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SUMMARY 

Cancer is one of the leading causes of death worldwide, with currently assessed chances to develop 

at least one cancer in a lifetime for about 20%. High cases rates and mortality require the 

development of new anticancer therapies and treatment strategies. Another important concern is 

toxicity normally associated with conventional therapy methods, such as chemo- and radiotherapy. 

Among many proposed antitumoral agents, oncolytic viruses are still one of the promising and fast-

developing fields of research with almost a hundred studies published data on over 3000 patients 

since the beginning of the new millennia. 

Among all oncolytic viruses, the Vaccinia virus is arguably one of the safest, with an extremely 

long and prominent history of use, since it was the one and only vaccine used in the Smallpox 

Eradication Program in the 1970s. Interestingly enough, it was the first oncolytic virus proven to 

have tumor tropism in vitro and in vivo in laboratory settings, and this year we can celebrate an 

unofficial 100th anniversary since the publication of the fact. While being highly immunogenic, 

Vaccinia virus DNA replication takes place in the cytoplasm of the infected cell, and virus genes 

never integrate into the host genome. Another advantage of using Vaccinia as an oncolytic agent 

is its high genome capacity, which allows inserting up to 25 kbps of exogenous genes, thus allowing 

to additionally arm the virus against the tumor. 

Oncolytic virus action consists of two major parts: direct oncolysis and immune activation against 

the tumor, with the latter being the key to successful treatment. To this moment, preclinical research 

data are mostly generated in immunocompromised xenograft models, which have hurdles to be 

properly translated for clinical use. In the first part of the current study, fourteen different 

recombinant Vaccinia virus strains were tested in two different murine tumor cell lines and 

corresponding immunocompetent animal models. We found, that Copenhagen backbone Vaccinia 
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viruses while being extremely effective in cell culture, do not show significant oncolytic efficacy 

in animals. In contrast, several of the LIVP backbone viruses tested (specifically, IL-2 expressing 

ones) have little replication ability when compared to the Copenhagen strain, but are able to 

significantly delay tumor growth and prolong survival of the treated animals. We have also noted 

cytokine related toxicity of the animals to be mouse strain specific. 

We have also tested the virus with the highest therapeutic benefit in combination with romidepsin 

and cyclophosphamide. While the combination with histone deacetylase inhibitor romidepsin did 

not result in therapeutic benefit in our settings, the addition of cyclophosphamide significantly 

improved the efficacy of the treatment, at the same time reducing cytokine-associated toxicity of 

the IL-2 expressing virus. 

In the second part of the work, we analyzed the ability of adipose-derived mesenchymal stem cells 

to serve as a carrier for the oncolytic Vaccinia virus. We showed for the first time that the cells can 

be infected with the virus and can generate virus progeny. They are also able to survive for a 

substantially long time and, when injected into the bloodstream of tumor-bearing animals, produce 

the virus that is colonizing the tumor. Analysis of the systemic distribution of the cells after 

injection revealed that infected and uninfected cells are not distributed in the same manner, possibly 

suggesting that infected cells are getting recognized and cleared by an impaired immune system of 

athymic mice faster than non-infected cells. Despite this, injection of virus-loaded adipose-derived 

mesenchymal stem cells to human A549 tumor-bearing xenograft mice resulted in rapid tumor 

regression and reduced virus-related side effects of the treatment when compared to injection of 

the naked virus. 

In conclusion, we have tested two different approaches to augmenting oncolytic Vaccinia virus 

therapy. First, the combination of recombinant Vaccinia virus expressing IL-2 and 
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cyclophosphamide showed promising results in a syngeneic mouse model, despite the low 

permissivity of murine cells to the virus. Second, we loaded the oncolytic Vaccinia virus into 

mesenchymal stem cells and have proven that they can potentially serve as a vehicle for the virus. 
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ZUSAMMENFASSUNG 

Krebs ist eine der häufigsten Todesursachen weltweit, wobei die Wahrscheinlichkeit, im Laufe des 

Lebens an mindestens einer Krebsart zu erkranken, derzeit auf etwa 20 % geschätzt wird. Die hohen 

Fallzahlen und die hohe Sterblichkeit erfordern die Entwicklung neuer Krebstherapien und 

Behandlungsstrategien. Ein weiteres wichtiges Problem ist die Toxizität, die normalerweise mit 

konventionellen Behandlungsmethoden, wie Chemo- und Strahlentherapie, einhergeht. Unter den 

vielen vorgeschlagenen antitumoralen Wirkstoffen sind onkolytische Viren nach wie vor eines der 

vielversprechendsten und sich schnell entwickelnden Forschungsgebiete mit fast hundert 

veröffentlichten Studien an über 3000 Patienten seit Beginn des neuen Jahrtausends. 

Unter allen onkolytischen Viren ist das Vaccinia Virus wohl eines der Sichersten und hat eine 

extrem lange und prominente Anwendungsgeschichte, da es der einzige Impfstoff war, der im 

Pockenausrottungsprogramm in den 1970er Jahren verwendet wurde. Interessanterweise war es 

das erste onkolytische Virus, dessen Tumortropismus in vitro und in vivo im Labor nachgewiesen 

wurde. In diesem Jahr (2022) können wir das inoffizielle 100-jährige Jubiläum seit der 

Veröffentlichung dieser Tatsache feiern. Obwohl Vaccinia hoch immunogen ist, findet die 

Replikation im Zytoplasma der infizierten Zelle statt, und die Virusgene werden niemals in das 

menschliche Genom integriert. Ein weiterer Vorteil der Verwendung von Vaccinia als 

onkolytisches Agens ist seine hohe Genomkapazität, die es ermöglicht, bis zu 25 kbit/s an exogenen 

Genen einzufügen, wodurch das Virus zusätzlich gegen den Tumor aufgerüstet werden kann. 

Die Wirkung des onkolytischen Virus besteht aus zwei Hauptbestandteilen: der direkten Onkolyse 

und die Aktivierung des Immunsystems gegen den Tumor, wobei letztere der Schlüssel zum 

Behandlungserfolg ist. Bislang wurden präklinische Forschungsdaten meist in 

immungeschwächten Xenotransplantationsmodellen gewonnen, die sich nur schwer für den 
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klinischen Einsatz eignen. Im ersten Teil der aktuellen Studie wurden vierzehn verschiedene 

rekombinante Vaccinia-Virusstämme in zwei verschiedenen murinen Tumorzelllinien und in 

entsprechenden immunkompetenten Tiermodellen getestet. Wir fanden heraus, dass Kopenhagener 

Backbone-Vaccinia-Viren zwar in der Zellkultur äußerst wirksam sind, im Tiermodell jedoch keine 

signifikante onkolytische Wirksamkeit zeigen. Im Gegensatz dazu haben mehrere der getesteten 

LIVP-Backbone-Viren (insbesondere die IL-2 exprimierenden) im Vergleich zum Kopenhagener 

Stamm nur eine geringe Replikationsfähigkeit, sind aber in der Lage, das Tumorwachstum deutlich 

zu verzögern und das Überleben der behandelten Tiere zu verlängern. Wir haben auch festgestellt, 

dass die Zytokin-bedingte Toxizität der Tiere mausstammspezifisch ist. 

Wir haben auch das Virus mit dem höchsten therapeutischen Nutzen in Kombination mit 

Romidepsin und Cyclophosphamid getestet. Während die Kombination mit dem Histon-

Deacetylase-Inhibitor Romidepsin in unseren Versuchsreihen keinen therapeutischen Nutzen 

erbrachte, verbesserte die Zugabe von Cyclophosphamid die Wirksamkeit der Behandlung 

erheblich und verringerte gleichzeitig die zytokinbedingte Toxizität des IL-2-exprimierenden 

Virus. 

Im zweiten Teil der Arbeit analysierten wir die Fähigkeit von aus Fettgewebe gewonnenen 

mesenchymalen Stammzellen, als Träger für das onkolytische Vaccinia-Virus zu dienen. Wir 

konnten zum ersten Mal zeigen, dass die Zellen mit dem Virus infiziert werden können und 

Virusnachkommen erzeugen können. Sie sind auch in der Lage, sehr lange zu überleben und, wenn 

sie in den Blutkreislauf von Tieren mit Tumoren injiziert werden, das Virus zu produzieren, das 

den Tumor besiedelt. Die Analyse der systemischen Verteilung der Zellen nach der Injektion ergab, 

dass infizierte und nicht infizierte Zellen nicht auf die gleiche Weise verteilt werden, was 

möglicherweise darauf hindeutet, dass infizierte Zellen von einem beeinträchtigten Immunsystem 
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der athymischen Mäuse schneller erkannt und beseitigt werden, als nicht infizierte Zellen. 

Trotzdem führte die Injektion von virusbeladenen mesenchymalen Stammzellen aus Fettgewebe in 

A549-Tumor-tragende Xenograft-Mäuse zu einer schnellen Tumorregression und zu geringeren 

virusbedingten Nebenwirkungen der Behandlung, als bei der Injektion des nackten Virus. 

Zusammenfassend lässt sich sagen, dass wir zwei verschiedene Ansätze zur Verstärkung der 

onkolytischen Vaccinia-Virus-Therapie getestet haben. Erstens zeigte die Kombination aus 

rekombinantem Vaccinia-Virus, das IL-2 exprimiert, und Cyclophosphamid in einem syngenen 

Mausmodell vielversprechende Ergebnisse, trotz der geringen Permissivität der Mäusezellen für 

das Virus. Zweitens haben wir onkolytische Vaccinia-Viren in mesenchymale Stammzellen 

eingebracht und nachgewiesen, dass diese als Vehikel für das Virus dienen können. 

  



14 
 

CHAPTER 1: INTRODUCTION 

1.1. Overview of cancer 

According to International Agency for Research on Cancer (IARC), the current risk of developing 

cancer in a lifetime (before the age of 75) is about 20% [1]. The risk of dying from any type of 

cancer is 10%, meaning that approximately every fifth person will develop some form of cancer, 

and half of them will die from the disease. Advances in treatment strategies, development of new 

diagnostic tools, and their implementation as well as resulted in cancer-related deaths going down 

27% in a period from 1999 to 2019 in the U.S., according to Centers for Disease Control and 

Prevention (CDC) report [2]. Another important factor brought up by the authors of the report is a 

population change in cancer risk factors, mainly cigarette smoking. The number of cigarette-

smoking adults dropped from 42% in 1965 to 14% in 2019. However, cancer was still the second 

leading cause of death in the U.S. in 2019 and the positive changes in the country's cancer death 

rates may not reflect changes in worldwide cancer mortality. Thus, the development of new 

anticancer therapeutics and treatment strategies and translating them to clinics remains one of the 

key tasks for science and translational medicine. Amongst many new therapeutic approaches, 

oncolytic viruses remain one of the most promising tools in cancer therapy, which could also be 

confirmed by the number of recent and ongoing clinical studies. In the last twenty years, 97 studies 

have published data on 3233 cancer patients involved in clinical and preclinical trials of oncolytic 

viruses [3]. 

1.1.1. Cancer: tumor development, hallmarks of cancer 

In 2000, Douglas Hanahan and Robert Weinberg put forward the theory of hallmarks of cancer, 

postulating that tumorigenesis is a somatic process, that begins from a single healthy cell that was 

able to accumulate enough aberrations to transform into a malignant cell [4]. The theory, which is 
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also known as somatic mutation theory, contains a description of six essential alterations acquired 

by tumor cells. According to it, a cancer cell is a cell that can self-sustain proliferative signaling, 

is not sensitive to growth suppressors, does not have a replication limit, and can evade apoptosis. 

On a tissue level, tumor cells can activate both invasions into adjacent tissues and the formation of 

distant metastases and induce angiogenesis. Based on remarkable progress in the research of tumor 

microenvironment (TME), Hanahan and Weinberg extended their theory 11 years later by adding 

two new, emerging hallmarks to the list – energy metabolism reprogramming and immune evasion 

[5]. They have underlined the importance of deregulation of energy metabolism of a tumor cell, 

thus enabling extensive cell growth and division, as well as the ability of solid tumors to avoid 

detection by various host immune system mechanisms. 

Later the same year, Ana Soto and Carlos Sonnenschein proposed a theory of carcinogenesis called 

“the tissue organization field theory of cancer”, opposing the prevalent somatic mutation theory of 

Hanahan and Weinberg [6]. In contrast to the somatic theory, Soto and Sonnenschein considered 

changes in physiological structure and function of tissue as two key factors of cancer formation 

and that cancer develops rather on a tissue level. The theory is quite well strengthened by practical 

evidence and validation difficulties of certain concepts of the somatic theory. To this date, a few 

attempts have been made to combine the theories, or to neglect one of them, but the problem of 

two different carcinogenesis theories based on the same experimental data remains unsolved [7–

9]. 

1.1.2. Cancer: role of the immune system 

Generally, the immune system is considered to consist of two parts, closely linked to each other 

and often overlapping: innate (general) immune system and adaptive (acquired, or specialized) 

immune system. All the functions of the immune system can be described by its major feature of 
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being able to distinguish “self” from “non-self”. It recognizes and neutralizes pathogens, foreign 

substances and normally fights arising malignant cells. 

1.2.Vaccinia virus: introduction 

Among all of the known viruses that possess certain oncolytic properties, the Vaccinia virus 

(VACV) remains one of the most appealing targets for implementing into wide clinical practice. 

VACV is a fast-replicating virus: the first viral particles are secreted from infected cells already 

after 6 hours post-infection [10]. Depending on the cell type, the majority of infected cells are being 

lysed approximately 48-72h after infection. Another advantage of VACV is the fact that it has an 

extremely wide range of tumors it can infect and replicate in, which might be explained by an 

unprecedentedly large group of viral proteins taking part in cell entry [11]. VACV genome has a 

remarkable cloning capacity: having a 200 kbp genome, the virus can be additionally armed with 

a reporter and therapeutic genes with up to 25 kbp of total length [12]. An important feature of the 

VACV replication cycle is the fact that it takes part exclusively in the cytoplasm of the cell, 

avoiding the possibility of a viral payload being integrated into the cell genome [13]. During its 

replication cycle, VACV produces a small percentage of distinctly structured infectious virions, 

called extracellular virus (EV) [14,15]. These viral particles incorporate several cellular membrane 

proteins that allow them to escape the host complement system and being able to spread to distant 

metastasis. Last but not least, the Vaccinia virus is probably the most comprehensively studied 

virus up to date, with the relative safety of its implementation confirmed by vaccination of hundreds 

of millions of people with different VACV strains during the Smallpox Eradication Program (1950-

1980) [16]. 
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1.2.1 Vaccinia virus: morphology and replication cycle 

VACV is a large, double-stranded DNA, enveloped virus that belongs to the Poxviridae family. Its 

190 kbp genome encodes more than 200 peptides [17]. VACV genes are classified as early, 

intermediate and late genes, with a few being expressed during the entire replication cycle [18–21]. 

Entry of Vaccinia virus into host cell cytoplasm is dependent on the host, virus strain, and virion 

form, and occurs by two independent mechanisms, either via a low-pH-dependent endocytosis or 

membrane fusion [22–24]. While EVs are presumably entering the cytoplasm by triggering the 

macropinocytic mechanism of endocytosis, mature virions (MVs) require a complex entry-fusion 

complex embedded into their membrane. Under certain conditions, VACV could even induce 

syncytia formation to facilitate virus transfer and amplification [25]. During the entry process, the 

virion loses its membrane or two membranes (in case of EV), and the core of the virion, consisting 

of viral DNA and shell formed by structural, transcriptional proteins and RNA, is transported into 

the cytoplasm via microtubules network [26]. 

The entire replication cycle of VACV takes place in specific regions of the cytoplasm, called virus 

factories, virosomes, or viroplasm, far from cellular organelles [27,28]. Viral RNA polymerase 

transcribes certain regions of viral DNA into mRNAs; newly translated viral proteins initiate 

replication of viral DNA and transform the entire cell machinery to serve virus needs and to mask 

it from host immune response. Newly formed viral particles are wrapped into membranes most 

likely derived from the endoplasmic reticulum [29,30]. Most of the newly formed infectious viral 

particles, MVs, remain in the infected cell, although in rare cases they are able to escape the cell, 

depending on VACV strain [31]. A small portion of structurally distinctive infectious virions, EVs, 

leave infected cells or remain attached to their membrane. While MVs are mostly responsible for 

host-to-host infection transfer, EVs are required for the virus to spread inside the host [32]. 
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1.3. Immunotherapy of cancer: a historical perspective 

The concept of immunotherapy was first described in the Ebers Papyrus (ci. 1550 BC). The 

Egyptian pharaoh Imhotep (2600 BC) recommended using poultice around tumor site followed by 

incision – resulting infection would cause tumor regression [33]. 

Spontaneous tumor regression is a rare, but well-documented phenomenon [34]. Although the most 

famous case, also known as St. Peregrine tumor, when a tibia tumor that required leg amputation 

suddenly disappeared, raises doubts about the lesion being malignant in the first place [35], 

virtually all other cases describe tumor regression concomitant with various infections. 

During many centuries, this kind of “immunotherapy” went hand-to-hand with surgery treatment 

due to the lack of sterile conditions. Surgeons, while removing the tumor, would unavoidably 

contaminate the surgery site. In most cases, that would lead to sepsis, but rarely – help the patient 

fight residual tumor. Later, in the 17-19th centuries, several treatment strategies involved 

deliberately leaving the post-surgery wound open for a while, applying septic dressing to it, or even 

infecting it with syphilis, erysipelas, or gangrene [36]. 

In 1891, William Coley, a young surgeon at New York Memorial Hospital, found a peculiar 

sarcoma patient case in the hospital records. According to it, an immigrant patient with a sarcoma 

on his left cheek was operated twice but kept growing. Due to the size of the wound, it couldn’t be 

closed, and led to erysipelas infection. The patient developed a high fever that couldn’t be stopped, 

but his tumor began to shrink and finally completely disappeared. Coley found the patient and 

examined him. Seven years after the disease, there were no signs of tumor, but a large scar on the 

cheek [36]. Inspired by this, Coley infected ten of his patients with Streptococcus pyogenes, the 

bacteria, causing erysipelas, but struggled with consistency – in several patients it was hard to 
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induce the infection, in others the reaction was too strong, becoming fatal [37]. Coley decided to 

make a vaccine, a mix of two inactivated bacteria, Streptococcus pyogenes and Serratia 

marcescens, that would lead to inflammation and high fever avoiding the risks of an actual 

infection. The first case of using “Coley’s toxins” was a man with inoperable sarcoma and resulted 

in complete remission [38]. Dr. William Coley can now be considered as the “Father of 

Immunotherapy”. 

Until 1892, when Dmitri Ivanovsky discovered the first known non-bacterial pathogen, known as 

the Tobacco mosaic virus, it was not clear if infectious diseases were caused by bacteria or viruses 

[39]. At the beginning of the 20th century, the first case reports of tumor remissions affiliated with 

viral infections were published, sometimes decades later the actual case, once the pathogenic agent 

became apparent [40,41]. 

The first report on using viruses for therapy of tumors was published already in 1912 by De Pace 

[42]. He was inspired by a case of cervical cancer patient remission after the patient had been 

vaccinated with rabies virus vaccine. De Pace inoculated eight cervical cancer patients with live-

attenuated rabies vaccine and reported temporal remission and tumor shrinkage in several of them. 

[43] 

In 1922, Levaditi and Nicolau were the first ones who showed viral oncolysis and tumor tropism 

of viruses in laboratory settings [44,45]. Interestingly, the object of their study was the Vaccinia 

virus. They observed that the virus is able to propagate in various mouse and rat tumors and could 

inhibit their growth. 

Various wild-type viruses have been brought into early virus therapy studies in the 1940-1950s, 

including Hepatitis B, adenovirus, Mumps, and West Nile virus [46]. Despite sometimes 
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encouraging results, with several patients experiencing complete tumor regression, many of these 

studies lacked either efficacy or safety. At the same time, with radio- and chemotherapy slowly 

becoming a standard routine for cancer patients due to much better predictability of their 

therapeutical outcome and easier standardization procedure, the focus of cancer treatment shifted 

in an opposite direction. Contrarily to immune activation of the patient, introduced by Dr. William 

Coley, mainstream treatment strategies, such as radio- and chemotherapy, resulted in a suppression 

of the immune system of the patient making it that time harder to combine with the immune 

activation approach. With additionally arising barriers coming from the regulatory side, making it 

difficult to use living organisms for treatment, clinical studies of various pathogens for cancer 

treatment drastically decreased in their number in the 1970-1980s [46]. 

1.4. Tumor tropism of viruses 

There are several mechanisms, that could contribute to the natural tropism of various viruses 

towards tumor tissue. It is known that newly generated vasculature in tumor tissue is usually 

hyperpermeable to macromolecules, possibly allowing viral particles to accumulate in tumor tissue 

in the first place [47,48]. Another reason why many viruses are selective towards the tumor could 

be explained by its altered energy metabolism, one of the hallmarks of cancer, proposed by 

Hanahan and Weinberg [5]. Viruses, not being a life form, have to rely on the metabolism of the 

host. Tumor cells are often described by their increased proliferation, thus becoming an attractive 

milieu for virus replication. 

Another hallmark of cancer, immune evasion, largely contributes to viral tropism. While it is 

basically required for a tumor to build an immunosuppressive microenvironment to be formed, 

viruses might use it to their advantage to propagate inside the tumor tissue. Tumor cells often have 
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several defective regulatory pathways, such as IFN, Ras, PKR, p53, which don’t let them easily 

shut down virus replication [49–51]. 

1.4.1 Mechanisms of action of OVs 

The first mechanism of action is direct oncolysis: oncolytic viruses are able to infect cancer cells 

and associated endothelial cells and lyse them inside the TME. The second mechanism is eliciting 

an antitumor immune response, which starts immediately after the lysis. The lysed virus-infected 

tumor cells release not only new virus progeny, but also a large number of tumor antigens (TAAs) 

that are later phagocytized and can be presented by antigen-presenting cells (APCs), that in turn 

induce antitumor T cell response, which is supposed to change the immunosuppressive status of 

TME, turning it “hot” and allowing the immune response to eliminate not only the primary tumor 

but also distant metastases [52]. 

1.4.2  Translational challenges 

However, there are a few barriers that could prevent the clinical translation of OV therapy. One of 

them is the problem of the delivery of the virus to the tumor site. When administered intravenously, 

the virus not only has to overcome host immune barriers in the blood, such as complement, 

coagulation factors, cell components, and neutralizing antibodies (nAbs) in case of pre-existing 

immunity but also be able to infiltrate the tumor. Dense extracellular matrix (ECM), together with 

abnormal microvascular and lymphatic vessel structure, results in interstitial hypertension of the 

majority of solid tumors and might drastically reduce tumor colonization by the virus [53,54]. Due 

to the abnormality of tumor vasculature, the TME is also known to be hypoxic, which not only 

promotes tumor growth, makes the tumors resistant to radio- and chemotherapy, but may also 
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reduce replication of certain viruses [55,56]. It is worth mentioning here that Vaccinia and several 

other oncolytic viruses may benefit from the hypoxic status of the tumor [57]. 

Heterogeneity of TME is another hurdle of oncolytic virus therapy. The APCs inside the TME 

might be inhibited by various immunosuppressive cell populations such as T-reg cells, tumor-

associated macrophages, fibroblasts and neutrophils, and myeloid-derived suppressor cells [58]. 

Plenty of immune checkpoint inhibitors, such as PD-1/PD-L1 and CTLA-4, also contribute to the 

heterogeneity of the immunosuppressive status of the tumor. The ability of the virus to operate in 

these conditions and subsequently break them, turning a “cold” tumor into a “warm” one, is 

required for the success of the therapy. 

Oncolytic viruses have to be highly immunogenic, and this is where another struggle of viral 

therapy comes from. OVs not only induce an antitumoral immune response but also a strong 

antiviral immunity, which might clear the virus from the tumor before the desired effect of the 

therapy takes place [59]. Finding the balance between the induction of tumor-specific immune 

response and limiting anti-viral immunity is a current task in the development of new OV treatment 

strategies. 

1.5. Oncolytic viruses: modern history 

Advances in genetic engineering, made in the 1980s, opened the opportunity to design more 

targeted and also armed oncolytic viruses. The attempts were made to overcome certain aspects of 

OV therapy, which led to a decrease in the number of cancer viral therapy clinical studies in the 

1970s [46]. A deeper understanding of OV action mechanisms has also led to many combinational 

treatment strategies tested in preclinical and clinical trials. 

 



23 
 

1.5.1 Increased selectivity 

Several strategies have been utilized to improve the ability of OVs to penetrate and home the tumor 

site. Unlike some viruses, such as Vaccinia, Vesicular stomatitis virus (VSV), and Herpes simplex 

virus (HSV) that can actually benefit from hypoxic conditions within the tumor, adenoviruses lose 

their replication and oncolytic efficiency in hypoxic settings [57]. To overcome this, Clarke 

designed a hypoxia-dependent adenovirus by setting the E1A gene of the virus under control of the 

hypoxia response element (HRE)-containing the promoter, [60]. The virus showed increased tumor 

selectivity and the ability to replicate in and destroy cancer cells in hypoxic conditions. 

Complex ECM is another hurdle oncolytic viruses meet on the way to reach and lyse cancer cells. 

The approaches to break the ECM include pretreatment of the tumor with proteases or 

hyaluronidase or arming oncolytic viruses by encoding matrix metalloproteinases [61–64]. 

Interestingly, increasing cancer cell apoptosis also increases virus spread within the tumor, which 

has been shown by combinational therapy of the tumor with HSV and caspase-8 or paclitaxel [65]. 

Cytostatic-induced cell death resulted in a void space inside the tumor, which in turn promoted 

increased virus spread and oncolysis in a SCID mouse model. 

The immunosuppressive environment inside the tumor might prevent OVs from generating an 

antitumor immune response, which is the key component of oncolytic virus therapy. In order to 

increase OV-driven alteration of TME, many viruses were armed with immunomodulatory agents, 

such as various cytokines or chemokines. Targeted expression of the payload inside the tumor 

could help to turn immunologically “cold” TME into a “warmer” state, providing recruitment of 

various immune cells to the site of virus-mediated inflammation or stopping the ones that are 

already presented in TME from supporting immune suppression. One of the most known examples 

of such a virus is talimogene laherparevec, an HSV expressing granulocyte-macrophage colony-
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stimulating factor (GM-CSF) [66]. Expression of GM-CSF significantly enhanced release and 

presentation of TAAs and consequently – antitumor systemic immune response. 

Immunomodulation can be achieved by arming OVs with cyto- or chemokines, for example, IL-2 

or IFNg. The immunostimulatory effect of IL-2, a small protein that is mainly secreted by T helper 

cells, comes from its ability to activate a broad range of immune cells, such as lymphocytes, 

macrophages, and NK cells. Attempts to treat cancer patients with IL-2 began in the 1980s, but the 

application of the therapy was limited to the severity of side effects associated with it, mainly 

vascular leak syndrome (VLS) [67]. Nevertheless, these early applications of IL-2 are now 

considered to be the first effective immunotherapy for human cancer [68]. With an idea of limiting 

side effects by tumor-localized expression of IL-2, recombinant Vaccinia virus expressing either 

human or murine IL-2 was made and tested in both athymic and immunocompetent mouse models 

[69]. Systemic delivery of the virus armed with murine IL-2 resulted in preferential virus 

colonization of tumor and reduced tumor growth in 50% of the euthymic mice and complete 

rejection of tumor in 17% of the treated animals. 

The idea of arming oncolytic viruses with IFNg is based on the ability of IFNg to upregulate MHCI 

expression, thus increasing antigen presentation on tumor cells and inducing a stronger immune 

response [70]. Interestingly, IFNg has also been shown to play a negative role when combined with 

oncolytic virus therapy. Its intratumoral expression upregulated expression of MHCII in GL261 

tumor of C57Bl/6 mice, significantly decreasing permissivity of the cells to the virus [71]. 

Inducing immune response against the tumor by an oncolytic virus always goes hand-to-hand with 

identification and clearing of the virus itself by the patient’s immune system. Altering the balance 

between antiviral and antitumoral immune response is another strategy to improve cancer therapy 

with OVs. This could be gained by many different approaches, including shielding of the virus 
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from both innate and adaptive humoral immune system achieved by carrier cells (MSCs, CAR-T 

cells, isolated tumor cells), by increasing EEV production (for Vaccinia virus), or by replacing the 

most nAbs-recognizable epitopes [72–76]. While there are many contradictions to the concept of 

suppressing the cell-mediated antiviral immune response, evading humoral immunity is 

undoubtedly a beneficial strategy to increase viral delivery in the case of systemic virus 

administration. 

Modulation of cell-mediated antiviral immune response is hard to achieve without harming 

antitumoral immune activation. One of the possibilities is manipulation with the type I IFN 

pathway by a combination of oncolytic virotherapy with inhibitors of IFN response, such as 

ruxolitinib [77]. Many cancer types do not have a defective IFN pathway, which would cause 

resistance of the tumor to VSV replication much like it happens in healthy cells when VSV is 

injected alone. Combination with JAK/STAT inhibitor ruxolitinib significantly improves the 

therapeutical benefit of VSV treatment. 

1.6. Romidepsin in treatment of cancer 

Romidepsin is a histone deacetylase (HDAC) inhibitor obtained from Chromobacterium violaceum 

bacterium. It is inducing apoptosis in tumor cells by blocking HDAC and is approved by FDA for 

treatment of cutaneous and peripheral T-cell lymphomas. HDAC inhibitors are also known to be 

impairing the expression of interferons, thus increasing the cell permissivity to viruses [78]. This 

is one of the reasons that side effects of treatment with HDAC inhibitors, apart from nausea, 

vomiting, fatigue, and blood disorders, also include the susceptibility of the patient to various 

infections. Different oncolytic viruses, including VSV, HSV, adenoviruses, and Vaccinia have 

been tested in combination with different HDAC inhibitors [79]. When combined with the Vaccinia 
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virus, HDAC inhibitors increased viral replication and spread in both immunocompetent and 

athymic mouse models [80]. 

1.7. Cyclophosphamide 

Cyclophosphamide (CPA) is a cell cycle nonspecific cytostatic agent, first synthesized in 1956 and 

approved for use in chemotherapy of cancer in 1959. It is a nitrogen mustard type alkylating agent, 

which activates in the liver by transforming into phosphoramide mustard. The cytotoxic effect of 

the metabolite is achieved due to cross-linking DNA and RNA, inhibiting protein synthesis. 

Treatment with CPA has a broad range of side effects including cardiotoxicity, infertility, 

suppression of the immune system, and even carcinogenesis. Interestingly, immune system 

suppression caused by CPA was found to be reversed by the addition of exogenous IL-2 [81]. 

Combination treatment with CPA and oncolytic Vaccinia virus has been shown to have synergistic 

effects in the xenograft lung adenocarcinoma model [82]. Co-treatment of PC14PE6 tumor-bearing 

mice with multiple injections of CPA (140 to 100 mg/kg) from day 0 to day 21 significantly 

increased virus spread and decreased blood vessel formation within the tumor. 

1.8. ADSCs 

ADSCs are mesenchymal stem cells (MSCs) obtained from fat tissue and are currently a hot spot 

of interest, mainly coming from the regenerative medicine field. The advantage of using ADSCs is 

their ability to migrate to the sites of inflammation, low immunogenicity, and high predictability, 

with only a few possible tissue-specific progenitors they can differentiate into. In contrast to bone 

marrow-derived mesenchymal stem cells, they are much more feasible to obtain with minimally 

invasive techniques. 
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Many studies point to the ability of mesenchymal stem cells to the home tumor site, including when 

they are loaded with an oncolytic virus [83–85]. For instance, when infected with measles and 

injected in SKOV3ip.1 orthotopic ovarian tumor-bearing mice, adipose-derived mesenchymal stem 

cells could protect the virus from nAbs, significantly prolonging survival of the animals when 

compared to treatment with the naked virus. 

There is a debate currently going on, whether mesenchymal stem cells could themselves possess 

pro- or anti-cancer properties, or even become tumorigenic on their own [86]. Since the interaction 

mechanisms of MSCs with various immune cell populations within TME are not yet fully 

understood and could greatly vary from one tumor to another, the question remains unanswered. A 

few studies point out that MSCs can promote tumor growth by stimulation of blood vessel 

formation or release of various soluble factors that are further inhibiting immune response within 

TME [87,88]. Others suggest that MSC could be inhibiting tumor growth on its own by actually 

inhibiting angiogenesis and secretion of immunostimulatory factors inside the tumor [89,90]. In 

the end, pro- or antitumoral properties of MSCs seem to be mostly dependent on many factors, but 

mainly the cancer type. 
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CHAPTER 2: AIMS 

Oncolytic viruses, in particular oncolytic Vaccinia virus, were of major growing interest during 

the past several past years, with a significant number of clinical studies going on in this field. 

However, there is a limited number of animal models, necessary preclinical data could be 

generated and most of them are hard to be properly translated into clinics. At the same time, one 

of the most crucial obstacles of oncolytic virus therapy is limited systemic delivery of the virus in 

a patient, when most of the virus can be cleared from the blood before it could reach the tumor. 

The first goal of this work was to screen a panel of recombinant Vaccinia viruses for their ability 

to function in an immunocompetent mouse model. To evaluate the permissivity of murine tumors 

to the Vaccinia virus, we compared replication of fourteen different Vaccinia virus constructs in 

4T1 murine breast carcinoma cells in vitro and designed an orthotopic tumor model to screen 

them in vivo. The most promising strain was then tested in combination with chemotherapy in 

another immunocompetent mouse model. 

The second goal of this work was to evaluate the possibility of using human adipose-derived stem 

cells as carriers of the oncolytic Vaccinia virus. For a cell to be a functional virus carrier, it has to 

possess two key features: can migrate to the site of the tumor and be permissive to the virus 

infection. First, we wanted to evaluate the susceptibility of human adipose-derived stem cells to 

the oncolytic Vaccinia virus. Second, we designed an in vivo model to analyze the biodistribution 

of the cells and the virus and the effect of the virus-loaded stem cells on tumor growth.  
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CHAPTER 3: MATERIALS AND METHODS 

3.1. Materials 

3.1.1 Equipment 

15 ml tubes (DB) 

Accumet AR15 pH meter (Fisher Scientific) 

Accuri C6 Flow Cytometer (BD Biosciences) 

Anesthetic device (MSS) 

Biofuge fresco Centrigufe (Heraeus) 

Biomate 3 Spectrophotometer (Thermo Scientific) 

BZ-X810 fluorescent microscope (Keyence) 

Cell counting chamber (VWR) 

Cell culture flasks (Corning) 

Cell culture plates (Corning) 

Cell culture plates (Sarstedt) 

Cell scraper (Corning) 

CFX96 Real-time System C1000 Touch (BioRad) 

CK30 Inverted Phase Contrast Microscope (Olympus) 
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Class II Biological Safety Cabinet (HeraSafe) 

CO2 incubator HERA cell 150i (Thermo Electron) 

Cryo-tubes (Nalgene) 

Cuvettes (Eppendorf) 

Digital caliper (VWR) 

EDTA tubes (DB) 

Electrophoresis system (Bio-Rad) 

ELISA plates (Costar) 

EWJ precision balance (KERN) 

GentleMACS Dissociator (Miltenyi Biotec) 

In-vivo Fluorescence Imaging System (Maestro) 

Lightpad A920 (Art Graph) 

Mastercycler X50s (Eppendorf) 

MEGA STAR Centrifuge (VWR) 

Micro-Hematocrit Capillary Tubes (Global Scientific) 

Microplate reader (TECAN) 

Multichannel pipette (Integra Biosciences) 
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Orbital Shaker (VWR) 

Pipet tips (VWR) 

Pipettes (Eppendorf) 

Realtime PCR (Bio-Rad) 

Repeat dispenser (Eppendorf) 

Rocking platform shaker (VWR) 

Scalpers (Sklar instruments) 

Sonifier 450 (Branson) 

Stackable Incubator Shaker (New Brunswick Scientific) 

Surgeon scissors (E.A Beck) 

Syringes (DB) 

TC-20 automated cell counter (Bio-Rad) 

Transilluminator (PeqLab) 

Tweezers (E.A Beck) 

VX100 Vortex (Labnet) 

Water bath (Fisher Scientific) 
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3.1.2. Reagents 

1x PBS (Cellgro) 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Fischer scientific) 

Acetic acid (VWR) 

Acrzlamide/Bisacrylamide (Bio-Rad) 

Agarose (Roth) 

Agarose low melting point (Fischer Scientific) 

Bovine Serum Albumine (Omega Scientific) 

Carboxymethylcellulose (Sigma) 

Crystal Violet (Sigma) 

Diaminoethanetetraacetic acid (Fischer Scientific) 

Dimethyl sulfoxide (Sigma) 

DMEM medium (Gibco) 

dNTP-Mix (Fermentas) 

Ethanol (VWR) 

Fetal Bovine Serum (Mediatech) 

Formaldehyde (Carl Roth) 
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Freezing Medium (synth-a –Freeze, Fischer) 

GelRed (Biotium) 

Glycerol (Fisher Scientific) 

Isoflurane (VetEquip) 

Isopropanol (Carl Roth) 

Methanol (Carl Roth) 

Penicillin/Streptomycin solution (Gibco) 

Protease inhibitors mix Complete Mini (Roche) 

Protein Inhibitor cocktail (Roche) 

Restriction enzymes (Neblabs) 

RPMI medium 1640 (Gibco) 

Sodium azide (Sigma) 

Sodium dodecyl sulfate (Fisher Scientific) 

Stemulate Medium (Cook Medical) 

Taq DNA polymerase (Fermentas) 

Tris-Base (Fisher Scientific) 

Tris-HCL (Fisher Scientific) 
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Triton X-100 (Sigma) 

Trypan Blue (Cellgro) 

Trypsin-EDTA (Gibco) 

Tween 20 (Bio-Rad) 

3.1.3. Kits 

Absolute™ QPCR SYBR Green Mix (Thermo Fisher) 

DNA-free (Ambion) 

Mouse IFNg ELISA Ready-SET-Go (eBioscience) 

Mouse IL-2 ELISA Ready-SET-Go (eBioscience) 

Phusion DNA Polymerase F-530L (Finnzyme) 

PowerUp™ SYBR™ Green Master Mix (Thermo Fisher) 

QIAquick PCR Purification kit (Roche) 

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) 

Transcriptor High Fidelity cDNA Synthesis Kit (Roche) 

Velocity DNA Polymerase (Bioline) 

Xfect (Clontech) 

Zymoclean™ Gel DNA Recovery Kit (Zymo Research) 
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3.1.4. Buffers and solutions 

 DMEM 10% 

10% FBS 

1% pen/str 

DMEM 

 

DMEM 2% 

2% FBS 

1% pen/str 

DMEM 

 

Overlay Medium 

CMC 15g 

DMEM 1000 ml 

Pen/Strep 1% 

FBS 5% 

  



36 
 

Crystal Violet Staining Solution 

Crystal Violet 1.3g 

Methanol 50 ml 

37% Formaldehyde 300 ml 

Water 650 ml 

  

Tissue Lysis Buffer pH 7.6 

TAE Buffer (50x) 

Tris-Base 242 g 

0.5M EDTA pH 8.0 100ml 

Acetic acid 57.1 ml 

  

TBE Buffer (10x) pH 8.3 

Tris Base 108g 

Boric acid 55g 

0.5M EDTA pH 8.0 40ml 
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TB Medium 

47 g Terrific Broth 

4 mL glycerol 

dH2O to 1 L 

  

TB plate (15 ml of TB agar per 10 cm plate) 

23.5 g Terrific Broth 

 7.5g Agar 

2 mL glycerol 

dH2O to 500mL 

  

3.1.5. Antibodies 

CD105 Invitrogen 

CD14 BD biosciences 

CD146 BD biosciences 



38 
 

CD31 BD biosciences 

CD34 BD biosciences 

CD44 BD biosciences 

CD45 BD biosciences 

CD90 BD biosciences 

  

3.1.6. Bacteria and cell lines 

Dh5α                       competent E. coli bacteria strain 

A549                     human lung adenocarcinoma cell line 

B16F10                 murine melanoma cell line 

4T1                       murine mammary carcinoma cell line 

CV-1                     African green monkey kidney fibroblast cell line 

HEK 293T               Human kidney fibroblasts 

hADSCs chosen for the study were obtained by culturing SVF of various healthy donors and kindly 

provided by StemImmune inc. 
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3.1.7. Oligonucleotides 

Name           Sequence (5’ – 3’) 

FLUCF3                  CCAGGGATTTCAGTCGATGT 

FLUCR3                  AATCTGACGCAGGCAGTTCT 

mGAPDHF1            AACTTTGGCATTGTGGAAGG 

mGAPDHR1           ACACATTGGGGGTAGGAACA 

EGFPF1                   ACGTAAACGGCCACAAGTTC 

EGFPR1                  AAGTCGTGCTGCTTCATGTG 

A56RR                    CATCATCTGGAATTGTCACTACTAAA 

A56RF                  ACGCCGACAATATAATTAATGC 

3.1.8. Animal use 

4-5 week old female BALB-c and C57BL/6 mice were purchased from Harlan Laboratories, Inc, 

USA. 5-6 weeks old female athymic nude mice, Hsd: Athymic Nude-Foxn1nu, were purchased 

from Charles River, Germany. BALB-c and C57BL/6 mice were cared for and maintained 

according to animal care regulations under Genelux approved protocol by the Institutional Animal 

Care and Use Committee of Explora Bio labs, Inc (San Diego, CA, USA). Athymic mice were 

cared for under an approved protocol by animal welfare regulations of the government of Upper 

Franconia, Germany, and conducted according to the German animal protection guidelines (permit 

number: 55.2.2.-416 2532-2-344) 
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3.1.9. Recombinant Vaccinia viruses 

All recombinant Vaccinia viruses were provided by Genelux Corp, San Diego, USA, and/or 

StemVac Corp, San Diego, USA. GLV-1h68 was described earlier [91]. GLV-6b500 is a 

Copenhagen (clone 15.1.1) strain backbone recombinant Vaccinia virus with an insertion of the 

far-red fluorescent protein TurboFP635 expression cassette into J2R gene of the virus genome 

under control of synthetic early-late promoter (pSEL), GLV-6b540, GLV-6b541, GLV-6b542 are 

Copenhagen strain backbone viruses with murine IL-2 gene expression cassette insertion into J2R 

gene under the control of early (pSE), pSEL or late (pSL) promoters, respectively. GLV-6b528, 

GLV-6b529, GLV-6b530 are Copenhagen strain backbone viruses with murine IFNg gene 

expression cassette insertion into J2R gene under the control of pSE, pSEL, or pSL promoters, 

respectively. GLV-2b372 is a LIVP1.1.1 backbone virus strain with turboFP635 gene expression 

cassette in naturally disrupted J2R locus of the virus genome, described earlier [92]. GLV-2b537, 

GLV-2b538, GLV-2b539 are LIVP1.1.1 backbone viruses with murine IL-2 gene expression 

cassette insertion into J2R gene under the control of pSE, pSEL, or pSL promoters, respectively. 

GLV-2b525, GLV-2b526, GLV-2b527 are LIVP1.1.1 backbone viruses with murine IFNg 

expression cassette insertion into J2R gene under the control of pSE, pSEL, or pSL promoters, 

respectively. LIVP1.1.1, COP15.1.1, and ACAM2000 virus strain served as a control. Schematic 

representations of recombinant Vaccinia virus strains used in the study are presented in Fig. 1. 
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Fig. 1. Schematic representations of recombinant Vaccinia virus strains used in the study. 
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3.2. Methods 

3.2.1. Cell culture and passaging 

All the cell cultures used in the study have been carried out under sterile conditions and were grown 

in a humidified 5% CO2 incubator at 37°C. Depending on a cell line, the cells were cultured in cell 

culture dishes, flasks, or well plates of different sizes and cell culture mediums of different 

compositions. The medium was regularly changed to ensure the cells are not cultured in an 

exhausted medium. Cells were passaged upon reaching 80-90% confluence. For that, cells were 

washed twice with PBS and incubated with EDTA-Trypsin or TrypLE until they become detached 

from the cell culture vessel surface (usually, 2 to 5 minutes, depending on a cell line). The cells 

were then washed off the surface with a cell culture growth medium (MG2+ and CA2+), 

resuspended, and counted using a TC20 automated cell counter. At this point, the cells are ready 

to be passaged at the desired ratio. 

3.2.2. Freezing and thawing of cells 

Cells in suspension were centrifuged for 5 min at 300g at room temperature (r.t.), cells then 

resuspended in freezing medium, aliquoted into cryotubes, and put into freezing boxes, designed 

to be cooled by 1°C/min when at -80°C. The next day, cryotubes were transferred into a liquid 

nitrogen tank, where they can be preserved for long-term storage. 

For thawing, cryotubes with frozen cells were placed into a water bath at 370C until the suspension 

is mostly defrosted. The cells were then resuspended in 10 ml of fresh cell culture medium, 

centrifuged for 5 min at 300g at r.t., resuspended again, and incubated in a cell culture vessel a 

37°C incubator with 5% CO2. 
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3.2.3. Isolation of hADSCs 

hADSC were isolated from a human stromal vascular fraction (SVF) provided by non-cancerous 

donor patients with consent at clinics in Rancho Mirage and Berkeley Hills, CA, USA. At passages, 

2-3 isolated hADSCs were transferred to the University of Wuerzburg for characterization and 

further research. The cells then were characterized by their fibroblast morphology when adherent; 

by their ability to differentiate into cells with adipogenic, chondrogenic, or osteogenic phenotypes. 

The cells were also immunophenotyped with flow cytometry by using CD14, CD31, CD34, CD44, 

CD45, CD90, CD105, and CD146 antibodies. 

3.2.4. Virus titer determination assay 

To determine virus replication capacity in cells of different origins, the cells were infected with the 

virus at different multiplicities of infection (MOI) in a low volume of cell culture medium 

containing 2% FBS for 1 hour at 37°C in 5% CO2, with the gentle swirling of the cell culture vessel 

every 15 min. The medium was then exchanged with a fresh cell culture medium containing 5% 

FBS. Infected cells were harvested with either EDTA-Trypsin or cell scraper at 3, 24, 48, 72, and 

96 hours post-infection (hpi) and were frozen at -80°C together with supernatant. After three 

freeze-thaw cycles, the samples were sonicated three times at maximum sonication level for 30 sec 

each time. 

To prepare samples from mouse tissues, the organs of interest were homogenized in PBS (double 

the volume of tissue) in Whirl-Pac Homogenizer Blender bags. After three freeze-thaw cycles, the 

samples were sonicated three times at maximum sonication level for 1 min each time. 

To determine the number of effective virus particles in the samples, a standard plaque-forming 

assay on CV-1 cells was performed. For that, the sonicated samples were serially diluted in a 
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DMEM cell culture medium containing 2%FBS and 0.2 ml of each dilution put onto 24-well plates 

with 100% confluent CV-1 cell monolayers in duplicates. After 1h incubation at 37°C in 5% CO2 

with gentle swirling every 15 min, 1 ml of overlay medium was added to each well. After two days 

of incubation at 37°C in 5% CO2, the cell monolayers were stained with crystal violet solution. 

Plaques were counted on LightPad and virus titer in PFU/ml was determined according to the 

dilution. 

3.2.5. Cell viability determination assay 

The viability of the cell was determined by assessing the ability of their mitochondria to convert 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into formazan crystals [93]. 

The cells are plated in 96-well plates and infected in triplicates with the virus at different MOIs 

upon reaching 80-90% confluence. At 24, 48, 72, and 96 hpi, MTT solution was added to the cells 

at a final concentration of 0.5 mg/ml. The cells were then incubated until formazan crystals are 

formed (2-3 hours, depending on the cell line). The crystals were dissolved with either DMSO or 

10% HCl in isopropanol and absorbance was measured at 570 nm wavelength with 620 nm 

reference. The viability of uninfected cells was considered to be 100% and served as a control. 

3.2.6. Tumor implantation and monitoring 

1x105 4T1 breast cancer cells were implanted into the fat pad of 5-6 weeks old female BALB/c 

mice (5 mice/group) to establish a syngeneic orthotopic murine tumor model. 

2x105 B16F10 melanoma cells were subcutaneously implanted into the right flank of 5-6 weeks 

old female C57Bl/6 mice (5 mice/group) to establish a murine melanoma model. 
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5x105 A549 human lung adenocarcinoma cells were subcutaneously implanted into the right flank 

of 5-6 weeks old female Athymic Nude-Foxn1nu mice. 

The mice were monitored for swelling of the foot pad or the flank and any other adverse reactions 

to the implantation. The growth of the tumors was measured daily once the tumors become 

palpable. Tumors were measured using a digital caliper and the tumor volume was calculated as 

length, multiplied by width, multiplied by 0.52. 

3.2.7. Tumor therapy 

Once tumors reached 200 mm3 (450 mm3 for A549 xenograft model), they were treated with the 

virus, combination therapy with romidepsin or cyclophosphamide (CPA), or hADSCs loaded with 

the virus, depending on the tumor model. The virus was injected retro-orbitally, intravenously 

through the tail vein, or intratumorally. Romidepsin and CPA were given intraperitoneally, 0.25 

ug/kg of romidepsin, and 35, 100, or 210 mg/kg of CPA, depending on the design of the 

experiment. 

hADSCs were infected at either 4 or 100 MOI for 1 hour at 37°C in DMEM cell culture medium 

with no FBS added and injected either intravenously through the tail vein or intratumorally. 

3.2.8. Real-time quantitative polymerase chain reaction (RT qPCR) 

To detect viral DNA in tissues of treated animals, the animals were dissected and the organs of 

interest (brain, heart, lungs, spleen, kidneys, liver) and tumors were homogenized in PBS with 

protease inhibitors with Fast-Prep-24 homogenizer 4 times for 30 sec each. DNA was isolated by 

using the DNeasy Blood and Tissue kit according to the kit protocol. DNA concentration was 

determined by an absorbance reader at 260 nm. 400 ng of total DNA was used for PCR reaction, 
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which was carried out in PowerUp Cyber green mix solution. The reaction was run using the 

following protocol: 5 minutes for initial enzyme activation at 95°C, and then 59 cycles of 30-sec 

denaturation at 95°C, 30-sec annealing at 55-65°C gradient (due to different primer annealing 

temperature), 30-sec extension at 72°C and imaging. To check product specificity, melting curves 

were built from 55°C to 90°C and the products were analyzed by gel electrophoresis to ensure that 

they have the right size. GAPDH was used for normalization as a reference gene. 

3.2.9. Gel electrophoresis 

0.6g of low melting point agarose dissolved by heating in 33 ml of 1x TBE buffer were cooled 

down to 40-500C. 3.3 ml of 10000x GelRed were added to the solution. The solution was poured 

into a gel chamber with a 15-pocket insert. After solidification, the gel was put into a gel 

electrophoresis chamber of Mini-Sub Gell GT filled with 1x TBE buffer with GelRed, insert was 

removed and pockets were filled with RT qPCR products mixed with loading dye. GeneRuler DNA 

ladder was used as a reference. The gel was run at 90V using PowerPac Basic for 40 min. The gel 

was scanned by Transilluminator and the size of the products was assessed using the DNA ladder 

as a reference. 

3.2.10. Enzyme-linked immunosorbent assay (ELISA) 

A “sandwich” ELISA (based on the binding of two monoclonal antibodies) was used to detect the 

presence of IFNg and IL-2 in the blood of treated animals. For detecting murine IFNg and IL-2 

respective ELISA kits were used. The plates were coated with capture antibodies according to the 

manufacturer’s protocol. Standards and samples were added to the wells at 1:50 and 1:100 dilution 

and incubated at r.t. for 2 hours. Detection antibodies were added and incubated as noted by the 

manufacturer. After washing, the plates were incubated with horseradish(HRP)-conjugated 
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streptavidin. Unbound to biotinylated detection antibodies streptavidin was washed away and 

tetramethylbenzidine (TMB) was added as substrate. The reaction was stopped by 0.5N sulphuric 

acid. Color intensity (which corresponds to the amount of IFN or IL-2 in the sample) was measured 

by spectrophotometer at 450 nm wavelength with 570 nm reference. All the samples and standards 

were done in duplicates. Blood serum was obtained by retro-orbital blood sampling followed by 

serum separation after the blood was allowed to clot. 

3.2.11. Lentivirus production and generation of lentiviral transgenic cells 

pLV-EF1A-EGFPKir7.1 (Fig. 2) and pLenti PGK Blast V5-LUC (Fig. 3) plasmid-containing 

Dh5α bacteria were streaked on ampicillin TB agar plates. The next day, single colonies were put 

in 5 ml of TB starter culture with ampicillin and incubated for 6-8 hours at 370C. After that 10 µl 

of starter culture were transferred to 10 ml of TB media with ampicillin and incubated overnight. 

The plasmids were then extracted according to the QIAGEN miniprep kit protocol. Final plasmid 

stock concentrations were assessed with a spectrophotometer. Diagnostic digests were performed 

to ensure the plasmids are of the expected size. 

To generate lentiviral constructs, 293FT cells were seeded in 10 cm2 well plates 24 hours prior to 

transfection. 293FT cells were transfected with the amplified plasmids and packaging plasmids 

pMD2.G (Addgene #12259), psPAX2 (Addgene #12260) in presence of lipofectamine. The 

transfection medium was changed the next day and lentivirus was harvested and frozen down 2 

days later. 

A549 cells were transduced with pLenti PGK Blast V5-LUC lentivirus. Human adipose-derived 

stem cells from donor BH21 were transduced with pLV-EF1A-EGFPKir7.1 lentivirus and were 

grown in a cell culture medium containing 10 µg/ml of blasticidin for 14 days. 
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Fig. 2. Schematic diagram of pLV-EF1A-EGFPKir7.1 (Addgene #107181) plasmid 
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Fig. 3. Schematic diagram of pLenti PGK Blast V5-LUC (addgene #19166) plasmid 
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3.2.12. Viability determination by flow cytometry 

The cells of interest were stained by Viability Dye eFluor™ 520 according to the manufacturer’s 

protocol and analyzed on the Accuri C6 flow cytometer. Heat-killed cells (65°C for 1 min) served 

as a positive control. 

3.2.13. Statistical analysis 

Two-tail Student’s t-test was used for the analysis of statistically significant differences between 

treatment groups. Differences in survival rates were analyzed with the log-rank test. P values of 

<0.05 were considered statistically significant. 
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CHAPTER 4: RESULTS 

4.1. IL-2 and IFNg expressing Vaccinia viruses in various immunocompetent mouse models 

4.1.1. Virus production analysis in infected 4T1 cells 

To analyze the impact of gene modifications on the ability of the viruses to replicate in tumor cells 

of interest, 4T1 murine breast carcinoma cells (passage 28) were infected with corresponding 

viruses and harvested after 3, 24, 48, 72, and 96 hours after infection as described in paragraphs 

3.2 and 3.3. Standard plaque assay was conducted following paragraph 3.2.4 of the “Methods” 

section. Replication of viruses based on the LIVP1.1.1 clone was directly compared to replication 

of GLV-2b372 virus, and replication of COP1.1.1-based viruses was compared to GLV-6b500. 

According to the data presented on the virus replication curves, all the COP1.1.1-based viruses 

possess significantly stronger (on average a 100-fold difference) replication ability in 4T1 murine 

breast carcinoma cells when compared to LIVP1.1.1 backbone viruses (Fig. 4). When it comes to 

the payload burden, IL-2 has no to almost no impact on virus amplification in the cells when 

compared to TurboFP635, while IFNg significantly impairs virus replication, especially in the case 

of COP1.1.1 backbone viruses. 



52 
 

 

 

Fig. 4. Vaccinia virus replication in 4T1 breast carcinoma cells. A. Replication of LIVP and COP 

backbone Vaccinia virus strains carrying murine IL-2 expression cassette in comparison to GLV-

2b372 and GLV-6b500. B. Replication of LIVP and COP backbone Vaccinia virus strains carrying 

murine IFNg expression cassette in comparison to GLV-2b372 and GLV-6b500. The values are 

the mean of the triplicates, bars indicate ±SD. 
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4.1.2. Effect of a single dose of IL-2 and IFNg expressing Vaccinia virus in 4T1 bearing 

BALB/c mice 

To access the oncolytic properties of the investigated viruses, a syngeneic animal study was 

designed. 1x105 4T1 breast carcinoma cells were implanted into orthotopic fat pads of 5-6 week 

old female BALB/c mice. 5x107 pfu/animal were administered retro-orbitally in 100 ul of PBS 

once average tumor volume reached 200 mm3. Mice were sacrificed after either tumor size 

exceeded 4500 mm3 or observed net body weight loss reached 15% or more. 

4.1.2.1 Tumor growth and survival 

According to the results of the animal study, all of the Copenhagen backbone viruses neither slowed 

down tumor growth nor affected the survival of the animals. Treatment with two of the LIVP 

backbone viruses, GLV-2b537 (IL-2 under control of the early promoter) and GLV-2b538 (IL-2 

under control of the early-late promoter) resulted in significantly increased survival of the animals 

as well as in delay in 4T1 tumor growth. For clarity, non-pSEL promoter virus constructs are 

excluded from tumor growth and Kaplan-Meier survival curves (Fig. 5). Instead, they are included 

in the overall panel of therapeutic efficacy and survival benefit of all the tested strains (Fig. 6). 
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Fig. 5. Vaccinia virus in orthotopic 4T1 breast carcinoma BALB/c mouse model. A. Curves of 

tumor growth in 4T1 tumor-bearing BALB/c mice treated with LIVP and COP backbone Vaccinia 

virus strains carrying IFNg under control of pSEL promoter (GLV-2b525 and GLV-6b528, 

respectively). B. Kaplan-Meier survival curve in groups treated with LIVP and COP backbone 

Vaccinia virus strains carrying IFNg under control of pSEL promoter (GLV-2b525 and GLV-

6b528, respectively). C. Curves of tumor growth in 4T1 tumor-bearing BALB/c mice treated with 

LIVP and COP backbone Vaccinia virus strains carrying IL-2 under control of pSEL promoter 

(GLV-2b538 and GLV-6b541, respectively). D. Kaplan-Meier survival curve in groups treated 
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with LIVP and COP backbone Vaccinia virus strains carrying IL-2 under control of pSEL promoter 

(GLV-2b538 and GLV-6b541, respectively). * - a statistically significant difference. Bars indicate 

standard deviation. 
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Fig. 6. A. Overall chart of therapeutic efficacy and survival benefit in groups treated with COP 

backbone Vaccinia virus strains carrying IFNg or IL-2. B. Overall chart of therapeutic efficacy and 

survival benefit in groups treated with LIVP backbone Vaccinia virus strains carrying IFNg or IL-

2. “+” – statistically significant difference in one or two time points, “++” – statistically significant 

difference in 3 or more time points., “+++” – statistically significant difference in all the time 

points. 

4.1.2.2. Treatment toxicity based on body weight of the animals 

Body weights of treated animals were accessed in order to analyze the virus- or payload-mediated 

toxicity of the treatment. Treatment with GLV-2b537 (LIVP with IL-2 under control of the early 

promoter) and GLV-2b538 (LIVP with IL-2 under control of the early-late promoter) resulted in 

immediate significant weight loss of the animals by day 3 after virus administration, with 

subsequent weight gain to day 7 (Fig. 7). 
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Fig. 7. Relative post-treatment weight loss in 4T1 bearing BALB/c mice treated with LIVP and 

COP backbone Vaccinia virus strains carrying IL-2; the weight of the animal equals 1 on the day 

of virus treatment. Weight loss in GLV-2b537 and GLV-2b538 groups on day 3 is marked with a 

red oval.  

4.1.2.3. IL-2 and IFNg concentrations in blood of treated mice 

IL-2 serum levels of treated animals were measured with ELISA on day 3 after virus injection. The 

only group where serum levels of IL-2 were above the detection limit was GLV-2b538 treated 

group (Fig. 8). The average IL-2 blood concentration in these mice was about 120 pg/ml. No IFNg 

was detected in the blood serum of animals after injection with IFNg-expressing viruses. 
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Fig. 8. IL-2 blood concentrations in 4T1 bearing BALB/c mice treated with LIVP and COP 

backbone Vaccinia virus strains carrying IL-2 on day 3 after injection. The bar indicates standard 

deviation.  

4.1.3. Combination of IL-2 expressing Vaccinia virus with either cyclophosphamide or 

romidepsin in B16-F10 bearing C57BL6 mice 

The next animal experiment was designed to study a combination of LIVP1.1.1 IL-2 expressing 

virus with chemotherapy. Two chemotherapeutic agents were chosen for the study, 

cyclophosphamide (CPA) and romidepsin. They were combined with the virus treatment 

independently from each other. 2x105 B16F10 melanoma cells were implanted subcutaneously into 

the right flank of 5-6 week old female C57Bl/6 mice. Day 12 after the implantation, the animals 
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PFU of the virus (either GLV-2b538 or GLV-2b372) was administered retro-orbitally two days 

after. Mice were sacrificed after either tumor size exceeded 4500 mm3 or observed net body weight 

loss reached 15% or more. 

4.1.3.1. Virus production in B16-F10 cells 

  

Fig. 9. GLV-2b538 replication in B16f10 murine melanoma cells. The values are the mean of the 

triplicates, bars indicate ±SD. 

GLV-2b538 virus production was analyzed in B16F10 cells in culture. Melanoma cells were 

infected with the virus at different MOIs (0.0001, 0.01, and 1) and harvested at 3, 24, 48 and 72 

hours after infection. Collected cells were prepared for the standard plaque assay on CV-1 cells. 

The assay was conducted according to the 3.2.4 paragraph. According to the results of three 

independent experiments, virus progeny was dependent on initial MOI and did not increase after 

24 h after infection, meaning that new GLV-2b538 progeny produced by B16F10 cells wasn’t able 

to infect these cells, but could successfully replicate in CV-1 cells (Fig. 9). 
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4.1.3.2. Tumor growth and survival 

 

 

Fig. 10. Tumor growth and survival in B16 melanoma bearing mice treated with GLV-2b538 in 

combination with CPA or romidepsin. A. Tumor growth curves in CPA-pretreated groups. B. 

Tumor growth curves in romidepsin-pretreated groups. C. Kaplan-Meier curves in CPA-pretreated 

groups. D. Kaplan-Meier curves in romidepsin-pretreated groups. R – romidepsin, * - statistically 

significant difference. 
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The combination of the virus with romidepsin didn’t result in a therapeutic benefit, except for 

slightly prolonged survival of mice treated with the combination in comparison with the animals 

that received only romidepsin intraperitoneally (Fig. 10). The combination of GLV-2b538 with 

CPA resulted in a slight delay of tumor growth (although not statistically significant) and 

significantly extended survival of mice from the combination group. 

4.1.3.3. Analysis of treatment toxicity based on body weight of the animals 

Treatment of B16 melanoma bearing C57Bl/6 mice with GLV-2b538 resulted in irreversible 

weight loss of the animals (Fig. 11). After a week after virus administration, most of the treated 

mice lost over 15% of their net body weight and had to be sacrificed. Mice treated with the 

combination of the virus and either CPA or romidepsin did lose a significant amount of weight but 

were able to gain it back within a week after the virus injection. 
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Fig. 11. A. Relative average weight change in mice treated with CPA, GLV-2b538 alone or in 

combination. B. Relative average weight change in mice treated with romidepsin, GLV-2b538 

alone or in combination. R – romidepsin, CPA – cyclophosphamide 
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4.1.3.4. Virus titer determination in treated animals 

The animals were dissected postmortem, and tumor, spleen, liver, kidneys, heart, lungs and brain 

were homogenized and virus titers were determined according to section 3.2.4. 

 

Fig. 12. Endpoint virus titers (PFU/g) in B16 bearing C57BL/6 mice treated with GLV-2b538. TuV 

– the animal had to be sacrificed due to exceeding tumor volume; FD – the animal was found dead 

by animal handling personnel; weakness – the animal had to be sacrificed due to general weakness. 

Virus distribution data in the animals from the GLV-2b538 group showed that the virus was 

preferentially colonizing the tumor site (Fig. 12, Fig. 13). In one week after injection, virus titers 

in the tumor site were about 107-108 PFU/g. 
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Fig. 13. Endpoint virus titers in tumors of treated animals. The data is represented in PFU per g of 

tissue. 

Analysis of endpoint virus titers in the tumors of treated mice showed that the virus can still be 

found in the majority of the tumors at the point of elimination of the animal from the experiment 

due to weight loss/exceeding tumor volume/sickness. In this animal study, no specific groups were 

assigned to analyze virus distribution at a distinctive time point after treatment. 

4.1.4. Dose-dependent effect of cyclophosphamide onto therapeutic efficacy of IL-2 

expressing Vaccinia virus in B16-F10 bearing C57BL6 mice 

To deeper study the combinatorial effect of CPA and GLV-2b538 during early stages of the 

treatment, another animal study was designed. Female 5-6 week old C57Bl/6 mice were 

subcutaneously injected with 5x105 B16F10 cells/animal into the right flank. The virus (5x107 

PFU/mouse) was administered retro-orbitally on day 7 after tumor cell implantation. 

Cyclophosphamide, either 210 mg/kg (high dose) or 35 mg/kg (low dose) was injected i.p. on either 

day 5, 7 or 9 after tumor cell implantation. Mice were euthanized on day 4 and day 7 after virus 
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injection in order to study virus colonization of the tumor and IL-2 and IFNg levels in tumor and 

blood of the animals. 

4.1.4.1. Analysis of tumor growth 

 

Fig. 14. Average tumor growth in mice treated with the combination of low/high dose of CPA and 

GLV-2b538. Bars indicate ±SD. 

Although the experiment wasn’t focused on the analysis of tumor growth and wasn’t designed for 

it (due to the lack of a proper negative control group), we would still like to emphasize the effect 

of the combination on tumor development. All the combinations of CPA and the virus resulted in 

a significant delay in tumor growth when compared to low dose of CPA alone (Fig. 14). Treatment 

with the high dose of CPA two days before virus injection led to significant tumor shrinkage and a 

subsequent arrest of its growth until the end of the experiment. 
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4.1.4.2. Treatment toxicity based on body weight of the animals 

 

 

Fig. 15. Relative weight loss (in %) of mice treated with a combination of low or high dose of CPA 

in combination with GLV-2b538 at different time points. 

Weights of the animals were measured daily to track possible treatment-mediated toxicity. The 

average net body weight in all experimental groups was falling starting day 1 after virus injection 

(Fig. 15). The only experimental animal group where the weight was quickly gained back was the 

group pretreated with the high dose of CPA. 
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4.1.4.3. Virus titers in B16-F10 melanoma tumor-bearing C57Bl/6 mice 

 

Fig. 16. Virus titers in tumors of mice treated with a combination of low or high dose of CPA in 

combination with GLV-2b538 at different time points. Bars indicate ±SD. 

The virus was detected in all virus-treated experimental groups except for the one pretreated with 

the high dose of CPA (Fig. 16). On average, there was around 10^5 - 10^7 PFU/g of tumor detected 

both on day 4 and day 7 after virus administration. 

4.1.4.4. IL-2 and IFNg in tumor and blood serum of treated animals 

IL-2 and IFNg levels in tumor and blood were assessed with ELISA. The highest level of IL-2, 

both in serum and tumor was detected in mice treated with the high dose of CPA 2 days after virus 

injection (Fig. 17). In the group pretreated with the high dose of CPA, traceable levels of IL-2 could 

be found on both day 4 and day 7 in the blood serum, and on day 7 in the tumor site. In most of the 

groups, IL-2 levels in blood were strongly correlated with IL-2 levels in the tumor site. IFNg in the 

tumor site was detected in all virus-treated groups except for the one pretreated with the high dose 

of CPA. 
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Fig. 17. IL-2 and IFNg levels in tumor and blood of animals treated with a combination of low or 

high dose of CPA in combination with GLV-2b538 at different time points. A. IFNg in the tumor 

at days 4 and 7. B. IL-2 in blood serum, day 4 and day 7. C. IL-2 in the tumor site, day 4 and day 

7. Bars indicate ±SD. 
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4.2. Virus-loaded hADSCs as a Trojan horse therapy 

4.2.1. Generation of GFP-expressing human adipose-derived stem cells 

For tracking of hADSCs both in vitro and in vivo, we inserted eGFP under control of EF1alpha 

promoter into BHSD0021 hADSCs using 3rd generation lentiviral system as described in section 

3.2.11 of the current work. The phenotype of the transfected cells was observed under a fluorescent 

microscope and expression of GFP was confirmed (Fig. 18). 

 

Fig. 18. BHSD0021-GFP hADSCs were derived from BHSD0021 cells by transfection with pLV-

EF1A-EGFPKir7.1 lentivirus followed by blasticidin selection. The GFP expression is presented 

as a green signal. The scale bar is 100 µm.  
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4.2.2. Analysis of virus replication in human adipose-derived mesenchymal stem cells 

 GFP-expressing hADSCs were infected with 1 MOI of GLV-2b372 and expression of 

TurboFP635 was analyzed under a fluorescent microscope. The images indicate that the virus can 

productively replicate in hADSCs (Fig. 19). 

 

Fig. 19. GLV-2b372 replication in BHSD0021-GFP hADSCs. Virus-positive cells are expressing 

Turbo-FP635 (red). 

To better understand the permissivity of hADSCs to Vaccinia virus, BHSD0021 and BHSD0022 

hADSCs were infected with GL-1h68, GLV-2b372 or ACAM2000 at MOI of 0.01. All the strains 

tested replicated in both cell lines, but with different efficacy (Fig. 20). BHSD0021 was 

significantly more permissive to Vaccinia virus infection, having on average half-log to log 

difference in virus yield compared to virus yield in BHSD0022 cells under the same culturing 

conditions. GL-1h68, as the most attenuated Vaccinia virus strain among the three virus strains 
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tested, had the lowest virus yield, with only 0.2 and 1.17 viral particles per cell at 72 hours post-

infection in BHSD0022 and BHSD0021 hADSCs, respectively. The maximum virus yield was 

reached in hADSCs infected with GLV-2b372, with 4.97 and 15.4 viral particles per cell at 72 

hours post-infection in BHSD0022 and BHSD0021 hADSCs, respectively. 

 

Fig. 20. Viral replication assay of BHSD0021 and BBHSD0022 hADSCs infected with GL-1h68 

(L2), GLV-2b372 (L14) and ACAM2000 (WT1) at MOI of 0.01. The cells were grown in 6-well 

plates to the confluence of 95% and infected with the virus in triplicates. The cells were harvested 

at 3, 24, 48 and 72 hours post-infection. The virus titers were determined by standard plaque assay 

according to section 3.2.4. The values are the mean of the triplicates, bars indicate ±SD. 
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4.2.3. Virus yield is not affected by hADSC passage 

ADSCs used in the study could usually be cultured until passages 10-11 when they arrive in 

quiescence and stop dividing. We analyzed virus production in two hADSC lines from two 

different donors at different passages and observed no significant virus yield variation between the 

time points (Fig. 21). Through passages 4 to 10, the cells could steadily produce around 10 to 20 

effective viral particles, depending on the donor and in a passage-independent manner. 

 

 

Fig. 21. GLV-2b372 production in hADSCs (RM0020 and BHSD0021) at different cell passages. 

Blue arrow indicates virus titer at 0 hpi. 
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4.2.4. ADSC-mediated delivery of Vaccinia virus in athymic xenograft tumor mouse model 

We designed a xenograft mouse model to test the ability of infected hADSCs to deliver the virus 

to the tumor site. A549 xenograft tumor-bearing mice were intravenously treated with either 

4x10^5 PFU of LIVP1.1.1-TurboFP635 or with 1x10^5 BHSD0021-GFP hADSCs infected with 

the virus (at MOI 4 or at MOI 100, which corresponds to 4x10^5 or 1x10^7 PFU/animal). A few 

mice were treated with the virus or the infected cells intratumorally. 

4.2.4.1. Loading VACV into the hADSCs 

We decided to use two different MOIs of the virus for infection of hADSCs prior to their 

administration to the animals. BHSD0021 hADSCs were incubated with LIVP1.1.1-TurboFP635 

at MOI 4 and MOI 100 for 1 hour at 37C on a rotating waver shaker, washed to eliminate any 

residual virus particles that have not entered the cells within 1 hour and 6 hours after infection the 

percentage of fluorescent cells was examined by FACS. When infected at MOI 4, 78% of the cells 

were expressing TurboFP635 (Fig. 22). At MOI 100, 92% of the cells were TurboFP635-positive. 
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Fig. 22. Turbo-FP635 expression in hADSCs infected with GLV-2b372 after 6 hours post-

infection. 
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4.2.4.2. Viability of hADSCs after infection at 4 and 100 MOIs 

We analyzed the viability of BHSD0021 hADSCs at 6 hours after infection with LIVP1.1.1-

TurboFP635 virus at MOIs 4 and 100 as described in section 3.2.7. of current work. 94,6% and 

94,0% of the cells infected at MOI 4 and infected at MOI 100, respectively, were alive at 6 hours 

post-infection (Fig. 23). For comparison, the viability of non-infected BHSD0021 cells treated 

otherwise in the same conditions was 98,6%. 

 

Fig. 23. Viability of hADSCs after 6 hours after infection with GLV-2b372. Dead cells are gated 

on M11, M15, M17 and M13 gates. 
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4.2.4.3. Analysis of tumor growth and survival  

We observed that treatment with the virus or the virus-infected cells resulted in significant 

irreversible tumor shrinkage in all treated groups compared to the control group, where the mice 

were injected with the non-infected hADSCs. hADSC-mediated delivery of the virus resulted in a 

more rapid tumor regression when compared to the mice treated with the naked virus (Fig. 24). 

When injected intratumorally, no difference in tumor reduction was observed between the group 

treated with the virus alone and the group treated with the virus-infected hADSCs (Fig. 25). 

   

Fig. 24. Tumor growth curves in A549 xenograft animals treated with 1x105 hADSCs loaded with 

GLV-2b372, intravenous delivery. Naked virus was injected in amount equal to the amount of the 

virus used for infection of hADSCs at MOI 4. * - statistically significant difference. 
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 Fig. 25. Tumor growth curves in A549 xenograft animals treated with 1x105 hADSCs loaded with 

GLV-2b372, intratumoral delivery. Naked virus was injected in amount equal to the amount of the 

virus used for infection of hADSCs at MOI 4. 

4.2.4.4. Analysis of hADSC distribution in treated animals 

The distribution of cells in animals injected with hADSCs infected at MOI 4 and non-infected 

hADSCs was analyzed at 5 and 24 hours post-injection using real-time qPCR as described in 

section 3.2.8 of Methods. At 5 hours post-injection, non-infected hADSCs were found in kidneys 

(33,5% of detected cells), liver (24,5%), spleen (11,6%), heart (6,4%), lungs (2,3%) and tumor 

(21,7%) (Fig. 26). At 24 hours after injection the cells were found in heart (31,9% of detected 

cells), lungs (15,6%), liver (12,7%), kidneys (10,4%), spleen (2,9%) and tumor (26,6%). When 

infected with GLV-2b372 at MOI 4, the majority of detected cells or their remains at 5 hours post-

injection has been found in the liver (89,5%). 5,5% of infected cells have been detected in the 
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spleen and 5,0% — in kidneys. 24 hours after injection, the majority of the cells or their remains 

have been still traced in the liver (87,7%), while 10,6% of the cells were found in kidneys and 1,7% 

— in the spleen. 

 

 

Fig. 26. Distribution of intact hADSCs and hADSCs infected with GLV-2b372 at 5 and 24 hours 

after intravenous injection. 

4.2.9. Analysis of virus distribution in treated animals 

The virus spread was analyzed by real-time qPCR as described in section 3.2.8 of Materials and 

Methods. When injected naked, the majority of the virus DNA can be found in the liver (93,8% of 

detected viral DNA) at 5 hours post-injection (Fig. 27). At 24 hours post-injection, the majority of 

the virus has been found in tumor (60,7%) and liver (35,8%). When loaded into hADSCs, the virus 
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distribution is slightly different when compared to the naked virus. At 5 hours after injection, 24,6% 

of viral DNA is found in the lungs and 71,5% — in the liver. By 24 hours post-infection, most of 

the virus DNA is again found in the tumor (52,1%) and spleen (32,7%), while a certain proportion 

of the virus can still be traced in the lungs (13,1%). 

 

Fig. 27. Distribution of VACV in animals treated with naked GLV-2b372 or with GLV-2b372 

loaded into hADSCs at 5 and 24 hours after intravenous injection. 
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CHAPTER 5: DISCUSSION 

5.1. IL-2 armed Vaccinia virus shows oncolytic potential in a syngeneic mouse model  

Most of the preclinical data on oncolytic Vaccinia virus is being generated in immunocompromised 

xenograft murine models, which is understandable due to Vaccinia virus normally not being able 

to replicate in murine cells. Unfortunately, the xenograft data is sometimes hard to be translated 

well into clinical use. In the first part of the current study, we attempted to focus on using syngeneic 

murine cancer models to study cancer therapy with oncolytic Vaccinia virus. 

Replication analysis of fourteen different engineered Vaccinia virus strains revealed in 4T1 murine 

breast carcinoma cells revealed the ability of all the engineered strains to be able to produce new 

virus progeny in these cells. All of the COP15.1.1 backbone viruses could multiply up to 10 

PFU/cell level, depending on the payload (encoded IFNg significantly reduced the ability of the 

viruses to generate new virus progeny when compared to IL-2 expressing viruses), while LIVP 

backbone viruses had a very limited ability to replicate in the cells (on average, a 100-fold less 

LIVP1.1.1 based viruses could be produced in 4T1 cells in vitro). Interestingly, when all the tested 

viruses were applied to the syngeneic 4T1 murine cancer model, treatment with Copenhagen 

backbone viruses did not result in tumor regression/delay or a survival benefit, while treatment of 

the tumors with some of the LIVP backbones, especially IL-2 expressing ones, led to a significant 

tumor growth delay and subsequently extended survival of the animals. At the same time, treatment 

with IL-2 expressing LIVP1.1.1 viruses was accompanied by short-term treatment-mediated 

toxicity, which was detected by assessing the weights of the treated animals. The only group where 

IL-2 blood serum levels were above the detection limit, was the group that had the strongest 

response to the treatment in terms of tumor growth delay, survival benefit as well as treatment-

mediated toxicity, proving that all of the above is caused by the effect of the virus payload. 
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It is known that in humans, the application of IL-2 has a major side effect, so-called vascular leak 

syndrome (VLS) that occurs after consistent treatment of patients with high-dose IL-2 treatment 

[67]. Moreover, it was shown that cancer patients who responded better to the IL-2 treatment also 

were more susceptible to VLS [99]. In mice, IL-2 causes VLS in the C57Bl/6 inbred strain but not 

in the BALB/c one [100], probably meaning that we should expect more antitumor effects of IL-2 

treatment in C57Bl/6 mice. Therefore, after already quite promising data obtained from 4T1-

bearing BALB/c mice, we decided to test the virus in B16F10 melanoma C57Bl/6 mouse model, 

expecting more therapeutic benefit along with possibly more adverse side effects of the treatment. 

In that animal study, we also combined the IL-2 expressing virus with either cyclophosphamide 

(CPA) or romidepsin to study possible synergistic effects of the agents, since there are already 

multiple reports on synergistic effects of exogenous IL-2 and CPA as well as one of the histone 

deacetylase inhibitors, MS-275. 

In the B16F10 melanoma mouse model, neither treatment with IL-2 expressing Vaccinia virus 

alone nor in combination with romidepsin did not result in any therapeutic benefit. The 

combination of the virus with CPA significantly prolonged the survival of the animals, although 

tumor growth delay was not statistically significant. At the same time, treatment with the IL-2 virus 

alone, but not in combination with any of the chemotherapeutic agents, resulted in severe 

irreversible weight loss of most of the treated animals. Virus distribution analysis showed that the 

virus preferentially colonized the tumor and virus titers in organs were minimal, meaning that the 

weight loss was probably associated with IL-2 induced VLS. CPA, as well as romidepsin, mediated 

the toxicity of the virus, although the mechanism of it was not clear.  
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5.1.1. Combination of IL-2 Vaccinia virus with cyclophosphamide is not only improving 

therapeutic efficacy but also reduced overall treatment toxicity 

 To further analyze the synergistic effect of CPA and IL-2 expressing Vaccinia virus, we designed 

an animal study in the same B16F10 melanoma model, but with different timings and dosages of 

CPA application. This time, low and high dosage of CPA was applied either two days before, two 

days after or on the same day with oncolytic Vaccinia virus administration. Virus distribution, as 

well as IL-2 and IFNg levels in both blood and tumor site, were assessed on days 4 and 7 after virus 

administration. All the combination-treated groups showed tumor growth delay when compared to 

CPA low dose treatment alone. Pretreatment of the animals with high dose of CPA treatment two 

days before virus administration resulted in remarkable tumor shrinkage and its subsequent growth 

arrest until the endpoint of the experiment. Interestingly, no virus could be found in the tumors of 

the mice from the group, although some levels of exogenous IL-2 could be detected in both blood 

and tumor of the animals. At the same time, the best responder group was also the only one, that 

quickly gained back the weight after weight loss accompanied by treatment in all combination 

groups. IFNg was detected in tumors of all groups except for the best responder group, which could 

explain the tumor growth arrest in the group since it is known that IFNg plays an important role in 

establishing immunosuppressive tumor microenvironment [94]. 

5.2. ADSC mediated delivery of Vaccinia virus 

It is known that oncolytic viruses and especially Vaccinia virus are susceptible to the host immune 

system upon administration in the bloodstream. 95% to 99% of virus particles administered 

intravenously do not reach sites of tumor and end up being eliminated by the host complement 

system, NK cells and/or neutralizing antibodies. Packaging virus into various vehicles, such as 

lysosomes or cells, might help the virus evade many immune barriers and reach the tumor more 
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effectively. That could significantly reduce virus doses used in oncolytic virus therapy, which in 

turn may result in safer and more cost-effective anticancer therapy. 

In our work, we analyzed the feasibility of packaging Vaccinia virus into human ADSCs. The cells 

are mesenchymal stem cells derived from stromal vascular fraction of fat tissue. Upon many 

features mesenchymal stem cells possess, they are known for their ability to home inflammation 

and/or tumor sites. Here, we have shown for the first time, that hADSCs can support productive 

Vaccinia virus replication and the combination can be effectively used for the treatment of tumors 

in our animal model. 

We demonstrated that hADSCs could be a promising carrier system for oncolytic Vaccinia virus. 

The cells are easy and relatively cheap to obtain and to culture. For instance, the cost of hADSC 

expansion is approximately 10-fold lower in comparison to CAR-T cells. hADSCs are able to 

support productive Vaccinia virus replication, and the virus yield is not passage-dependent. It is 

important, while in our settings the primary cells could be cultured up to passage 10 to 12 when at 

that point the cells would become quiescent. From the very beginning of hADSC expansion to the 

very late passages the virus yield was stable and, depending on the donor or the virus strain, virus 

production could reach 10 to 20 effective viral particles per cell. In comparison, the virus yield of 

various human tumor cell lines tested for permissivity in our laboratories could be as low as only 

a few viral particles per cell or as high as thousands of PFU per cell, depending on the tumor cell 

line. In the current work, we have tested two murine tumor cell lines and the virus yield in both of 

them was comparable to the virus yield in human hADSCs. 

For more feasible monitoring of the hADSCs both in vitro and in vivo, we transduced the cells with 

EF1alpha-eGFP expression vector using 3rd generation lentiviral system. EF1alpha promoter has 
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been chosen over more classical CMV promoter since the latter might quickly become silenced in 

the stem cells, at least it has been reported for embryonic stem cells [95]. 

To test the ability of VACV-loaded hADSCs to deliver the virus to the tumor site, an A549 human 

lung adenocarcinoma xenograft mouse model study was designed. One hour before i.v. 

administration, the cells were infected with GLV-2b372 virus at MOI 4 or MOI 100. According to 

our in vitro tests, within 1 hour of incubation with the virus, the virus can infect 78% of the cells 

incubated with the virus at MOI 4 and 92% of the cells incubated at MOI 100, while keeping ≥94% 

of cells still alive for at least 6 hours after infection in both cases. 

When tested in vivo, the Trojan horse concept was safe and efficient, resulting in quick elimination 

of tumors. Shielding of the virus inside hADSCs resulted in formation of none or close to none pox 

lesions on the limbs of treated animals, when treatment with the virus alone led to extensive pox 

formation (data not shown). When injected alone, hADSCs did not affect tumor growth. hADSCs 

were also tested on whether they can form tumors in the Foxn1nu mice. Subcutaneous implantation 

of BHSD0021-GFP cells did not result in tumor formation, and the fluorescent signal at the site of 

implantation was lost within a few days after cell injection (data not shown). 

High virus numbers found in the lungs of the animals treated with the Trojan horse concept suggest 

that hADSCs when injected intravenously are getting trapped in the lungs of the animals, which is 

in accordance with other researchers findings [96,97]. After a few hours after i.v. administration 

the cells start to escape from the lungs and at 5 hpi the cells can be found evenly distributed 

throughout the body, which was also found by other researchers [98]. However, hADSC 

distribution patterns are drastically different depending on whether the cells are carrying the virus 

load. Already at 5 hpi most of the hADSCs or, which is more likely, their remains, are found in the 

liver of treated animals, suggesting that most of the infected cells have been recognized by the 
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immune system of the host and were eliminated. Analysis of virus distribution together with the 

tumor regression curves suggests that despite the infected hADSCs being quickly eliminated, the 

tumor has been successfully colonized by the virus. Rapid tumor regression and lack of common 

side effects such as pox formation on the limbs and nasal area of the animals shows that even in 

the immunocompromised animal model, the Trojan horse concept possesses several advantages 

over treatment with the virus alone. 
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