again reduced viability by more than 90 %
with a remaining cell viability of 7.8 % in organoids treated with 0.1 mM 5-FU and
1.5 % in organoids treated with 1 mM 5-FU, demonstrating the high sensitivity of
organoid 33 to 5-FU (Fig. 58).

To sum it up: All vaccinia viruses reduced viability of organoid 33 similarly. Com-
bination treatment of GLV-1h94 and 5-FC was very effective with a cell viability
reduction to almost 0 %. Furthermore, organoid 33 proved to be very sensitive to
5-FU.
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3.4.2 Phase contrast and fluorescence microscopic monitoring of
cell growth and marker protein expression
3421 MOCK, 1 mM 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU

1 mM 5-FC 0.01 mM 5-FU 0.1 mM 5-FU 1 mM 5-FU

Figure 59: Phase contrast and fluorescence microscope pictures (10-fold magnification) of organoid 33 p6
treated with medium (MOCK), 1 mm 5-FC, 0.01 mM 5-FU, 0.1 mM 5-FU and 1 mM 5-FU at 24, 48, 72 and
96 hpt.

Organoid 33 in passage 6 treated with medium only (MOCK) or with 1 mM 5-FC
showed a constant growth in phase contrast pictures. In contrast, organoids
treated with different concentrations of 5-FU showed almost no or very little
growth. Organoids treated with the highest concentration of 5-FU (1 mM) showed

extensive signs of cell lysis already at 24 hpt (Fig. 59).
To sum it up: Organoid 33 was highly sensitive to 5-FU, even at the lowest con-

centration of 0.01 mM, as organoid growth was drastically limited already at 24
hpt.
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3.4.2.2 MeV-GFP, MeV-SCD and MeV-SCD +1 mM 5-FC

MeV-SCD (MOI 10)
+1mM 5-FC
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Figure 60: Phase contrast and fluorescence microscope pictures of organoid 33 pé treated with medium
g\éloh;:ig), MeV-GFP (MOI 10), MeV-SCD (MOI 10) and MeV-SCD (MOI 10) + 1 mM 5-FC at 24, 48, 72 and
Organoid 33 infected with MeV-GFP showed a rather weak fluorescent signal
throughout the whole observation period. Interestingly, morphological changes,
like signs of cell lysis, could be detected, nonetheless. Organoid 33 infected with
MeV-SCD (MOI 10) showed signs of cell lysis at 48 hpi with massive cell destruc-
tion at 96 hpi. This was even more striking in organoids treated with combination
therapy of MeV-SCD (MOI 10) and 1 mM 5-FC as signs of extensive cell lysis
were already detectable at 24 hpi and organoids were completely disintegrated

at 96 hpi (Fig. 60).
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3.3.4.2 VACV GLV-1h94, GLV-1h94 + 1 mM 5-FC, GLV-0b347, GLV-
1h254, GLV-1h68 and GLV-4h463

GLV-1h94 (MOI 10) GLV-1h94 (MOI 10) + 1 mM 5-FC

Figure 61: Phase contrast and fluorescence pictures of organoid 33 p6 treated with medium (MOCK), GLV-
1h94 (MOI 10) and GLV-1h94 + 1 mM 5-FC at 24, 48, 72 and 96 hpi.

Organoid 33 in passage 6 infected with GLV-1h94 (MOI 10) showed a distinct
fluorescent signal already at 24 hpi, like all previously tested organoids infected
with vaccinia viruses. Although slight morphological changes could already be
observed in phase contrast pictures at 24 hpi, distinct signs of cell lysis were
clearly visible at 48 hpi. A similar pattern was observable after treatment with
combination therapy of GLV-1h94 (MOI 10) + 1 mM 5-FC, as a fluorescent signal
was visible at 24 hpi, but signs of cell lysis in phase contrast pictures were not
observable until 48 hpi. This was different to organoids 22, 25 and 29 treated with
combination therapy, where morphological changes were already observable at
24 hpi. At 96 hpi, organoids treated with monotherapy of GLV-1h94 as well as
organoids treated with combination therapy of GLV-1h94 + 1 mM 5-FC were com-

pletely lysed (Fig. 61).
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GLV-0b347 (MOI 10) GLV-1h254 (MOI 10)

Figure 62: Phase contrast and fluorescence microscope pictures of organoid 33 p9 treated with medium
(MOCK), GLV-0b347 (MOI 10) and GLV-1h254 (MOI 10) at 24, 48, 72 and 96 hpi.

As in all previously tested organoids infected with vaccinia virus, a fluorescent
signal was already detectable at 24 hpi in organoid 33 treated with GLV-0b347
(MOI 10). Signs of cell lysis in phase contrast pictures could be observed at 48
hpi. At 96 hpi, most of the organoids were disintegrated. After infection with GLV-
1h254 (MOI 10) a fluorescent signal as well as extensive signs of cell lysis were
detectable at 24 hpi with a complete disintegration of organoids already at 48 hpi
(Fig. 62).
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GLV-1h68 (MOI 10) GLV-4h463 (MOI 10)

Figure 63: Phase contrast and fluorescence pictures of organoid 33 p9 treated with medium (MOCK), GLV-
1h68 (MOI 10) and GLV-4h463 at 24, 48, 72 and 96 hpi.

Organoid 33 infected with GLV-1h68 (MOI 10) showed a fluorescent signal at 24
hpi, which increased over the 96 hours indicating a spread of viral infection. First
morphological signs of cell lysis were observable at 48 hpi and increased over
time with a complete disintegration of organoids at 96 hpi. In organoids treated
with GLV-4h463 (MOI 10) spreading of infection was also well observable, as the
fluorescent signal expanded over the 96 hours. This was congruent with morpho-
logical changes observable in phase contrast pictures, as signs of cell lysis began

to appear at 48 hpi and expanded until 96 hpi (Fig. 63).
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3.4.23 T-VEC

T-VEC (MOI 1)

Figure 64: Phase contrast pictures of organoid 33 p6 treated with medium (MOCK) and T-VEC at 24, 48,
72 and 96 hpi.

Finally, organoid 33 in passage 6 was infected with T-VEC (MOI 1) as well. First
signs of cell lysis were visible at 48 hpi. At 96 hpi organoids were completely
disintegrated (Fig. 64).
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3.4.3 Virus Growth Curves
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Figure 65: Virus growth curve of MeV-GFP in organoid 33.

Organoid 33 was infected with MeV-GFP at a multiplicity of infection of 10. Virus harvest took place at 3, 24,
48, 72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

Viral titers of MeV-GFP declined in the time span of 96 hpi. At 3 hpi the number
of infectious particles was almost at 2.5x10* PFU/ml. Then titers further declined
to 2x10* PFU/ml at 24 hpi and 5.6x10" PFU/ml at 48 hpi. At 96 hpi, a minimal titer
of 4.1x10" PFU/ml was reached (Fig. 65). This is coherent with the low sensitivity
of organoid 33 to MeV-GFP.
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3.43.2 GLV-0b347
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Figure 66: Virus growth curve of GLV-0b347 in organoid 33.

Organoid 33 was infected with GLV-0b347 at a multiplicity of infection of 10. Virus harvest took place at 3,
24,48, 72 and 96 hpi. Samples were analysed via titration on CV-1 cells, the number of plaque forming units
(PFU) was calculated per milliliter for each time point. Squares in this graphic represent the mean values of
three independently analysed samples, error bars represent SD.

In organoid 33, the growth curve of GLV-0b347 was almost identical to the one
in organoid 29 (Fig. 52). At 3 hpi, the number of infectious particles was 2x108
PFU/mI. The number of infectious particles stayed almost the same, resulting in
a plateau phase from 3 hpi to 96 hpi (Fig. 66). This is congruent to growth curves
of GLV-0b347 in other organoids.
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3.43.3 T-VEC
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Figure 67: Virus growth curve of T-VEC in organoid 33.

Organoid 33 was treated with T-VEC at a multiplicity of infection of 1. Virus harvest took place at 3, 24, 48,
72 and 96 hpi. Samples were analysed via titration on Vero cells, the number of plaque forming units (PFU)
was calculated per milliliter for each time point. Squares in this graphic represent the mean values of three
independently analysed samples, error bars represent SD.

Replication of T-VEC in organoid 33 showed an overall increase of infectious
particles in the course of 96 hpi. Between 3 hpi and 24 hpi, the number of infec-
tious particles increased from 2.6x10* PFU/ml to 1.7x10% PFU/ml. After that, viral
titers increased only slightly, resulting in a plateau phase at 3.5x10° PFU/ml be-
tween 24 hpi and 96 hpi (Fig. 67). Interestingly, replication of T-VEC in organoid
33 was the weakest compared to the other organoids but showed the highest

efficacy in cell viability reduction.
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4 Discussion

Colorectal Cancer (CRC) is still one of the most common cancers worldwide. As
cancer research evolves and therapy modalities undergo a transformation to
more individual / personalized approaches, we are in dire need for more repre-
sentative in vitro models. Tumor organoids seem to be a promising model which
embodies both pragmatic considerations as well as the aspiration for individuality

in therapeutic methods.

41 CRC organoids are susceptible to infection with OVs

As mentioned earlier, tumor organoids employed in virotherapy research are still
a relatively new approach and only a few papers have been published so far
which investigate the possible administration of OVs to tumor organoids in cancer
research. To this date, there are no published studies investigating the possibility

of using organoids as a culture model to test OVs as a treatment option for CRC.

When looking for the usage of “only” monolayer cell cultures, there are numerous
studies investigating the effectiveness of oncolytic virotherapy in the context of
CRC treatment, testing different viral agents (e.g. measles'3%133, vaccinia'34-"36,
herpes simplex'37-142 virus but also adenovirus'#®, Newcastle disease virus'#4,

Coxsackievirus'#9).

As discussed earlier, a critical component of systemic chemotherapy protocols in
clinical CRC treatment is the chemotherapeutic 5-FU. This is also significant
within the scope of virotherapy: cells infected with oncolytic viruses enhanced
with suicide genes express the enzyme supercytosine deaminase which converts
the pro-drug 5-FC into the effective chemotherapeutic compound 5-FU. There
are several studies that investigate the predictability and mechanisms of effec-
tiveness of 5-FU in CRC organoids'6147, but the effectiveness of suicide gene

therapy using oncolytic viruses in organoids has not been studied so far.

We used two different measles viruses, five different vaccinia viruses and one
herpes simplex virus (Talimogene Laherparepvec; T-VEC) to infect organoids es-
tablished from patient-derived CRC specimen via reductions of the tumor cell

masses. All tested OVs were able to infect these patient derived tumor organoids
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(PDTOs), as seen by phase contrast and fluorescence microscopy. In general, a
fluorescent signal was detectable at 24 hpi. In organoids infected with T-VEC or
MeV-SCD, which both do not encode for a fluorescent protein, signs of cell lysis
could be detected during the observation period. In contrast, organoids which
only received medium did not show any signs of cell lysis but rather grew during

the observation period.

This indicates that CRC PDTOs are susceptible to OVs and represent a possible
model to further investigate oncolytic virotherapy for CRC treatment in a prether-

apeutic setting.

4.2 Creating a personalized “virogram”

The main goal of this thesis was to create a personalized “virogram” and thus
determine the best treatment option for each individual patient. To achieve this
goal, resectates of tumors were used to generate organoids which were then in-
fected with a selection of different OVs. Below, the individual virogram for each

patient is discussed extensively.

4.2.1 Organoid 22

The most effective treatment for CRC tumor organoid 22 was the combination
therapy of GLV-1h94 + 1 mM 5-FC. Compared to other organoids, this organoid
was most resistant to oncolytic virotherapy. Notably, organoid 22 was not very
susceptible to treatment with either GLV-1h94 nor 5-FU on its own (Fig. 22, 23).
Only the highest concentration of 5-FU (1 mM) showed a high reduction in tumor
cell viability (Fig. 22, 23). These findings suggest that tumor cell viability reduction
in organoids treated with combination therapy of GLV-1h94 (MOI 10) and 1 mM
5-FC which is locally converted into 5-FU by virus encoded SCD was mainly due
to the cytotoxic effect of 5-FU.

In general, monotherapy with OVs was less effective in organoid 22 than in other
organoids: treatment with both measles viruses reduced cell viability only by 17

%, treatment with vaccinia viruses only by 36-53 %.
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4.2.2 Organoid 25

Organoid 25 was very susceptible to treatment with 5-FU, as even the lowest
concentration of 5-FU (0.01 mM) showed massive reduction in cell viability.

The most effective treatment options for organoid 25 were combination thera-
pies with MeV-SCD (MOI 10) + 1 mM 5-FC and GLV-1h94 (MOI 10) + 1 mM 5-
FC reducing cell viability to 0.6 and 1.5 %, respectively, similar to monotherapy
with 5-FU (Fig. 33).

4.2.3 Organoid 29

Compared to other organoids, organoid 29 showed a medium susceptibility to 5-
FU. The most effective treatment was combination therapy of GLV-1h94 and
5-FC with a remaining cell viability of 2.4 %. In contrast, combination therapy of
MeV-SCD and 5-FC was less effective, especially when compared to other or-
ganoids. Notably, organoid 29 was not susceptible to measles viruses, as mono-
therapy with MeV-GFP only led to a reduction in cell viability of 11 % and even
less in monotherapy with MeV-SCD. The reduction of cell viability in organoids
treated with combination therapy of MeV-SCD and 5-FC is probably mostly due
to the cytotoxic effects of 5-FU. Treatment with T-VEC was the least effective

compared to other organoids (Fig. 44).

4.2.4 Organoid 33

Organoid 33 was highly susceptible to treatment with 5-FU. At the highest con-
centration, a tumor cell viability reduction of 99 % was achieved. Again, combi-
nation therapies of GLV1h94 (MOI 10) + 1 mM 5-FC (remaining cell viability of
2 %) and MeV-SCD + 1 mM 5-FC (remaining tumor cell viability of 3 %) were
most effective (Fig. 57, 58). Notably, treatment with T-VEC as a monotherapy
was highly effective in organoid 33 with a remaining cell viability of 5 % (Fig. 57).
Interestingly, there was a difference in efficacy between the two measles viruses,
as treatment with MeV-SCD led to a reduction of viability of 39 % compared to
20 % in organoids treated with MeV-GFP. Monotherapy with vaccinia viruses was
relatively congruent with a cell viability reduction between 65 and 53 %, except
for GLV-0b347, which led to a cell viability reduction of 80 % (Fig. 58).
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4.2.5 General observations

Looking at all individual virograms (n = 4) a general trend can be observed: com-
bination therapy of a suicide gene enhanced OV together with 5-FC was the most
successful treatment in all tested organoids. Most often, GLV1h94 + 1 mM 5-FC
was the most successful therapy. Viability reductions in organoids treated with
combination therapy resembled those of 5-FU. This suggests that the success of
combination therapy is mostly due to cytotoxic effects mediated by the conversion
of 5-FC to 5-FU.

4.3 Morphological changes did not necessarily correlate with

cell viability reduction

To monitor growth as well as morphological changes of organoids during treat-
ment, pictures were taken with a phase contrast microscope. Furthermore, viral
spreading in organoids infected with OVs was captured by fluorescence micros-

copy.

In organoids which underwent extensive lysis, most often induced by combination
therapy, morphological changes included destruction of cell formations (previ-
ously grown three-dimensional structures dispersed) as well as disintegration of

cells (observable as generation of small spheres).

In general, alterations in the fluorescence signals (being indicative for virus

spreading) and morphological changes were relatively congruent:

¢ In organoids infected with measles viruses, only a weak fluorescent signal
could be detected. This was congruent with at most slight morphological

changes in phase contrast pictures.

e In organoids infected with VACV on the other hand, a strong fluorescent
signal was detectable, independently of the virus strain or organoid infected.
Fluorescent areas showed a high grade of disintegration. Interestingly, via-
bility reduction differed with remaining cell viabilities ranging from 32 % up
to 58 %. As cells disintegrated upon viral infection, the reason for the rather

low reduction in cell viability may be insufficient viral spreading from infected
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to not yet infected cells. To disclose the reason for this spreading inhibition,
further investigation upon host defense mechanisms, viral virulence factors

and maybe also the impact of culture modalities have to be made.

4.4 \Virus species showed specific replication behaviors

To further investigate replication behavior and to better understand individual vi-
rus preferences, organoids were infected with a selection of viruses, namely
MeV-GFP, GLV-0b347 and T-VEC (one virus of each species) and harvested at
different time points after infection. The numbers of infectious viral particles at
different time points were determined to elucidate replication kinetics. The same
MOI was used for the generation of the growth curves as for the cell viability

assays.

Remarkably, each virus species showed a distinct replication behavior, inde-

pendently of the organoid infected.

The number of PFUs in organoids infected with MeV-GFP declined during the
observation period, predominantly in the first 48 hours after infection before the
number of PFUs hit a plateau phase. This was the case in all organoids infected
with MeV-GFP. Except for organoid 25, every other organoid was not susceptible
to oncolysis by MeV-GFP either, with a rather low reduction in cell viability as

seen in the cell viability assay.
This phenomenon could be explained by different considerations:

¢ One possibility is that infection was insufficient in the first place and resulted
in a lack of replication, regardless of the MOI applied. This is supported by
the fact, that MeV-GFP on its own was not able to generate a sufficient
reduction in cell viability in all organoids, as seen in cell viability assays. To

determine the exact reason for this, further experiments are necessary.

e Alternatively, but highly unlikely, the already large number of viral particles
being present in the beginning of the observation period led to a situation at
which no further tumor cells could be infected and consequently no increase

in infectious particles could take place; however, this is contradicted by the
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fact that the fluorescence images show only a small proportion of infected

cells, indicated by the expression of the fluorescent protein GFP.

Another trend can be seen in all organoids infected with GLV-0b347: the number
of infectious particles remained at a plateau during the whole observation period.
In contrast to MeV-GFP, all organoids infected with vaccinia viruses showed a
strong and relatively homogenous fluorescent signal already at 24 hpi. To further
investigate replication behavior, a smaller multiplicity of infection (MOI) should be
chosen, as tumor cells seemed to be very susceptible to infection. A study which
investigated the replication behavior of another vaccinia virus (GLV-1h153) in the
LS174 colon cancer cell line showed that GLV-1h153 was competent for replica-
tion in these cells as seen by an increase of PFUs. Interestingly, a low MOI of 5
has been used in these experiments.'3¢ Also, cytotoxicity was much higher than
in organoids infected with vaccinia viruses, even at a MOI of 0.01. But this can
only be compared to a limited extent and with caution, as different vaccinia vi-

ruses and different CRC cells lines, but not organoids had been used.

Compared to the other OVs, only T-VEC showed an increase in infectious parti-
cles in the course of the observation period. One possible explanation could be
attributed to the fact that T-VEC was applied with a lower MOI than the afore-
mentioned OVs. When a low number of viral particles is applied in the beginning,
more cells stay uninfected initially and can then be infected at later time points
during the observation period. Interestingly, T-VEC was the most efficient mono-
therapy throughout all tested organoids, so not only infectivity but also the onco-
lytic capacity of T-VEC could be attributed to that.

T-VEC (also known as OncoVEX®M-CSF) was to date only tested in one phase |
clinical trial for the therapy of colorectal cancer. Hu et al. applied OncoVEX®M-CSF
only to two patients with colorectal carcinoma (among other patients exhibiting
other solid tumors), which both showed neither a response to the treatment nor
disease-site specific side effects.™® Preclinical investigations are limited to a
study by Shayalan et al. which investigated the oncolytic capacity of a herpes

simplex virus type 1 (HSV-1) in colon cancer cell lines under different oxygenic
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conditions. They discovered that CRC cells responded differently dependent on

peculiar cell context factors.'3°

To further investigate replication behavior in organoids treated with combination
therapy, growth curves of both GLV-1h94 and MeV-SCD as monotherapy as well
as in combination with 5-FC were generated. Again, virus species determined the

overall trend of replication.

In organoids infected with MeV-SCD, independently of mono- or combination
therapy, the overall number of infectious particles declined during the observation
period, even more so in organoids treated with combination therapy. Interestingly,
monotherapy with MeV-SCD did not reduce cell viability significantly in contrast
to combination therapy, where cell viability was reduced by more than 80 %. This
indicates that the stronger decline in the number of infectious particles in organ-
oids treated with combination therapy could be attributed to a more efficient killing

of cells and thus less possibility for the virus to replicate.

Comparing this to combination therapy of GLV-1h94, a somewhat different pic-
ture emerges: both mono- as well as combination therapy of GLV-1h94 with 5-
FC did not show any significant differences in replication behavior. Like the other
vaccinia virus described before, the number of infectious particles stayed rela-

tively constant during the whole observation period.

4.5 Organoids — finding the sweet spot between representa-

tivity and pragmatism?

In the beginning, major advances in human cancer research have been based
on immortalized cell models, being exemplified by the generation of HeLa cancer
cells in 1953!%. Such two-dimensionally growing tumor cell lines are inexpensive
and can be easily cultured and monitored in vitro; experiments are conveniently
reproduced as popular cell lines have identical genetic properties all over the

world.
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Unfortunately, this also represents one of the major downsides of immortalized
cancer cell lines: they lack the genetic and cellular heterogeneity found in primary

tumors, as only robust cells survive during long-term cultivation.'°

Another factor which plays into the poor recapitulation of actual patient tumors
are culture conditions. As discussed earlier, the microenvironment of cells in vivo,
including the extracellular matrix (ECM), strongly influences important factors
such as cell morphology and gene expression. A monolayer cell culture is unable
to sufficiently recreate this tumor microenvironment (TME) and hence misses a

crucial part of tumor pathophysiology.'5".152

Murine models, especially genetically engineered mouse models, are still a cru-
cial part in drug development and basic research as they provide an outlook on
fundamental insights into tumor biology and systemic consequences of drug ap-
plication.'".153 Unfortunately, findings in mouse models cannot be directly trans-
lated into therapy of human cancer patients, as tumorigenesis and systemic as-
pects differ profoundly. Additionally, using these models is quite time-consuming,
costly and cannot provide a high-throughput screening as in vitro models

could. 154155

Patient-derived tumor xenografts (PDTX), in which patients’ tumors are trans-
planted into immunodeficient mice, represent a translational model for individual
drug research. Although this model allows the maintenance of tumor architecture
and stromal composition, PDTX have their disadvantages as well. Similar to other
models, PDTX also fail to reproduce tumor heterogeneity, as only a small section
of the primary tumor is implanted'®®'” and observations made by Morgan et al.
suggest that clonal selection takes place, as less than half of mutations found in
the primary tumor could be detected in PDTX tumor tissues.'”-58 Additionally,
human stroma which is implanted and originally depicted as an advantage for

TME similarity was found to be replaced quickly by host stromal cells.!37:15%:160

Taking all these considerations into account, patient derived tumor organoids
(PDTO) could represent a model which comprises both the aspiration for a highly
representative approach (conservation of tumor heterogeneity)'®”:'%" as well as

the possibility of high-throughput screenings and thus represents a promising
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model in the search for more efficient pre-clinical testing, especially when focus-

ing on oncolytic viruses.

4.6 Clinical perspectives: a route to the practical “virogram”
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Figure 68: Practical steps for the route to the personalized “virogram” (CRC = Colorectal Carcinoma, OV =
oncolytic virus); figure adapted from 762,

The final goal of this thesis was to create a personalized “virogram” to evaluate
the optimal OV for each and every cancer patient. To reach this goal in a clinical
context, different factors have to be taken into account when thinking about a
broader application and an even more representative approach. These factors
are discussed below.
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4.6.1 Optimizing culture conditions to gain a bigger patient collec-
tive

The exact components of the organoid medium and their use in the context of
cell growth and maintenance have already been described in the introduction.
They were based on findings of Sato et al. in the search for the optimal culture
medium for colon organoids. In 2011, Sato et al. further examined culture condi-
tions not only for organoids derived from healthy colon tissue, but also colon ad-
enocarcinoma. They found out that neither R-spondin nor Noggin was necessary
for tumor growth. Notably, in most tumor organoids EGF was dispensable too,
but not in all.’®® In 2015, a paper of the research group around Clevers show-
cased the attempt to establish a CRC organoid biobank. Here, they took ad-
vantage of the Wnt-dependency of normal colonic epithelium and hence selec-
tively cultured tumor organoids (which in 90 % of the cases show an aberrant

activation of the Wnt-pathway) by depriving the culture medium of Wnt-3a.64

Another aspect to take into consideration when thinking about optimizing culture
conditions to ultimately expand the patient collective is the prevention of contam-
ination. As CRC resectates originate from the non-sterile environment of the co-
lon, contamination with bacteria or fungi is a common problem in organoid cul-
ture. Therefore, older protocols provide an antimicrobial approach: before pro-
cessing, tumor specimens were washed with phosphate buffered saline (PBS)
supplemented with penicillin/streptomycin (P/S). Marinucci et al. studied different
combinations of PBS, P/S and Primocin washing in CRC resectates before fur-
ther processing. Primocin is an antimicrobial and antifungal agent offering pro-
tection against both gram-positive as well as gram-negative bacteria, myco-
plasma and fungi. Interestingly, tumor resectates that were washed with Primocin
in any combination or on its own showed no contamination at all. CRC specimens
which were washed with P/S on the other hand seemed to even hinder organoid
establishment and growth.'®® To sum it up, a washing protocol with Primocin

might help in the establishment of organoids from patient derived specimens.
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4.6.2 Safety aspects: comparing tumoroids with “healthy” organ-

oids

As OVs used in this thesis were only tested on PDTOs, an important aspect re-
garding applicability in the clinical context has to be taken into consideration:
treating organoids generated from healthy tissue as well to make sure cytotoxicity

applies primarily to cancer cells and not to healthy cells.

There are several studies which investigate the possibility of culturing tumor or-
ganoids as well as organoids from healthy tissue adjacent to the tumor. Van de
Wetering et al. managed to generate a living biobank not only of CRC derived
tumor organoids but also of organoids derived from adjacent healthy tissue. They
proceeded to perform high-throughput screenings of PDTOs and were able to
detect individual differences in therapy response.'®* Generating patient derived
organoids from adjacent healthy tissue of resectates plays especially a crucial
role in the scope of virotherapy, as a potential infection of healthy tissue has to

be ruled out when trying to find an effective, but safe therapy.

4.6.3 Co-culturing organoids as a possible method to create a more
realistic TME

The heterogenous composition of the TME and its importance regarding tumor
development as well as maintenance and hence therapeutical approaches has
been discussed earlier. To emulate this TME in vitro, there have already been
several attempts in co-culturing tumor organoids with different cell types found in
the TME.

As pointed out earlier, a crucial part of TME are tumor surrounding stromal cells,
specifically cancer associated fibroblasts (CAFs). To this date, there are only two
published studies investigating the consequences of co-culturing CRC PDTOs
with CAFs. Luo et al. found that CAFs which were co-cultured with CRC PDTOs
under established culture conditions presented a poor viability. In contrast to that,
when co-culturing both CAFs and PDTOs in basal organoid medium without any
supplements or antimicrobial additions, PDTOs showed extensive growth. This

may be most likely due to CAFs excreting growth factors on their own.'%® Naruse
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et al. even found that genes with malignant functions, which were downregulated
in CRC PDTOs in mono-culture but highly expressed in the original CRC speci-
mens, were expressed again when co-culturing PDTOs with patient-derived
CAFs.'®7 Both of these findings suggest the relevance of CAFs in the context of
TME.

Another important cell type regarding TME are immune cells, more specifically
tumor infiltrating lymphocytes (TIL), especially considering immunotherapy. Neal
et al. managed to co-culture PDTOs not only with stromal cells, but with TIL em-
bedded in the stroma as well. They successfully demonstrated immune-check-

point inhibition with the observation of TIL activation and expansion.'6®

Another approach in creating a more realistic model of the TME in the context of
CRC organoids is the co-culture with enteric nerve cells. The intestine possesses
its own nervous system, the enteric nerve system (ENS), which is not only crucial
for the digestive process but also functions as a regulator of intestinal epithelial
stem cells and therefore possibly also has an impact on the development of ne-
oplasia.'®® Westphalen et al. managed to co-culture nerve cells with intestinal
organoids first.'”0 After that, the study of Pastuta et al., who co-cultured cardiac
organoids with enteric nerve cells suggested their impact on Wnt-signaling.'”
Dysregulation of this pathway leads to the development of intestinal cancer and

therefore has to be taken into account when recapitulating organoid TME.

4.6.4 The route to application: thoughts on possible administration

modalities

To date, the only OV approved by both FDA and EMA is T-VEC for the clinical
treatment of unresectable, advanced melanoma (metastatic stage IIB/C-IV
M1a). Administration takes place intratumorally, aiming to trigger not only a local,
but also a systemic anti-tumoral immune response.'”? This local administration is
easily done in patients with melanoma, as the primary tumor is located externally
on the skin. In the case of oncolytic melanoma therapy, the virus is administered

repeatedly'”® and efficacy can also extend to satellite lesions which haven’t been
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injected with the virus.’” But when thinking about the clinical applicability of OVs

for treatment of CRCs, we don’t have the luxury of an external application.

One possibility for a local application could be by endoscopic administration. As
endoscopic equipment and techniques have massively improved in recent years
with injection of e.g., hemostatic drugs even during critical bleeding events, an
administration via a specific endoscopic application device seems feasible. When
thinking of this approach, first and foremost safety considerations need to be ad-
dressed. Endoscopic equipment and application techniques need to be custom-
ized to prevent possible infectious events for health care stuff as well as patients.
A phase | study by Chang et al. already explored this possibility by injecting T-
VEC endoscopically into advanced pancreatic cancer, making use of an endo-

scopic ultrasound (EUS) as well.'"

Another possible local application modality could be direct administration during
surgery. In the context of our final goal of an individualized “virogram” this is only
possible if a tumor sample is taken beforehand e.g. via endoscopic biopsy. The
problem that becomes apparent here is whether the tumor sample taken is
enough for culturing. Ganesh et al. were able to generate 65 rectal tumoroids
from 58 patients in 83 derivation attempts (77 % success rate), i.e. using tissue
obtained by endoscopic biopsy forceps.'”® Whether this is feasible with colon car-

cinomas as well has to be further investigated.

Finally, a systemic application modality via intravenous application is also tested
in different tumor entities at the moment. Intravenous administration has several
advantages: standardization of processes and drug dosage, simplified handling
and better access.'”® This could possibly facilitate a more widespread approach

and improve feasibility even in smaller clinics.

Unfortunately, when taking the systemic route, one is faced with problems like
neutralizing antiviral antibodies'”®'77-17 and other host mechanisms to evade vi-
ral infection. Several clinical trials regarding oncolytic virotherapy for colorectal
cancer via IV application have been conducted in the past including phase I trials

for Newcastle disease virus'73.180-182  regyirus?73.183-185  gdenovirus’® and vac-
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cinia virus'73187.188 g5 well as two phase |l trials for CRC patients with liver me-
tastasis, using hepatic artery infusion of the adenovirus Onyx-015173.189.190_ Thjs
application route is still under investigation but could possibly present an option
for OV administration in the future, especially in the context of CRC virotherapy.
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5 Summary

As demographic change, especially in the western world, is marked by an ever-
decreasing birth rate as well as an ever-growing life expectancy, our society be-
comes increasingly “old”. As a result, cancer incidence, one of them being colo-
rectal cancer (CRC), increases and consequently becomes even more relevant
for public health in the future. As we learn more about the molecular mechanisms
behind cancer, we have to acknowledge that this disease has a rather hetero-
genous, even a very individual pathogenesis. Consequently, a “one size fits all’-

approach regarding an effective therapy falls short.

To achieve this goal of personalized medicine, on the one hand, a representative
as well as practical tumor cell model has to be employed. Organoids, especially
patient derived tumor organoids (PDTOs) could be a promising tumor cell model
as they harbor individual molecular properties of each patient and grow in a three-

dimensional manner, in contrast to conventional cell models.

Furthermore, immunotherapy seems to be a promising approach for cancer ther-
apy. This includes virotherapy, which makes use of the oncolytic properties of
viruses, which are further enhanced through genetic engineering. These oncolytic
viruses selectively infect neoplastic cells, replicate within them and finally destroy
them. This destruction and subsequent release of cell components leads to an
immunogenic systemic anti-tumor response. All of this is achieved while also

sparing normal cells, which makes this therapy approach even more elegant.

The aim of this thesis was to utilize PDTOs as a novel tumor cell model to create
individualized “virograms”, determining the best oncolytic virus for each patient

and thus creating a personalized approach regarding clinical usage.

Firstly, it could be shown, that infection as well as replication of oncolytic viruses
is possible in CRC-PDTOs. This has to date not been tested before and shows,
that further experiments regarding oncolytic virotherapy for CRCs can be con-
ducted using PDTOs in the future.

Furthermore, a personalized “virogram” for each PDTO was created, using a wide

range of different oncolytic viruses. Interestingly, all PDTOs tested were most
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susceptible to combination therapy of suicide-gene enhanced oncolytic viruses
and the pro-drug 5-FC, showing significant viability reductions. Nonetheless, they
also showed a heterogenous susceptibility regarding the other OVs. So in sum-
mary, PDTOs showed a difference in tumor cell viability reduction between differ-

ent OVs but were still most susceptible when confronted with 5-FU.

When thinking about applying this in the clinical setting, more experiments re-
garding safety concerns, a more efficient culture approach as well as in vivo effi-
ciency are needed. Nonetheless, taking all the aforementioned considerations
into account, oncolytic virotherapy, especially when tested with the usage of

PDTOs, seems to be a promising approach for cancer therapy in the future.
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6 Zusammenfassung

Da der demografische Wandel, insbesondere in der westlichen Welt, durch eine
immer niedrigere Geburtenrate und eine immer hohere Lebenserwartung ge-
kennzeichnet ist, wird unsere Gesellschaft immer ,alter®. Infolgedessen nimmt
die Haufigkeit von Krebserkrankungen, darunter auch Darmkrebs, zu und wird
somit in Zukunft noch entscheidender fur die offentliche Gesundheit. In dem
Malde, wie wir mehr Uber die molekularen Mechanismen von Krebs erfahren,
mussen wir anerkennen, dass diese Krankheit eine recht heterogene, ja sogar
sehr individuelle Pathogenese aufweist. Folglich greift ein einheitlicher Ansatz fur

eine wirksame antitumorale Therapie zu kurz.

Um das Ziel einer personalisierten Onkologie zu erreichen, muss einerseits ein
reprasentatives und andererseits ein praktikables Zellmodell verwendet werden.
Organoide, insbesondere ,patient derived tumor organoids® (PDTOs), konnten
ein vielversprechendes Zellmodell sein, da sie im Gegensatz zu konventionellen
Zellmodellen individuelle molekulare Eigenschaften des jeweiligen Patienten auf-

weisen und dreidimensional wachsen konnen.

AuBerdem scheint die Immuntherapie ein vielversprechender Ansatz fur die
Krebstherapie zu sein. Dazu gehort ebenso die Virotherapie, welche sich die on-
kolytischen Eigenschaften von Viren zunutze macht, die durch Genmodifikation
noch zusatzlich verstarkt werden. Diese onkolytischen Viren infizieren selektiv
neoplastische Zellen, vermehren sich in ihnen und lysieren sie schlie3lich. Diese
Lyse und die daraus resultierende Freisetzung von Zellbestandteilen fuhrt zu ei-
ner immunogenen systemischen Anti-Tumor-Reaktion. All dies geschieht unter
Schonung der normalen Zellen, was diesen biologischen Therapieansatz noch

eleganter macht.

Das Ziel dieser Arbeit war es, PDTOs als Zellmodell zu verwenden, um individu-
alisierte ,Virogramme* zu erstellen, das effizienteste onkolytische Virus fur jeden
Patienten zu bestimmen und so einen personalisierten Ansatz fur den klinischen

Einsatz der Virotherapie zu schaffen.

Zunachst konnte gezeigt werden, dass sowohl die Infektion als auch die Replika-
tion von onkolytischen Viren in CRC-PDTOs moglich ist. Dies wurde bisher noch
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nicht getestet und zeigt, dass weitere Experimente zur onkolytischen Virothera-
pie fur CRCs in Zukunft mit PDTOs durchgefuhrt werden konnen.

Daruber konnte fur jedes PDTO ein personalisiertes ,Virogram® erstellen werden,
indem eine grof3e Auswahl an verschiedenen onkolytischen Viren zum Einsatz
kam. Interessanterweise reagierten alle getesteten PDTOs am empfindlichsten
auf eine Kombinationstherapie aus Suizidgen-verstarkten onkolytischen Viren
und der Pro-Drug 5-FC und zeigten eine deutliche Verringerung des Zelliberle-
bens. Allerdings prasentierten sie auch eine heterogene Anfalligkeit gegenuber

den anderen OVs.

Zusammenfassend lasst sich also sagen, dass PDTOs einen Unterschied in der
Verringerung der Zellviabilitat zwischen den verschiedenen OVs zeigten, aber
immer noch am empfindlichsten waren, wenn sie nach intrazellularer Konvertie-

rung von 5-FC mit dem Chemotherapeutikum 5-FU konfrontiert wurden.

FUr die klinische Anwendung sind weitere Experimente in Bezug auf Sicherheits-
aspekte, einen effizienteren Kulturansatz und die in-vivo-Effizienz erforderlich.
Nichtsdestotrotz scheint die onkolytische Virotherapie unter Berticksichtigung al-
ler oben genannten Uberlegungen ein vielversprechender Ansatz fiir die zukinf-
tige Krebsforschung zu sein, insbesondere wenn sie mit PDTOs pra-interventio-

nell getestet wird.
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7 Appendix

7.1 Abbreviations

5-FC
5-FU
5-FUMP
ACL
alk
APC
ASC
ATCC®
ATU
BCO
BMP
BRAF
CAF
CDX
CIN
CIMP
CNS
CRC
DC
DGC
dMMR
DNA
ds
DSMZ
ECM
EGF
eGFP
EGFR
EHS
ENS

5-fluorocytosine

5-fluorouracil

5-fluorouridine monophosphate
Anocutaneous line
Activin like kinase

Adenomatous polyposis coli
Adult stem cells

American Type Culture Collection
Additional transcription unit
Brain cortical organoids

Bone morphogenic protein
Proto-oncogene B-Raf

Cancer associated fibroblast
Caudal-type homeobox 2
Chromosomal instability
CpGe-island methylator phenotype
Central nervous system
Colorectal Carcinoma

Dendritic cell

Differentiated glioma cell
Deficient mismatch repair system
Desoxyribonucleotide acid
Double stranded

Deutsche Sammlung von Mikroorganismen und Zellkulturen
Extracellular matrix

Epidermal growth factor
enhanced green fluorescent protein
Epidermal growth factor receptor
Engelbreth-Holm Swarm tumor

Enteric nerve system
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ESC
EUS
FAP
fcu-1
FDA
GBM
GFP
GM-CSF
GSC
gusA
HDI
HNPCC
hpi
hpt
HSV-1
ICI
IDS
iPSC
ISC
KRAS
lacZ
LIVP

LOH

MeV
MLH1
MMR

MOl
MSH2/3/6
MSI
MSI-H
MSI-L

124

Embryonic stem cells

Endoscopic ultrasound

Familial Adenomatous Polyposis

Fusion suicide gene

Food and Drug Administration

Glioblastoma

Green fluorescent protein
Granulocyte-Macrophage-Colony-Stimulating factor
Glioblastoma stem cell

B-glucuronidase (B-gluc)

High development index

Hereditary Non-Polyposis Colorectal Cancer
Hours post infection

Hours post treatment

Herpes simplex virus Type 1

Immune checkpoint inhibitor

International Documentation System
Induced pluripotent stem cells

Intestinal stem cells

Kirsten Rat sarcoma virus

B-galactosidase ([3-gal)

Lister strain from the Institute for Research on Viral Prepara-

tions

Loss of heterozygosity
Measles virus

MutL homolog 1

Mismatch repair system
Multiplicity of infection

MutS homolog 2/3/6
Microsatellite instability
Microsatellite instability-high
Microsatellite instability-low



MSS
NRAS
oV
PBS
PDO
PDTO
PDTX
PEG
PFU
PMS2
PSC
PseL
P7s
P11
P/S
ROCK
rtfr
ruc-GFP
SCD
SD
SGT
SOX
TIL
TME
T-VEC
turboFP635
uicC
VACV
WNT
ZIKV

Microsatellite stable

Neuroblastoma RAS viral oncogene homolog
Oncolytic virus

Phosphate buffered saline
Patient-derived organoid
Patient-derived tumor organoid
Patient-derived tumor xenografts
Polyethylene glycole

Plagque forming unit

Postmeiotic Segregation Increased 2
Pluripotent stem cell

Synthetic early/late promoter
Early/late promoter

Late promoter
Penicillin/streptomycin
Rho-associated kinase

Reverse human transferrin receptor

Renilla luciferase — Aequorea green fluorescent protein

Super cytosine deaminase

Standard deviation

Suicide gene therapy

also: SRY; (sex determining region Y)-box 2
Tumor infiltrating lymphocytes

Tumor microenvironment

Talimogene laherparepvec

far-red fluorescent protein turbo FP635
Union international contre le cancer
Vaccinia virus

Whnt signaling pathway

Zika virus
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